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1. Spatial models on lattices

1.1 Markov random fields

Let L C R? be a finite set that will be referred to as a lattice. It could be a regular grid, e.g. L =
{1,2,...,N}? (for N = 10 and d = 2 see Figure 1 left). The elements of L (called sites) can also
represent some regions (an example is shown in Figure 1 right). The number of sites will be denoted by

Figure 1. Two examples of lattices in the plane. Left: regular square grid 10 x 10. Right: capitals of 13
regions of the Czech Republic, two sites are connected if the regions share a common border.

Definition 1. A family of random variables {Z; : i € L} defined on a probability space (92, A,P) is
called a random field on the lattice L. The state space of the random variables Z; will be denoted by
S CR.

The simplest random field is obtained from independent random variables. It serves as the basis for
definition of more interesting random fields that allow spatial dependence.

Definition 2. A random field {Z; : i € L} is said to be a (spatial) strict white noise if the random
variables Z; are centred, independent and identically distributed.

Sometimes it is convenient to order the sites by numbers 1,...,n. Then the random field Z = {Z; :
i € L} can be viewed as a random vector Z = (Z1,...,Z,)". Its distribution is given by the density
p(z) w.r.t. o-finite measure v™ on S™. Here, ™ denotes the n-th power of the measure v on S in the
sense of the product of measures. As a measure v we usually consider the counting measure (discrete
states) or the Lebesgue measure (continuous states). Taking into account the isomorphism between L
and {1,...,n} we use the same symbol p(z) for the density on S* (z = {2; : i € L} € SL) and by v we
denote the corresponding product measure on S”. For A C L we write shortly 2z, = {#z; : j € A}. For
disjoint sets A, B C L we denote zqwp = {y; : j € AU B}, where

_Jz, forjeA,
Yi = w;, forj e B.

Let ~ be a symmetric relation on L x L. We say that two sites are neighbours if they are in this
relation. For simplicity we use the following notation: 9i = {j € L:j ~1i,j #i}, —i=L\ {i} fori € L
and —A = L\ A for A C L. The set L together with relation ~ generates an unoriented graph where
the set of nodes is L and two nodes ¢,j € L are connected by an edge if and only if ¢ ~ j. On the other
hand, every unoriented graph determines the system of neighbours. Figure 1 shows two examples of such
unoriented graphs.

Definition 3. A set A C L is called a clique w.r.t. ~ if i ~ j for any i,j € A, i # j.
Remark 1. The empty set and all singletons {i} are cliques.
To simplify the notation, we use the symbol p not only for joint density but also for marginal and

conditional densities. The type of the density will be clear from the arguments of p.
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Definition 4. A random field {Z; : ¢ € L} is called Markov w.r.t. ~ if the conditional distribution
of Z; | Z_; coincides with the conditional distribution of Z; | Zy; for every i € L. In the language of
conditional densities it means that p(z;|z_;) = p(zi|zs;) for vF-a.a. z = {z; : i € L} € S satisfying
p(z) > 0. This condition is known as the local Markov property. The densities p(z;|zs;) are called local
characteristics.

Remark 2. If 9i = () the local Markov property means that the conditional distribution of Z; | Z_; is
the same as the distribution of Z;. In other words, Z; and Z_; are independent.

Remark 3. The local Markov property is equivalent to the condition p(z;|za) = p(z|zs:) for vA-

a.a. z € S4 satisfying p(z4) > 0 and for any i € L and 9i C A C L.
Ezxample: Tt is obvious that the strict white noise is an example of a Markov random field.

Ezample: A Markov chain {Z,...,Z,} is a one-dimensional Markov random field (d = 1 and L =
{1,...,n}) w.r.t. the relation ¢ ~ j < |i — j| <1 (see Exercise class).

Definition 5. Let A, B, C be pairwise disjoint subsets of L. We say that Z 4 and Z g are conditionally
independent given Z ¢ if
p(zazslzc) = p(zalzo) p(zBlz0)

for vE-a.a. z satisfying p(z¢) > 0.

Lemma 1. Let {Z; :i € L} be a random field and let A, B, C be pairwise disjoint subsets of L. Then
Z 4 and Zp are conditionally independent given Z ¢ if and only if

p(zalzpzc) = p(zalzc)
for vF-a.a. z satisfying p(zpzc) > 0, which happens if and only if
p(zBlzazc) = p(zslzc)

for vF-a.a. z satisfying p(zazc) > 0.
Proof: By simple manipulation it follows from the definition of the conditional density that
p(zazpze) plzazpl|ze)

plzalzpzo) == 00 = pzalzo)

The second equation is obtained by interchanging A and B.
Ul

Hence, the local Markov property from Definition 4 is equivalent to the fact that Z; and Z_ ;00
are conditionally independent given Zj;.

Remark 4. Instead of an unoriented graph we can work with a directed acyclic graph. Its nodes are sites
from L. If there is a directed edge from i to j, then i is referred to as a parent of j and j is referred to as a
child of i. We say that {Z; : i € L} is a Bayesian network, if Z; and Z _({i}ude(i)Upa(i)) are conditionally
independent given Z,,,(;) for every i € L. Here, de(i) is the set of all descendants of i (i.e. all nodes that
can be reached by a direct path from ¢) and pa(:) is the set of parents of i. Since the graph is acyclic we
have pa(i) C —({i} Ude(¢)). The joint density is then given by the relation

p(z) = Hp(zl | Zpa(i))-

=
Bayesian networks are widely used in the field of artificial intelligence.

The number of neighbours is usually much smaller than the number of sites. While the full conditional
distributions Z; | Z_; can be very complicated, the local characteristics depend only on the neighbours
of a given site. The structure of the random field is then simpler thanks to the local Markov property.
This is used in MCMC methods, where the steps in Gibbs sampler are typically much easier.

We know that for Markov chains the transition probabilities (or transition densities) together with
the initial distribution determine the joint distribution of the chain. We can ask when the system of local
characteristics determines the joint density of the random field. As opposed to the case of Markov chains
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we can not expect that the local characteristics may be chosen arbitrarily so that the joint density exists
and is unique (see Exercise class). The following theorem states that the conditional distributions well
define the joint distribution if they are derived from a joint density of a particular form.

Definition 6. We say that a random field with the joint density p(z) satisfies the positivity condition
if p(z) > 0 for all z € SE.

Theorem 2. (Hammersley-Clifford theorem) A random field satisfying the positivity condition is Markov
if and only if there exist functions gc : S¢ — R such that

= HgC(ZC)a ZESL)
cec

where C = {C C L : C is a clique}.
Proof: The simpler implication is from right to left. If the density has the required form then

p(zilz—i

) = p(z) _ HCECQC(zC) H go(ze),

p(z-i)  [sTlceciec go(wiz—inc) lcec.ige 90(z¢) v(dw;) cecieC

where the symbol o means that p(z;|z_;) is proportional to [[scc.cc 9c(2c). Since i € C implies
C C {i} U 0i, we also have

p(z{iyuai)
p(zilzai) = {z} )z I 9c(zo)
p(zoi cecieC
Now assume that the random field is Markov. Fix some configuration w € S* and define

Uy(za) = —logp(zaw_4) and Pa(za) = Z (-D)IA=Blg 5 (zp), ACL.
BCA

From Lemma 3 it follows that Wa(z4) = > pc 4 ®5(2p). For the density p(z) we get

p(z) =exp{~Tr(z1)} =expq — Y ®p(zp) o = || 98(25),
BCL BCL

where gp(zp) = exp{—Pp5(2z5)}. It remains to show that if B is not a clique then gg(zp) = 1, which
is equivalent to ®p(zp) = 0. If B is not a clique then there exist two sites i, j € B such that i ¢ j. For
AC B\{i,j} let us denote A, = AU{i}, A; = AU{j}, A; = AU{i,j}. Then

Op(zp) = Y (-1)FI14w,(2,)

ACB

= Z (_l)lB‘_‘A‘ [\I/A(ZA) - \I/Ai(zAi) - \I’Aj (ZAj) + \I/Aij (zAij )}
ACB\{i,j}

_ Z (,1)|B\*\A\10gpz’4w AP (zAjw—Aj)

ach i p(za,w-a,;)p(zaw-_a)

ACB\{i,j}

=Y (—1)Bi-Hlgg D zilzaw—a,, )p(wilzaw—a,

=0.
p(zilzaw_a,; )p(wilzaw_4,;

(
(
_ _1)IBI=1411, p(zilzaw_a,)p (wi|zA w_ 4,
> D log (
(
(

;)
p(zilza,w-a,;)p(wilzaw-a,)
)
)

ACB\{i,j}

The positivity condition assures that the conditional densities are well-defined. We have used the relation
p(zi|lzaw_4,) = p(zilzaw_a,;) = p(2zi|za;w_a,;) which follows from the local Markov property (see
Remark 3) because i 2 j.

Note that 3 = ¥y = — logp(w) and gy = e~*? = p(w) is a normalizing constant which is generally
difficult to compute.



O

Lemma 3. (Mobius inversion formula) Let ® and ¥ be real-valued functions defined on the power set
of a finite set L. Then

o(A) = (-n)1Ple(B) vAcL U(A)=> ®(B) VACL.
BCA BCA

Proof: First we show the implication from left to right:

Sem) =Y Y (nEPem) =3 3 (-1)fle(D) = v(4)

BCA BCADCB DCACCA\D

because ZCCA\D(*I)‘C‘ is distinct from zero only if A\ D = (. This can be seen from the identity

Yo (Z) (—1)* = 0 for n € N which follows from the binomial theorem.
The reverse implication is shown analogously:

S (P = 3TN (—plAPlepy = Y ST (—1)I-IPIEICle (D) = 9(A).

BCA BCADCB DCACCA\D

Definition 7. The distribution of a random field {Z; : ¢ € L} with density

p(2) —eXp{ Z(I)CZC}’ z e St (1)

ceC

is called the Gibbs distribution. The random field {Z; : i € L} is then called the Gibbs random field.
It plays an important role in statistical mechanics where its density is usually written as p(z) =
~ exp{—E/T}. The term E is interpreted as the total energy (Hamiltonian) of the configuration z,
it is given as the sum of potentials Vo (z¢) over all non-empty cliques,

E = Z Vc(zC).

cec\{0}

The parameter 7' is a constant called the temperature and Z is a normalizing constant called the partition
function,

1 L
Z:/SLexp - > Volze) p vH(d2).
Ccec\{0}

In this context, Vo(zc) = T®c(z¢) is the potential of the configuration z¢, T¥¢(z¢) is the energy of
z¢ and the partition function is Z = e®o.

The Hammersley-Clifford theorem says that every Markov random field satisfying the positivity
condition is a Gibbs random field where gc(z¢) = exp{—Pc(z¢)}. We have already mentioned that
the conditional distributions do not determine the joint distribution. Therefore, we can not specify the
conditional distributions directly. However, we may instead construct them by the choice of the potential
functions ®¢. Since the expression

z) =[] g9e(ze)

ceC

is not unique, also the potentials are not uniquely determined. For given gc(z¢), C' # 0, the normalizing
constant gy = e~ % is already uniquely determined. It is given by

-1

/s II 9c(ze) v (d2)

Ccec\{0}
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provided that the integral is finite and positive. Therefore, it is enough to specify the functions g¢
or ®¢ (or equivalently Vi and the temperature T') for non-empty cliques C. We can write the local
characteristics in terms of the potentials in the following way:

p(zi|zi)o<exp{ > @C(zc)}. (2)

cec:iel

Let us give some examples of Markov random fields.

Example: The simplest non-trivial situation is when the state space has only two elements. Consider
S = {0,1}. In image analysis, the sites of the lattice L represent pixels, z; = 1 usually denotes black
colour and z; = 0 white colour of the pixel i. Define (for C' # 0)

=B, £ C={ij},i~jand z =z,
®o(zc) = {0, otherwise,

where 8 > 0 is a parameter (in statistical mechanics it is referred to as the inverse temperature). Then
we get the joint density (w.r.t. the counting measure)

1
p(z)=—=exp{B Y A,
@ "\ 5,
i,j}iinvg

where

C(ﬁ) = Z exXp B Z 1[z7;22j] = e<I>0

ze{0,1}L {i.g}ring

is the partition function (here also sometimes called the partition sum) which is finite because S is finite.
The local characteristics satisfy

exp {ﬂ Zjeai 1[Zj:Zi]}
exp {6 > icoi 1[zj:1]} +exp {5 2 jeoi Lz=0l } |

p(zilzai) =P(Z; = 2 | Zoi = zpi) =

For 8 = 0 every configuration has the same probability. It means that the values 0 and 1 are independently
and uniformly randomly assigned to the sites. For 8 > 0 the configurations with attractive forces among
the neighbours are more probable. The probability that a given pixel is black given that it has & black
neighbours is proportional to e?*. For 3 — oo one state prevails in the whole configuration. Figure
2 shows simulated realizations of random fields on a regular grid 25 x 25 for different choices of the
parameter 3.

This random field is known as the Ising model [8]. It has been proposed as a mathematical model
of ferromagnetism in statistical mechanics. The value Z; represents the atomic spin at the site i, usually
+1 is used for the upward orientation and —1 is used for the downward orientation.

The Ising model (as well as other Markov random fields) can be extended to an infinite lattice.
The problem is that C may be uncountable and the expression (1) does not have sense. However, we
can still consider local characteristics (if every site has finitely many neighbours) of the form (2). A
Gibbs distribution can be defined so that its conditional distributions are determined by given local
characteristics. The question is the existence and uniqueness of such distribution. It turns out that the
Gibbs distribution on an infinite lattice exists (if the state space is compact) but generally it is not
unique. In this case we speak about a phase transition. In particular, consider a regular planar grid
Ly ={—N,..., N}2. We are interested in the behaviour of the Ising model for N — oo, i.e. Ly ' Z2.
There exists a critical value 3. = log(1 ++/2) = 0.881 (analytically computed by Onsager [12]), at which
the phase transition occurs. For 5 < 3. the Gibbs distribution is unique, while for 8 > (. it is not. In
the case 8 > [. the values at the boundary of lattice L influence the marginal distribution of Z(g ),
when N — oo. It means that there are long-range interactions in the configuration. From the physics
point of view, the particle is magnetized.
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Figure 2. Simulations of the Ising model on the rectangular lattice 25 x 25 for 8 € {0;0.3;0.6;1}.

E==>hi— Y 1y

{i,5}rinvg

€L

and the joint density is p(z) o exp{—FE/T} = exp{—BE}. The values h; can be interpreted as the
influence of an external magnetic field. Further possible generalization is to admit the dependence of
the interaction strength on the sites or the values of the field in these sites. It means that 3 is then the
function of ¢, j, 2; and z;. We can also consider the interactions of higher order than just pair interactions.
Even though the local structure is simple the Ising model is already quite complex. The joint
density contains a computationally demanding normalizing constant. Therefore, direct simulations from
the model are practically unfeasible and one has to exploit MCMC or other methods.

Ezxample: The Potts model is a multicolour generalization of the Ising model. Let

S={0,1,...,n.— 1},
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where n. > 2 denotes the number of colours. The potential functions ®¢ are defined exactly as in the
case of the Ising model. The local characteristics become

exp {ﬂ Zjeai 1[zj:zi]}
p(zilzoi) = P(Zi = 2i | Zoi = zai) = . 2z€40,...,n.—1}.

Nne—1
k=0 ©€XP {ﬂ Zjeai 1[zj:k]}

In statistical mechanics, the Potts model is a model of interacting spins.

Ezxample: In the Potts model the arrangement of the state space S does not play any role. There is
equal strength of attraction for all colours. However, we can imagine that 0 corresponds to white colour,
n. — 1 to black colour and other states to different shades of grey. Then it would be desirable to take the
ordering into account. The attraction could be larger for similar colours. For example, we can consider
the model with the following local characteristics:

ne— 1

P(2ilzoi) =P(Zi = 2 | Zai = z0i) = ( z_ )W(Zai)zi(l - W(Zai))nc_l_zi

— (nCZi 1> (1- w(zai))nul exp {zz log lﬂ(iz)} ,

—m(z9;)

where 7(2zp;) are prescribed probabilities. It means that Z; | Zy; = zg; has a binomial distribution with
the parameters n. — 1 and 7(zg;). If we assume that w(zy;), i € L, satisfy

log ﬁ(ii)) =—Bi— Y Bi%, ®3)

1—7(zs;
(z0i jEodi

then we get the Markov random field with potentials ®;(2;) = B;2; — log ("“Z:l), Oy, 5y (2i25) = Bijziz;
and ®c(z¢) = 0 for |C| > 2. The relation (3) is analogous to the logistic regression model. Therefore,
such model for a random field {Z; : i € L} is known as the autologistic model.

Ezxample: Let us move to the countable state space: S = Ny. In practice, this situation appears when we
deal with count data, e.g. disease-incidence counts in some region. Consider a model where these counts
have a Poisson distribution with intensity A(zs;) that depends on the counts in neighbouring sites:

A Z9i Zi
p(Z”Zai) = ]P)(Z1 = Z; | Zai = Zai) = eXp{fA(Zai)}(z%') = exp{f/\(zai) + z; IOg )\(Zai) — IOg Zz'}
These local characteristics are called auto-Poisson. In order to get a Gibbs distribution of {Z; : ¢ € L}
we require
log M(zai) = =B — Y Bij2;-
JEDi

Moreover, we have to make sure that the normalizing constant is finite:

Z exp —Z(logzi! —l—ﬁlzl) — Z ﬁijZiZj < 0.

zeSk i€L {i,j}eC

It can be shown that the sum is finite if and only if 8;; > 0 for all ¢,j € L such that i ~ j, i # j (see
Exercise class). The condition £;; > 0 means that large values of neighbours of the site ¢ result in higher
probability of smaller values in i. This restricts the practical application of the auto-Poisson model.

1.2 Gaussian models

Gaussian random fields are the most frequently used examples of random fields with continuous states.
Let {Z; : i € L} have n-dimensional Gaussian distribution with the mean p and positive definite
covariance matrix X, i.e. the joint density has the form

1 1 Tewe—1 L
p(z)mexp{i(zu) % (ZH)}, z e R™.



The inverse of the covariance matrix is commonly referred to as the precision matriz. We denote it by
Q = 7! and its elements by gijs 1,7 € L. Then the conditional distributions Z; | Z_; = z_; are
Gaussian with the mean )
i = — > aii(z — 1)
Qii <7
J#i

and variance 1/¢;; (cf. Theorem 86). This suggests a convenient choice of neighbourhood relation that
ensures the local Markov property. If we put ¢ ~ j < ¢;; # 0, then we get a Markov random field because
the conditional distribution Z; | Z_; does not depend on Z; for j that is not a neighbour of i.

Definition 8. A random field Z = {Z, : i € L} with n-dimensional normal distribution with positive
definite covariance matrix X is called a Gaussian Markov random field. It is a particular case of a
Markov random field w.r.t. the relation defined by ¢ ~ j < ¢;; # 0, where g;; are elements of the matrix
Q=x""1

The following theorem states that the random variables corresponding to non-neighbouring sites are
conditionally independent.

Theorem 4. Let Z ={Z; :i € L} be a Gaussian Markov random field. Then, for i # j, Z; and Z; are
conditionally independent given Z _¢; ;y if and only if i 3¢ j (i.e. gij = 0).

Proof: We could simply use Lemma 1 and the knowledge of the distribution of Z; | Z_;. However, let us
proceed directly from the definition. Recall that the conditional independence of Z; and Z; given Z_y; ;3
means that p(z, zj|z_(; 1) = p(2ilz—(,51)p(2j]2—{i,;1)- Since the joint distribution of Z is Gaussian,
also the conditional densities are Gaussian densities. From the relation for the joint density

p(z) = m exp —% > ok — ) awr (20 — )

k,l

we deduce that

1
P(Zi, Zj | zf{i,j}) o8 eXp{—(Zi - ,Ui)(zj - Mj)qz'j - 5(%’ - Mi)qu' - Z (Zi - ,ui)(zk - Mk)Qik
k#i,j

- %(Zj —13)q55 — Y (25— )z — uz)qu}- (4)

I#i,j
If qij = 0, then

1
Pz 212 i) o< exp § =5 (5 — ) aii — (20 — i) D (2 — )i
e

1
xexp § —5 (2 — 13) 255 — (2 — 1) Y (21— pu)gji ¢
1#i.j

where, apart from the normalizing constant, the first term is p(z; | z_{;;;) and the second term is
p(zjlz—1i 1)
Conversely, if p(zi, zj|12_yi ;3) = p(2ilz—{i,53)P(2j12 (i ;3 ), the right-hand side of (4) does not contain
the term with (z; — u;)(z; — p;). Hence, g;; = 0.
U

The simplest example of a Gaussian Markov random field is obtained for ¥ = 021, where I is the
identity matrix. Then any two distinct sites are not neighbours.

Definition 9. We say that a random field {Z; : i € L} is a Gaussian (spatial) white noise if the random
variables Z; form a strict white noise and have Gaussian distribution N(0,0?).

Another simple example of a Gaussian Markov random field is a Gaussian autoregressive sequence
of order 1 (see Exercise class). More information on the theory and applications of Gaussian Markov
random fields can be found in the monograph [15].



The Gaussian Markov random fields were defined by their joint density that is determined by the
mean p and the precision matrix Q. Alternatively, we can specify the full conditional distributions
Z; | Z_;. Obviously, we are not allowed to choose the conditional distributions arbitrarily (see Exercise
class).

Lemma 5. (Brook lemma) Let p be the density of an n-dimensional random vector. For ¢,y € R"
satisfying p(x),p(y) > 0 the following relation holds:

n
p(x) _ HP($1|$17---73€i—1,yi+1, s Yn)
p(y) i=1 p(yi|z1;---,zi717yi+1,---,yn)

n
— H p(‘rilyla s Yi—1, Tig1, - - axn)
i=1 p(y1|y17 sy Yi1, Ti 1, - - - ,ZEn)

Proof: From the relation
p(rplry, .. e 1) p(@1, . Teo1)  P(TL, ., 1, T)

P(yn|$17 .o 'awn—l)p(wla e 7'1;71—1) B p(wla DR awn—layn)

it follows that
p(wnlxla v 7xn—1)

T1yeeoyTp—1, .
p(yn|$1, - ,znil) p( n yn)

p(x) =
Now we can similarly express the last term on the right-hand side:

p(l'n,1|$1, e 5zn727yn)
P(yn—1|$17 cee 7$n—27yn)

p(xlv'-'vxnflvyn) = p(zla---aznfhynflayn)-

In this way we inductively obtain the desired equation. The second equation is obtained analogously by
adjusting the formula
p(zi|z2, ... )

)= —"- """ < J Ty Ty
p( ) p(y1|$27'”7$n) p(yl 2 ")

O

The Brook lemma gives instructions how to get the joint density from the conditional densities.
We fix some y and apply the Brook lemma to compute p(x) up to the normalizing constant p(y). The
normalizing constant is determined so that the integral of the joint density is equal to one. If we obtain
a function that is not integrable, then our system of conditional densities does not lead to a proper joint
density. The system of full conditional densities that gives a proper joint density is called consistent.

Definition 10. The system of conditional densities {p(z;|z—;) : ¢ € L} is called consistent if there
exists the joint density p(z) of a random field {Z; : i € L} such that p(z;|z_;) are the corresponding full
conditional densities. The random field {Z; : i € L} is called conditional autoregressive model which is
abbreviated as CAR.

If we choose Gaussian conditional densities, then we obtain Gaussian CAR model. Let B = (b;; )i jer
be a zero-diagonal matrix (b; = 0 for all i € L). Let 72, i € L, be positive parameters. Denote by D a
diagonal matrix with elements d;; = 77 in its diagonal. Consider the system of conditional distributions
such that Z; | Z_; has Gaussian distribution with the mean jeL b;;jZ; and variance 77. Enumerate the

sites of L by 1,...,n and fix y = o as the null vector in R™. Then by Lemma 5 we have
p(Z) n 22 n 1—1 b n 2’2 n—1 n b
— _ a2 Y RPVUPVIR N _ i Y n
Mfexp 227-1_2+ZZT_2212] = exp ZQTerZ Z Tzzzzj , z€eR".

i=1 =2 j=1 * =1 g =1 j=i+1 *

Comparing these expressions we get the necessary conditions

bij by .
T—; = 7'_]]2 for all 4, j. (5)
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Under these conditions,

n n n n
b 1
p(z) = p(o) exp 27 Z:ZI ; #zzzj = p(0) exp —3 ; ; qij2i%j ¢,

where ¢;; are the elements of the matrix Q = (I — B)D™!. From this we see that under the assumption
of the positive definiteness of @ (which is equivalent to the positive definiteness of I — B) the density
p(z) is the density of a centred n-dimensional normal distribution with the precision matrix Q. The
normalizing constant p(o) is equal to (27)~"/2\/det Q. The matrix Q is symmetric due to (5). Note that
the matrix B is not symmetric unless all 72 are equal. Our choice of n conditional normal distributions is
consistent under the condition (5) and if I — B is assumed to be positive definite. In this case we obtain
the Gaussian CAR model which can be viewed as the Gaussian Markov random field w.r.t. the relation
i~ j & ¢ # 0. The whole system can be briefly written as Z = BZ + €, which is equivalent to the
expression (I — B)Z = €. Since Z has a centred n-dimensional normal distribution with the covariance
matrix Q' = D(I — B)~', the vector € has a centred n-dimensional normal distribution with the
covariance matrix D(I — B)T. It means that the elements of € are not independent. For simplicity we
have considered the centred case. However, we can easily incorporate the mean g in the model:

Z=p+B(Z—p)+e. (6)

Besides the approach using the conditional distributions it is possible to consider spatial Gaussian
models where the random field is specified simultaneously. This approach is motivated by the generali-
zation of autoregressive sequences from stochastic processes in time. The relation (6) can be rewritten

as
=> b (2 Y+e;, i€l
JeL

While for the CAR models Z induces the distribution of €, we now let € induce the distribution of Z.

Definition 11. Let € = {¢; : ¢ € L} be a Gaussian white noise. Again we assume that B is a matrix
whose diagonal elements are zero and that (I — B)~! exists. The matrix B is not necessarily symmetric.
We define the random field Z = {Z, : i € L} by the relation

(I-B)(Z-p)=e. (7)
We speak about the simultaneous autoregressive model and abbreviate it by SAR.
Clearly, EZ = p and the covariance matrix of Z is
E(Z - u)(Z — )" = o*(I - B)™'(I — B")™!

Since Z is a linear transformation of &, the distribution of Z is Gaussian. The relation (7) coincides with
(6). The difference is that now we considered (in analogy with the time series autoregressive model) € to
be a white noise. The elements of matrix B determine the spatial dependence. If b;; = 0, then Z; and
Zj are conditionally independent given Z_y; ;3. The joint density has the form

92 = rmm ow { g W - BT - B)( )} 2R

Note that cov(e, Z) = o*(I — BY)™!, and so (as opposed to a causal autoregressive sequence in time)
the £, may depend on the autoregressors.

Similarly we can consider generalizations of the moving average (MA) models or ARMA models to
spatial models.

Definition 12. Let € = {¢; : i € L} be a Gaussian white noise, let u be a vector of means and let E
be a matrix of real coefficients. The random field Z = {Z; : i € L} given by Z = p+ (I — E)e is called
a spatial moving average and is abbreviated by SMA. If we moreover consider the matrix B such that
I — B is invertible, then we define a SARMA model by

(I-B)(Z-p)=(I-E)e.

For the SMA model, Z has an n-dimensional normal distribution with the mean g and covariance
matrix o2(I — E)(I — E"). The covariance matrix for the SARMA model has the form (I — B)~*(I —
E)(I - E")(I-B")"!

11



1.3 Spatial autocorrelation

A random field {Z; : i € L} is used to model dependent data. Typically the variables at neighbouring sites
appear to be correlated (either positively or negatively). Our aim is to quantify this spatial autocorre-
lation. We introduce some statistical measures that are used to determine the degree of autocorrelation
in spatial data.

Since usually closer observations are more related than distant observations, we would like to take
into account the “closeness” of individual sites. For Markov random fields this is expressed by the relation
~. We assign a non-negative weight w;; to each pair (7, j) of sites from L. We only require that w;; =0
if i = j or i o¢ j. The weights w;; are called the spatial proximity weights or spatial connectivity weights.
The simplest example is given by the binary weights

o[ i~
7710, otherwise.

Another popular choice is obtained by the normalized binary weights

1 . .
wij{ﬁ’ 3‘681.,
0, Jjgoi,

where |0i| denotes the cardinality of di. Notice that the weights do not have to be symmetric, i.e. the
relation w;; = wj; may not hold. Denote by W the matrix with entries w;;, 4,7 € L. In case of the
normalized binary weights this matrix is stochastic (the row sums are 1) if we assume that each site has
at least one neighbour.

First consider binary random fields, i.e. the state space S = {0, 1} has only two elements. The states
often represent whether the event of interest occurred at site i (Z; = 1) or not (Z; = 0). In image analysis,
1 typically corresponds to black colour of the pixel ¢ and 0 to white colour.

Definition 13. Let Z = {Z;,i € L} be a random field with the state space S = {0,1}. Define the

black-black join count statistic as
1
i€l jeL

and the black-white join count statistic as

BW = %ZZ@UU(Z - Zj)Q.

i€l jeL

Remark 5. In these statistics we make a weighted sum over those pairs of neighbours that are both
black (Z; = Z; = 1) or one is black and the second is white (Z; =1 and Z; = 0 or the other way round).
For the binary weights, BB is directly equal to the number of neighbours that are both black. Similarly
BW is the number of neighbours with different colours.

Assume that n sites have m values 1 (black) and n —m values 0 (white). No spatial autocorrelation
in the data can be understood so that black and white colours are assigned to the sites completely at
random. There are several ways how to make such an assignment. The most natural are the binomial and
hypergeometric samplings. For the binomial sampling we assume that each site gets a colour indepen-
dently of the other sites, it is black with probability = (which we would estimate from the data as m/n)
or white with probability 1 — 7. Then P(Z; = 1) = 7 for every ¢ € L and the number of black sites has
the binomial distribution with parameters n and 7. Obviously, EBB = %wzw and EBW = (1 — m)w,
where w = 1TW1 =3,/ djerwij and 1= (1,..., 1)T. The hypergeometric sampling is appropriate
if we want to guarantee that the number of black sites is exactly m. From n sites we randomly select
(without replacement) m sites that obtain black colour. The remaining n — m sites are white. In this

case P(Z; = 1) =m/n, P(Z; = 1,%; = 1) = 2 and P(Z; = 1, Z; = 0) = 222 Hence,

mm—1 4 EBW = =m)

EBB =5 T m=1) 1)
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The formulas for the variance are a little bit more complicated in both models (see [3]). If the statistics
BB computed from the data is considerably larger than EBB it indicates the presence of positive
autocorrelation. Neighbouring sites have tendency to have the same colour. On the contrary, large values
of BW correspond to negative autocorrelation because neighbouring sites have rather distinct colours.
For realizations of the Ising model from Figure 2 the values of BW as [ increases are 588, 489, 352
and 133. At the same time the theoretical expectation for the case 5 = 0 (no spatial autocorrelation
— independent uniform assignment of 0 and 1 to the sites) is 600. With increasing [ there is stronger
positive autocorrelation.

For continuous data the similarity of variables at sites i and j is often measured by (Z; — 2)(Z; — Z)
or (Z;— Z;)?. If we sum all these contributions over the pairs of neighbours and normalize by the variance
estimate, we get the following indices.

Definition 14. Let {Z; :i € L} be a random field with constant mean EZ; = 1 and constant variance
var Z; = 02. The Moran index is defined as

n YicL EjeL wij(Zi — Z)(Z; = Z)

I= _ ,
w Yier(Zi = Z)?

where Z = %Z Z;. The Geary index is given by the formula

€L

n—13er 2 jer Wis(Zi — Z;)°
2w >ier(Zi = 2)?

For the normalized binary weights (under the assumption that every site has at least one neighbour)
we have w = n and the normalizing constant for the Moran index is equal to one.
We will consider two distinct assumptions that both correspond to no spatial autocorrelation:
1. normality assumption: the random field Z is obtained by independent random variables with normal
distribution N (u, 0?);
2. randomization assumption: each of n! permutation of observed values at n sites is equally probable.

Lemma 6. Let E; and E, denote the expectation under the normality assumption and the randomization
assumption, respectively. Then

1
Ej =E. ] =—-——— and Ejc=E,c=1.
-1
Proof: Denote Y; = Z;—Z, My =Y, Y2, R=3,.; YjerwiYiYy,and V=37, ;57w (Zi—Z5)?.

Obviously, E,Y; = 0, E,Y2 =E,(Z; — 2)? = (1 — 1/n)o?, B, YiY; = Ey(Z; — 2)(Z; — Z) = —a?/n
and E,(Z; — Z;)? = 202 for i # j. Recalling that w;; = 0 we obtain

B, M = BV = (n— 1)

i€L
0.2
EgR=Y > w;E,V;Y; = ——w,
i€L jeL
IEgV = Z ZwZ]Eg(Zz - Zj)2 = 20’211).
i€L jeL

Since the index I remains unchanged when we multiply the Z; by a non-zero constant, Ms and I are
independent under the normality assumption by Theorem 87. Therefore,

“EyR =E,IMy = E,I - E,My = (n— 1)0%E, I,
w

which gives E,] = fﬁ. Similarly, Theorem 87 guarantees the independence of Ms and c. This leads

to
n—

1
E,V = E,cMy = Eyc - EyMy = (n — 1)0°Eyc,

2w
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and thus Esc = 1.
Under the randomization assumption the values Z = z and Ma = Y, (2; — 2)*> = my are constant
(every permutation leads to the same value of the mean and sample variance). For i # j we have

EYY, =Y Y D zk—Z)(zl—Z):—in(nl_l)Z(zk—2)2:—7n(:il)

keLleL: l;ék kel

and

E,(Z; }: E: n—l k*mf: E:E: Yk — Y1) 472mi

keLleL: l;«ék keL leL
where y; = z; — Z and we used the fact that ), y; = 0. This implies

1
Eol=— 3 Y wyE Yy = ———.

ma < °
i€l jeL

n—1 9
ETC = 2wm2 ZZMWET(ZZ — Z]) =1.

i€L jeL

O

We have shown that the expectations under the normality and randomization assumptions coincide
for both Moran and Geary index. However, the variances are different (see [3]). The interpretation of
Moran and Geary statistics is the following: if I > EI or ¢ < Ec, the site has tendency to be connected
to the site with a similar value of the field, i.e. there is a positive spatial autocorrelation. Conversely, for
I < EI or ¢ > Ec, the values at two neighbouring sites have tendency to be dissimilar.

The assumption of constant mean and variance of the random field is important. Otherwise the
values at neighbouring sites could be similar not due to positive spatial autocorrelation but because they
are independent realizations from distributions with similar expectation. Similarly, the values at distant
sites could appear distinct because the mean of the random field is changing.

2. Random fields

By a random field we understand a stochastic process with d-dimensional index set D. In this section
we consider the case when D is connected and has positive d-dimensional Lebesgue measure. The basic
definitions and propositions are analogous to the one-dimensional case. For d = 1 they can be found in

13].
2.1 Basic definitions

Definition 15. Let D be a fixed subset of RY. A random field is a collection of real random variables
{Z(x) : © € D} defined on a probability space (2,4, P).

Finite-dimensional distributions of the random field are described by the distribution functions
le,...,xn(tl,---ytn):]P)(Z(xl)Stly--wz(zn) Stn), tl,...,tn E]R, (8)

where n € N and z1,...,z, € D. The family of finite-dimensional distributions uniquely determines the
distribution of {Z(z) : x € D}.
Definition 16. We say that the system of distribution functions {Fy, . ., :n € Nyz1,...,2, € D}

is projective if for any n € N, z1,...,x, € D, t1,...,t, € R and a permutation i1, ...,%, of numbers
1,...,n we have

Fm,---,zn (tla s 7tn) = Fwil,...,win (tin cee 7tin)
and

le,___@n(tl,...,tn) = hrn th ,mn,$n+1(t1;---;tn;tn—i-l)-

tn+1—>00

14



Distribution functions of finite-dimensional distributions of the random field clearly form a projective
system. Conversely, we have the following result.

Theorem 7. (Daniell-Kolmogorov existence theorem) Let {Fy, 5. :n € Nyz1,...,z, € D} be
a projective system of distribution functions. Then there exists a random field {Z(x) : x € D} on some
probability space (2, A, P) such that (8) holds for any n € N, x1,...,2, € D.
Proof: [19], Theorem 1.10.3 or [9], Theorem 6.16.

U

The most studied are Gaussian random fields for which all their finite-dimensional distributions are
Gaussian.

Definition 17. A random field {Z(z) : € D} is called Gaussian random field if the random vector
(Z(z1),...,Z(x,))T has n-dimensional normal distribution for every n € N and z1,...,z, € D.

Remark 6. The distribution of every Gaussian random field is completely determined by its mean
wu(z) = EZ(z) and autocovariance function C(z,y) = cov(Z(zx), Z(y)), =,y € D.

Three realizations of Gaussian random fields with constant mean and different choices of autocova-
riance functions C(x,y) are shown in Figure 3.

Figure 3. Simulated realizations of Gaussian random fields in the square D = [0,10]%. Constant
mean and variance (u(z) = 0 and var Z(z) = 1 for each z € D) and three different autocovariance
functions were considered. Left: there are no correlations (C(z,y) = 1[;—y)). Middle: stronger correlations
(C(z,y) = e~2l==vll), Right: the strongest correlations (C(z,y) = eIzl

In practice we only observe one realization z of a random field Z = {Z(z) : * € D} in finitely
many points z1,...,Z,. In order to make some statistical inference, we would need to impose further
assumptions on the random field Z.

Definition 18. We say that a random field {Z(z) : © € D} is strict(ly) stationary, if the finite-
dimensional distributions of random vectors (Z(z1),...,Z(x,))T and (Z(x1 + h),..., Z(z, + h))T are
equal for every n € N, z1,...,2, € D and h € R? such that 2 + h,...,z, + h € D.

A random field with finite second moments is called weak(ly) stationary if it has constant mean
(EZ(x) = p for all x € D) and its autocovariance function C(z,y) = cov(Z(zx), Z(y)) is translation
invariant, i.e. C(z + h,y + h) = C(x,y) for all 2,y € D and h € R? satisfying x + h,y + h € D. In this
case C(x,y) = C(x—vy) for all x,y € D and with a slight abuse of notation we use C' also for the function
of one argument in R<.

If only the condition on the autocovariance function is satisfied (the expectation is not necessarily
constant), then the random field is covariance stationary.

Remark 7. A strictly stationary random field with finite second moments is weakly stationary. For
Gaussian random fields weak stationarity implies strict stationarity. Realizations in Figure 3 are examples
of strictly stationary Gaussian random fields.

We will need one further kind of stationarity.
Definition 19. We say that a random field {Z(z) : * € D} is intrinsic(ally) stationary if for each
x,y € D we have E(Z(x) — Z(y)) = 0 and var(Z(x) — Z(y)) is a function of z — y.
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Remark 8. For a weak stationary random field it follows that E(Z(z) — Z(y)) = p — 1 = 0 and
var(Z(z) — Z(y)) = var Z(z) + var Z(y) — 2cov(Z(z), Z(y)) = 2(C(0) — C(z — y)). 9)

It means that every weak stationary random field is also intrinsic stationary. The reverse implication is
not true. For example, for d = 1 the Wiener process is intrinsic stationary (var(Z(z + h) — Z(z)) = |h|)
but it is not weak stationary (var Z(z) = |z|).

Stationarity expresses translation invariance of distributions or moments. In our spatial case we can
also consider rotation invariance.

Definition 20. A random field {Z(x) : « € D} is called strict(ly) isotropic if the finite-dimensional
distributions of random vectors (Z(z1), . .., Z(z,))T and (Z(Oz1), ..., Z(Oz,))T coincide for eachn € N,
Z1,...,Tyn € D and rotation O around the origin such that Ozy,...,Oz, € D.

A random field with finite second moments is weak(ly) isotropic if for every z,y € D and ro-
tation O around the origin satisfying Oz, Oy € D we have EZ(z) = EZ(Ox) and cov(Z(x),Z(y)) =
cov(Z(0x), Z(Oy)).

Remark 9. A strictly isotropic random field with finite second moments is weakly isotropic. For Gaussian
random fields weak isotropy implies strict isotropy. Realizations in Figure 3 come from stationary and
isotropic Gaussian random fields.

Definition 21. A random field is called strictly (or weakly) motion-invariant if it is both strictly (or
weakly) stationary and strictly (or weakly) isotropic.

For a weak motion-invariant random field {Z(x) : € R¢} we have C(x,y) = C(||x — y||) for any
z,y € D. Again we slightly abuse the notation and use C both for the function of two arguments = and
y and for the function of one argument ||z — y|| € RT.

Definition 22. We say that a random field {Z(z) : © € D} is Ly-continuous or mean square continuous
at x € D if E(Z(x + h) — Z(x))? — 0 for ||h|| — 0+. The field is La-continuous if it is Le-continuous at
each point x € D.

Remark 10. It is good to realize that Lo-continuity does not mean continuity of realizations of the
random field.

The Kolmogorov-Chentsov theorem gives the conditions for the existence of a sample continuous
modification.

Definition 23. We say that a random field {Z(z) : = € D} is a modification of a random field
{Z(x): 2z € D} if P(Z(x) = Z(x)) =1 for every z € D.

Theorem 8. (Kolmogorov-Chentsov theorem) Let {Z(x) : * € D} be a random field, where D =
[a1,b1] X -+ X [aq, by) is a bounded rectangle. Suppose that there are positive constants «, 3, C such that

E|Z(x) — Z(y)|* < Cllz — y|**°

for all z,y € D. Then there exists a modification {Z(x) : & € D} such that the mapping = — Z(x) is
continuous almost surely.

Proof: [10], Problem 2.9.
U

The smoothness of a random field is studied via its differentiability.

Definition 24. Assume that D is open. A random field {Z(x) : © € D} is La-differentiable or mean
square differentiable at x € D in direction h € R? if there exists an Lo-limit of (Z(z + th) — Z(z))/t as
t — 0. If we denote this limit by Z’(z, h), then the following relation must be satisfied,

, Z(x+th) — Z(z) 2
th_r:%IE( ; —Z(Jc,h)) =0.

Let {e1,...,e4} be the canonical basis of RY, then Z'(z,¢;), j = 1,...,d, are the partial derivatives of
a random field Z at point x.
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2.2 Variogram and autocovariance function

Definition and properties

Random fields are used as the models for geostatistical data (e.g. temperature, air quality or soil mineral
content). In geostatistics a popular tool for describing the spatial correlation is so called variogram.

Definition 25. For an intrinsic stationary random field {Z(z) : « € D} we define its variogram as
2y(h) =var(Z(x + h) — Z(z)), heD-D,

where D— D ={h€R%: h=x—y,x € D,y € D}. The function (h) itself is called the semivariogram.
If the function y(h) depends only on ||k||, we speak about an isotropic semivariogram or variogram. In
this case we use the letter v also for the function v(||h||) which is defined on non-negative real numbers.

From definition it is clear that y(h) = v(—h), v(0) = 0 and (k) > 0. A weak motion-invariant
random field has an isotropic (semi)variogram. The semivariogram of a weak stationary random field
is bounded and it is related to the autocovariance function by the formula (k) = C(o) — C'(h) which
follows from (9). Generally the function -y needs not to be bounded.

Lemma 9. Let {Z(x): x € D} be an intrinsic stationary random field with the semivariogram ~. Then
~v(h) — 0 for |h|| — 0+ if and only if the random field is Lo-continuous.

Proof: The result follows directly from the definition as for an intrinsic stationary random field we have
2v(h) =var(Z(z + h) — Z(z)) = E(Z(z + h) — Z(x))?.

If v(h) is not continuous at the origin then we speak about so called nugget effect.

Definition 26. If there exists a limit lim, o4 2v(h) = 272 > 0, it is called the nugget. If there exists
a finite limit limjj,)— 00 27(h) = 2(72 + 0?2), it is called the sill. In this case we define the range as

r=inf{s > 0:2vy(h) = 2(r? + ¢°) for all h € R? : ||| > s}.

The value 20?2 is referred to as the partial sill.

An example of an isotropic variogram with nugget, sill and finite range is depicted in Figure 4.
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Figure 4. An illustration of the definition of the nugget, sill and range.
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The nugget appears when the repeated measurements at the same location give different values.
It happens, for example, when we are not observing directly the realization of a random field, but the
observations are affected by some error. Let {S(z) : € D} be an intrinsically stationary random field
(so called signal) with variogram 2vs(h), which is continuous at the origin. Let {e(x) : x € D} be
an intrinsically stationary random field (so called noise) that is independent of {S(x) : © € D}. We
observe a realization of the random field {Z(x) : © € D}, where Z(z) = S(z) + (). If the ¢(z) are
uncorrelated random variables with zero mean and variance 72 (so called white noise), then the variogram
of {Z(z):z € D} is

2y(h) = 2vs(h) + 271 0]
and thus the nugget is equal to 272.

The autocovariance function of any weakly stationary random field has the following properties:
C(h) = C(=h); C(o) = varZ(x) > 0; |C(h)] < C(0), and so C is always a bounded function. The
following theorem gives the connection between the Lo-continuity of the random field and the continuity
of its autocovariance function.

Theorem 10. Let {Z(x): x € D} be a random field with finite second moments (i.e. EZ(x)? < oo for
each © € D) such that its mean p(x) = EZ(z) is continuous on D. The random field is mean square
continuous if and only if its autocovariance function C(z,y) is continuous at the points satisfying x = y.

Proof: We can use the relation

E(Z(x + ) — 2(2))* = var(Z(z + h) — Z(2)) + (u(z + 1) — ()’
= Cla+ By B) = 2C(x + by 2) + Ol 2) + (e + ) — pu())?.
If C(x,y) is continuous at the points z = y, then the right-hand side tends to zero as ||h| — 0+.

Therefore, the random field is Ls-continuous.
On the contrary, Le-continuity of the random field implies

lim [C(z+h,z+h)—2C(x+ h,z) + C(z,z)] =0, (10)
||h]|—0+

which after taking squares gives

2
4 lim C’(x+h,x)2< lim C(z+h,z+h)+0(:c,:c)) .
||h]|—0+ [|h||—0+

From the Cauchy-Schwarz inequality we have
C(z 4 h,z)*> < C(x + h,z + h)C(z,z),

and so

2
4 lim C(z+h,z+h)C(x,x) > ( lim C’(x+h,x+h)+0(z,z)> .
[|h||—0+ ||h]|—0+

Denote a = lim o4 C(x + h,x + h) and b = C(z,x). We have obtained the inequality 4ab > (a + b)?
which is possible only if @ = b. It means that lim ;o C(z + h, 2 + h) = C(z,x). Due to (10) it also
follows that lim ;o4 C(2 + h,2) = C(x,z) for any x € D. Finally,

|C(x +h,x+h') - C(x,x)| <|C(x + h,z+h') = C(x + h,z)| + |C(x + h,x) — C(x, )]

and both terms on the right-hand side converge to zero as ||hl], ||A/]| — 0+.

O
Corollary 11. A weak stationary random field is Lo-continuous if and only if its autocovariance function
is continuous at the origin.

Proof: The assertion follows directly from Theorem 10. However, it is easy to prove it directly. It suffices
to realize the relation (9) between the variogram and autocovariance function and use Lemma 9.

O
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Similarly, it can be shown that Lo-differentiability of a weak stationary (or intrinsic stationary)
random field is related to the differentiability of its autocovariance function (or variogram) at the origin.

Now we state an auxiliary result that will be useful for calculation of the second order characteristics
of the random field.

Lemma 12. For a covariance stationary random field {Z(z) : x € D} we have

cov ZO‘J‘Z(%‘),Z@'Z(%) :Zzajﬂkc(ifkfzj)
Jj=1 j=1

j=1k=1

foranyn €N, z1,...,2, € D and a1, ...,an,51,...,0n € R.
For an intrinsic stationary random field {Z(x) : x € D} we have

n

cov Z a; Z(xj), Zﬂjz(zj) =- Z a;fBry(xr — xj)
j=1 j=1

j=1k=1

for anyn € N, x1,...,2, € D and ou, ..., o, B1, ..., B € R satisfying 377, o = 37, B; = 0.

Proof: The first relation is a well-known formula for the covariance of linear combinations of random
variables. For the proof of the second relation we use

Z%‘Z(%‘) = Z%‘(Z(%‘) = Z(21)), Zﬁjz(%‘) = Zﬁj(z(%‘) — Z(21))
and the identity
29(xj — xx) = 2y(x; — x1) + 2y(z — 1) — 2cov(Z(x;) — Z(x1), Z(xk) — Z(21)),

which follows from Z(z;) — Z(zx) = (Z(x;) — Z(x1)) — (Z(z) — Z(x1)) by computing the variance on
both sides. Altogether we get

cov ZajZ(zj),ZﬂjZ(zj) :Z

|

= — Zz%ﬂkv(a@j — T).

O
Definition 27. Let f : R? — R be a symmetric function, i.e. f(z) = f(—x) for every x € R?. We say

that f is positive semidefinite if
n n
SO ajanf(r;—wk) >0

j=1k=1
for every n € N, x1,...,2, € R? and ay,...,a, € R. The function f is called conditional negative
definite if
n n
DD 8BS (wy —w) <0
j=1k=1

for every n € N, z1,...,2, € R and f,..., B, € R satisfying 2?21 B; =0.

Corollary 13. The autocovariance function of a covariance stationary random field is positive semide-
finite. The variogram of an intrinsic stationary random field is conditional negative definite.
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Proof: From Lemma 12 it follows that

O<varZozj (x;) ov iajZ i i a;jo,C(z; — k)
j=1 j=1

j=1

for arbitrary aq,...,a, € R and

0< varZﬁjZ(xj) = cov ZﬁjZ(xj), ZﬁjZ(l'] ZZB Bry(z; — xx)
Jj=1 j=1 j=1

for arbitrary f1, ..., 8, € R satisfying >-7_, 8; = 0.
O
Moreover, the class of all autocovariance functions of covariance stationary random fields coincides
with the class of positive semidefinite functions. Similarly, the class of all variograms of intrinsic stationary
random fields coincides with the class of conditional negative definite functions that attain value zero at
the origin.

Theorem 14. For each positive semidefinite function C': R? — R there exists a covariance stationary
random field such that C is its autocovariance function. For each conditional negative definite function
v : R? — R satisfying v(o) = 0 there exists an intrinsic stationary random field such that 2y is its
variogram.
Proof: For arbitrary n € N and 1,...,2, € R? the matrix ¥ = (C(z; — Zj))ij=1,.,n IS positive
semidefinite (it follows from the positive semidefiniteness of C') and we can consider n-dimensional centred
normal distribution with the covariance matrix 3. We get a projective system of finite-dimensional
distributions. By Daniell-Kolmogorov theorem (Theorem 7) there exists a Gaussian random field {Z(z) :
r € R} that satisfies cov(Z(z), Z(y)) = C(x — y). In the same way we can show that for any positive
semidefinite function C' on R% x R? there exists a centred Gaussian random field with the autocovariance
function C(z,y).

Let Bo, B1,-- ., Bn € R satisty Z?:o B; = 0. Then for each xg,z1,..., 2, € R? we have
n n n n
ZZﬂJﬂW wk) =Y > BiBe(y(w)) +y(wk) — y(w; — w). (11)
7=0k =

§j=0 k=0

We consider the function C(z,y) = v(x) + v(y) — v(x — y). It satisfies C(o,z) = C(xz,0) = 0 for any

x € R, If we put zp = o, then for arbitrary a1, ..., a, € R,
n n n
Zz%akc Tj,Tp) ZZQ arC(zj, zr),
J=1k=1 §=0 k=0
which is non-negative due to (11) because we can take ag = — 37, a;. We found out that C(z,y) is

positive semidefinite function on R? x R?. Hence, by the first part of the proof there exists a centred
Gaussian random field {Z(z) : z € R?} such that cov(Z(x), Z(y)) = C(z,y). It remains to verify that it
is intrinsic stationary and its variogram is 2+:

var(Z(z) — Z(y)) = C(z,z) + C(y,y) — 2C(z,y)
=2y(z) + 2v(y) — 2v(x) — 27(y) + 2v(z — y) = 2v(x — ).

Spectral decomposition

Similarly to the stochastic processes we can consider a spectral decomposition of the autocovariance
function of a random field. It is based on the Bochner theorem which states that every continuous
positive semidefinite function has a unique representation in the form of a Fourier transform of some
finite measure.
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Theorem 15. A complex-valued function C on R? is an autocovariance function of a weak stationary
Ls-continuous complex-values random field {Z(x) : x € R} if and only if it can be expressed as

C(h) = /]R TAS(w), bR, (12)

where S has the following properties:
4 w;—»00 S(wlv cee 7wd) = C(O)’

2. limy, -0 S(wi,...,wq) =0 foreveryi =1,...,d,
3. S is right continuous in every coordinate,
4. S is non-decreasing in w, i.e. for each w, 9 € R? satisfying w; < ¥;, i =1,...,d, we have
1 1
((w, ) = Z Z 2 %S (wy + 6191 — w1, - . wa + Sa(Pa — wa)) = 0,

where (w, 9] = (w1,%1] X -+ x (wq, Id].

Proof: [16], Theorem 1.9.6.
O

The function S is called a spectral distribution function. It generates a finite Lebesgue-Stieltjes
measure pg. The integral in (12) is understood as the integral with respect to this measure (instead of
dS(w) we can write pg(dw)). Thus, it is the Lebesgue-Stieltjes integral. If there exists a density s(w) of
the function S(w), then it is called a spectral density. The inverse formula for the spectral density has
the form (if [, |C(h)]dh < c0)

1 T
s(w) = W/Rde hC(h)dh, weR%

For a real-valued random field we get

C(h) = /Rd cos(w™h)dS(w) = /Rd cos(wTh)s(w)dw, heR?

and
1

s(w) = )
if the spectral density exists.

Now let us add an assumption of the weak isotropy of the random field. Then the autocovariance
function is isotropic, i.e. it satisfies C( ) (HhH) Therefore for 7 > 0 and u € S9! an element of the
unit sphere in R?, we have C(r) = = Jea U(du), where U(-) = HI1(:)/HI=1(S?1) is the
probability spherical measure. The symbol HA-1 stands for the (d — 1)-dimensional Hausdorff measure.
Plugging in the integral from the spectral decomposition yields

C(r) —/ / cos(rwtu) dS(w) U(du) / / cos(rwtu) U(du) dS(w).
gd—1 JRd Rd Jsd—1

The inner integral can be expressed as

/ cos(wTh)C(h)dh, weRY
Rd

/ cos(rwu) U(du) = Qa(r|w])),
Sd 1

where 5
2
0u0) = (3) T2,
v =d/2 —1 and J, is the Bessel function of the first kind of order v (see Subsection 6.2). The result

depends on w only through its norm ||w||. In this way we can replace the d-dimensional Fourier transform
with a one-dimensional integral (so called Hankel or Bessel transform):

C(lInll) = /000 Qa([|Rl[v) dH (v). (13)
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The function H(u) is non-decreasing on R* with finite limit for « — oo and it is connected with the
spectral distribution function by the relation

Hu) = uso.n) = [ ds@)

b(o,u)

where b(z, ) denotes the closed ball with centre x and radius r. The function Qg is called a basis function
of the autocovariance function. Particular examples of the basis function are Q;(t) = cost, Qa(t) = Jo(t),

Q3(t) = #2¢ and limg, oo Qa(t) = e~ These functions are shown in Figure 5.
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t

Figure 5. The basis functions Q4(t) for d =1, d =2, d =3 and d — oo.

The variogram of an intrinsic stationary random field has the spectral representation as well:

. T
27(h):/ Lzcostw h) yp), heRrd,
Rt |lwll?

where F induces a measure on R, which has no atom at the origin and satisfies [;,(1+||w||?)™! dF(w) <
0. In the isotropic case we have

wwmlmiiﬂﬂﬂhﬂm

o2
where F' does not have an atom at 0 and [~ (1 + w?)™! dF(w) < co.

Lemma 16. Every variogram of an intrinsic stationary random field satisfies

27y(h)
|7 1%

— 0 for |h| — oc.

Proof: From the spectral decomposition it follows that

2v(h) / 1 — cos(w™h)
= dF(w).
B2 Jra lwl?[R]?

Since for ||h|| > 2 we have

‘lcos(wTh)‘<1 . (1 1 >< 1
————— | < —min (1, < :
llwll[|A]12 2 w2/ = 1T+ flwlf?

the assertion follows from the Lebesgue dominated convergence theorem.
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Parametric models

We mention several basic parametric models for an isotropic semivariogram of an intrinsic stationary
random field. In all these models one of the parameters is the nugget 272 > 0.
1. power:

/0 pro h = o,
0= e man e

where 0 < v < 2 and ¢ > 0. If v > 0, then this model does not have sill and the corresponding random
field is not weak stationary. The case v = 0 is known as the nugget model. An example of a random field
with this variogram is a white noise which is formed by uncorrelated random variables with constant
mean and finite variance 72 + 2. One realization of the white noise is shown in Figure 3 left. The power
model for v = 1 is called linear because it is a linear function of ||k||. The semivariogram for different
choices of v is shown in Figure 6. For d = 1 and 7 = 0 the corresponding Gaussian process is known as
the fractional Brownian motion with Hurst parameter H = v/2, 0 < H < 1. For d > 1 and 7 = 0 we
have the so called fractional isotropic Brownian motion in R? or also Lévy’s fractional Brownian random
field [2], see Exercise class.

o
S -
v _|
=
= o
= =
Te]
@
o |
° | T T T
0.0 0.5 1.0 1.5
[1hil

Figure 6. Power model of the isotropic semivariogram for 72 = 0.5, 02 = 1 and different choices of the
parameter v.

2. spherical:

Y(h) =T 1ppzo) + 07 (1 _ [blo,0) (R, o)l Q)l) ,

b(0, 0)]

where 02 > 0, 0 > 0. The sill of this model is 2(7% + ¢?) and the range is r = 29, see Figure 7. The most
commonly used is the spherical model for d = 3:

0 for h = o,
3
y(h)={ T2 +0? (32};” — ”;Tns ) for 0 < ||h|| <,
2+ 02 for ||h|| > r.

This model is also valid in the lower dimensions d = 1 and d = 2. However, the model that is valid in
the lower dimension does not have to be valid in a higher dimension (see Exercise class). The explicit
expression of the spherical semivariogram for d = 2 (also known as the circular semivariogram) contains
goniometric functions and is left to the Exercise class. For d = 1 we obtain the so called triangular
semivariogram

h
v(h) :72+a22—g, 0<h<2p.
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Figure 7. Spherical semivariogram in dimensions d = 1, d = 2 and d = 3 for the following choice of
parameters: 72 =0, 02 =1 and r = 1.

3. generalized exponential:
v(h) = 71 pz0) + 0% (1 — exp{~([|hl| /a)"}) ,
where 02 > 0, a > 0 and 0 < v < 2. The sill of this model is 2(72 + ¢2) and the range is infinite. The

corresponding graph of the function +y is depicted in Figure 8. Two special cases are the most often used:
for v = 1 we speak about the exponential model and for v = 2 we get the Gaussian model.

N
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[1hl

Figure 8. Generalized exponential model of the isotropic semivariogram for the following choice of
parameters: 72 = 0.2, 0> =1, a =1 and v € {0.5,1,2}.

Both the spherical and the generalized exponential models have sill and thus they lead to a weak
stationary random field with the autocovariance function C(h) = 0% + 72 — v(h). The quite wide and
flexible class of parametric models for isotropic autocovariance functions is obtained by the Whittle-
Matérn model:

C(h) =71 + 07 (el[hl))” Ko (allAl]), (14)

1
2v=1T (1))
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where 72 > 0, v > 0, o > 0, 02 > 0 are real parameters and K, denotes the modified Bessel function
of the second kind of order v (see Subsection 6.2). The parameter 72 is half of the nugget, 72 + o2
gives the variance of the random field, « is the scale parameter and the parameter v is related to the
differentiability of the autocovariance function and thus to the differentiability of the random field. For
Gaussian random fields it holds that their realizations are k-times differentiable if and only if v > k. The
graph of this autocovariance function for several choices of v can be found in Figure 9. For v = 1/2 we
have an exponential autocovariance function C(h) = o2 exp{—a/|h||}. The case v = 1 was proposed in
Whittle’s original paper [21]. The spectral density of the autocovariance function (14) has the following
form:

2L (v+9) ) a®

F(V)Trd/Z (a2 + w2)u+% ’

s(w)=o0

1.0

C(l[hlN

0.0 02 04 06 0.8

IIhll

Figure 9. The Whittle-Matérn autocovariance function for &« =5, 0 = 1 and three values of v.
3. Random measures

Let (E, o) be a separable metric space. Recall that separability means that E contains a countable dense
subset. We assume that (E, o) has the Heine-Borel property, i.e. every closed and bounded subset is
compact. It can be shown that F is complete and locally compact, i.e. every point x € F has a compact
neighbourhood U,. Then F is also o-compact which means that it can be represented as a countable
union of compact sets. Indeed, we can write £ = U,csU,, where S is a countable dense subset that
exists due to separability.

Example: The most important case for applications is the d-dimensional Euclidean space £ = R? with
the Euclidean metric o(x,%y) = ||z — y||4. For geometric models it is often considered that E = K'(R%) is
the space of non-empty compact subsets of R with the Hausdorff metric

K, L) =max < sup inf ||z — ,sup inf ||z — .
o0 ) = masc {sup inf [l o sup inf o~ vl }

We will use the following notation for the systems of subsets of the space E:
B(E) ... Borel sets,
Bo(E) ... bounded Borel sets,
F(E) ... closed sets,
G(E) ... open sets,
K(E) ... compact sets,
K'(E) ... non-empty compact sets.

If it does not lead to confusion, we will omit the symbol E and write shortly B, By, F, G, K, K'.
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3.1 Locally finite measures

Definition 28. A measure y on (E, B) is locally finite, if it is finite on By, i.e. u(B) < oo for any B € By.
By M = M(E) we denote the space of all locally finite measures on (E,B) and by M; = M, (E) =
{p e M : pu(E) < oo} we denote the space of all finite measures on (F, B). Moreover, we denote

N=N(E)={peM:puB)eNU{0,0} VB e B}
the space of all locally finite counting measures on (E,B) and Ny = My NN the space of all finite

counting measures.

Lemma 17. A locally finite measure ;1 on E is o-finite.

Proof: From our requirements on the space E it follows that there exist K,, € K such that £ = U, K,
with u(K,) < oo for each n € N.
O

Definition 29. For B € B(E), a one-dimensional projection is the mapping 7 : M — [0, 0o] defined
as mp(p) = u(B). On the space M(FE) we introduce a o-algebra 9 as the smallest o-algebra for which
all one-dimensional projections are measurable. Shortly we write

M = o{np measurable, B € B}.
The space N/ C M is endowed with the o-algebra 9 defined as the trace of the o-algebra 9 on N:

N={UNN :U e M}.

Remark 11. If we denote Mp ;= {u € M : u(B) € I} for B € B and I € B([0,0]), then 75" (I) =
Mp,;. Hence, M = o{Mp: B € B,I € B([0,00])}. Moreover, it is enough to consider I = [0,r),
r € [0,00]. Then we write shortly Mpo,) = Mp, and M = o{Mp, : B € B,r € [0,00]}. Since
Myf = Mg o, it is clear that M € M. Consequently, Ny € 9.

Lemma 18. Let & C By be a w-system that generates B (i.e. ¢S = B) and let there exist the sets
A, € S such that A,, /* E. Then

M = o{n4 measurable, A € S}.

Proof: Denote

M = o{ms measurable, A € S} = o{r;'([0,7)) : A€ S,r € [0,00]}.
Then obviously M C M. If we define
D, ={B€B:7mpna, is ﬁ—measurable},

then we can easily verify that it is a Dynkin system which contains S. Therefore, we obtain D,, = ¢S = B
by Dynkin’s theorem (Theorem 88). For each B € B we have u(B N Ay,) 7 pu(B). It means that the
mapping mp is M-measurable (limit of measurable mappings). Since 9 is the smallest o-algebra such
that the mp are measurable, we get 9t C M.

O
Lemma 19. It holds that N' € 9. Hence, N is correctly defined.

Proof: Consider the system S as in Lemma 18 that it is moreover countable. Then
No={peM:u(A) e NU{0} VA € S} € I,

because it is a countable intersection of measurable sets. Clearly N C Ny. Define D,, = {B € B :
uw(BNA,) € NU{0} Vu € Np}. It is a Dynkin system that contains S. Hence, D,, = B by Dynkin’s
theorem. For each p € Ny and B € B we have p(B) = lim, oo (BN A,) € NU{0,00}, and so p € N.

1
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For By,..., B, € By we denote the o-algebra generated by the mappings 7p,,...,7p,:

Mp, ..., = o{mp, is measurable for each i € {1,...,n}}.

Lemma 20. Let S C By be a ring such that ¢S = B. Then
Mo = U{gﬁAh---,An :n €N, Ay, ..., A, € S pairwise disjoint}

is an algebra and oMy = M.

Proof: Since M4, .. a, is a o-algebra, the system 9 is closed under complements and contains ) and
M. We can show that it is closed under finite unions (intersections) by considering sets U = {u : u(4) €
D1} eMaand V= {p: u(B) € Dy} € Mp. Then we have

UNV ={u:pu(A) € D1,u(B) € Do} = {p: p(A\ B) + n(ANB) € Dy,
w(B\A)+ u(ANB) € Da} € Ma\p,anB,Bra S Mo

and similarly 4/ UV € M\ anB,pra € Mo. Analogously we can prove U N V,U UV € My for U €
Ma,,.. 4, andV € Mp, . B,

Denote D = {B € B : g is cMp-measurable}. Obviously, it is a monotone system that contains S.
Thus, by Theorem 89, we get ¢S = B C D, which gives D = B. According to the definition of 9t we
have 9t C o9M. Hence, 9t = oMy

O

Definition 30. We say that a sequence of finite measures u,, € M converges weakly to p € My (we
write i, — ), if
n—oo

/f )in(de) = [ fa) ()

for any continuous and bounded function f on E. The sequence u, € M converges vaguely to u € M
(we write pu, — p), if
n—oo

/ f@adn) = [ 1@ utaa)

for any continuous and bounded function f: E — R w1th compact support.

Example: For E = R consider u,, = J,, as the Dirac measure at point n € N. Then pu,, converges vaguely
to zero measure but it does not converge weakly.

Definition 31. The Prochorov distance between two finite measures p, v € My is defined as
op(p,v) =inf{e > 0: u(F) < v(F°) +e,v(F) < u(F°) + € for every F € F},
where F° = {x € E: 3y € F, o(x,y) < €} is the open e-neighbourhood of the closed set F'. For u,v € M

we put
N _ >~ QP(,LL(T),V(T))
o) = | T )

where ;") is the restriction of measure  to the ball b(zg,r) for an arbitrarily chosen fixed point z¢ € E.

Remark 12. It is not difficult to see that pp defines a metric on My and pp defines a metric on M
(see Exercise class).

Proposition 21.
a) The space (My, op) is a complete separable metric space and the metric generates the weak con-
vergence of measures:
0P (n; 1) — 0 4= i — 1.

b) The space (M, op) is a complete separable metric space. Its Borel o-algebra coincides with 9 and
the convergence in (M, pp) coincides with the vague convergence of measures:

0P (tn, 1) — 0 <= pin H -
Proof: [14], Theorem 2.2.
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3.2 Random measures

Definition 32. Let (92, 4,P) be a probability space. A random measure ¥ is a measurable mapping
U (QAP) — (M, 9M). A point process ® is a measurable mapping @ : (2, 4,P) — (N,9). The
distribution of a random measure W is the probability measure Q on (M, M) given by Q(U) = P({w €
Q:¥(w)eU}), U eM.

Remark 13. A point process is a special case of a random measure. In the case £ = R? the term
“process” has nothing to do with a dynamic evolution in time, so a more appropriate term would
probably be a “point field”.

Remark 14. A random measure ¥ is the mapping from (2,4, P) to (M, 9N). It means that for w € Q,
¥ (w) is a locally finite measure. The value of this measure for the set B € B would be denoted by the
symbol ¥(w)(B). Often we omit the argument w and write only ¥(B). Then ¥(B): Q — [0, co] defines
a random variable.

Lemma 22. The mapping ¥ : Q — M is a random measure if and only if ¥(B) is a random variable
for all B € B.

Proof: Exercise class.

Remark 15. The statement of Lemma 22 remains true if we consider only Borel sets B that form
a system S from Lemma 18.

Definition 33. For a random measure ¥ we define its intensity measure by the relation A(B) = E¥(B),
BeB.

Remark 16. An intensity measure is a Borel measure, o-additivity follows from Levi’s monotone
convergence theorem ([11], Theorem 8.5). An intensity measure does not have to be locally finite. There
could exist B € By such that ¥(B) < oo but A(B) = E¥(B) = .

The distribution of a random measure is uniquely determined by the finite-dimensional projections.

Theorem 23. Let S C By be a ring such that oS = B. Let ¥; and ¥4 be two random measures defined
on the same probability space. If the random vectors (¥1(A1), ..., ¥1(A4,))T and (U2(A1),..., U2(4,))T
have equal distributions for any n € N and Ay, ..., A, € S pairwise disjoint, then V1 and ¥, are equally
distributed.

Proof: By the assumption, the distributions of ¥; and U5 coincide on algebra 9y, which is the m-system
and thus Theorem 90 states that ¥; and Wy have the same distribution on o901, which is equal to 9
by Lemma 20.

t

Proposition 24. Let {4, A € By} be a family of non-negative and a.s. finite-valued random variables
on (2, A,P) satisfying:
1. ABeBy, ANB =0 = £auB "= €4+ &5,
2. A, € By, A N0 = €4, E5 0.
n—oo

Then there exists a random measure ¥ such that W(A)“Z ¢4 for all A € By.

Proof: It is a slight generalization of the theorem stating the existence of a regular version of conditional
expectation ([19], Theorem VI.1.21). The complete proof can be found in [6], Theorem 9.1.XV.
t

Remark 17. We assume that P{w : Eaup(w) # €a(w) + {p(w)}) = 0 for each A and B disjoint.
However, we need P({w : {aup(w) # £a(w) + €p(w) for each A and B disjoint}) = 0.

Theorem 25. (existence of random measure with given finite-dimensional projections) Let a probability
measure Qp, ... g, on ([0,00)", B([0,00)™)) be given for any n € N and By, ..., B, € By pairwise disjoint.
Assume that the following conditions are satisfied:
1. (projectivity) Qp,,...5, (") = QB,...Bn,Bpe (AT 7)), where TIZFE : [0,00)" T — [0,00)" is
a canonical projection (uy, ..., Un, Uni1)T = (U1, ..., un)7T,
2. (symmetry) Qp,,...B, (U1 x - xU,) = QBW(1)7,,,,BW(R)(U,T(1) X -+ X Ur(n)) for every permutation m
of the set {1,...,n},
3. (additivity) Qaup(U) = Qa.s({(u,v) €[0,00)? :u+v € U}) for AN B =0,
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4. (continuity in () A, € By, Ay \\0 = Qa, — do.
n— oo

Then there exists a unique probability measure @ on (M,9) such that Qp,, . p, are the finite-
dimensional distributions of ().

Proof: For Aq,..., A, € By (not necessarily pairwise disjoint), we define the distribution Qa4, .. 4, as
follows. Let By,..., By € By be pairwise disjoint such that, for i = 1,...,n, we can write A; = Ujcr, Bj,
where I; C {1,...,k}. The collection of sets By,..., By will be called a disjoint decomposition of the
sets Aq,..., A,. We put

QAl,---7An (U) = Qma,Bk (¢_1U), Ue B([Oa Oo)n)a

where
¢ (z1,...,25) — (in,...,z,ri>.
i€l i€l,

The correctness of the definition follows from the following fact: if A;, B;, I; and the mapping ¢ are as
above and if furthermore Ay, ..., A, € By are pairwise disjoint, then

QA1 ..... An (U) = QBI »»»»» By ((bilu)a Ue B([Oa oo)n)

This can be proved by induction on n using the assumed properties (projectivity, additivity and symme-
try).

Now we verify that the distributions {Qa,,. 4, : A1,..., 4, € By,n € N} form a consistency
system. Let C1,...,C; be a disjoint decomposition of Aj,..., A,y1 such that C; € A; U---U A, for
1= ].7 ey [—1 (1e Cl = An+1 \ U?:lAi) and Az = UjGIiCja 1= ].7 ceey n+1 (thus le In+1). If we define

the mappings
¢:(x17"'7$l71)’_> (Zz’wvzxz>

i€l i€ln

and

i (T,...,2) — in,...,in, Z z; |,

iel i€l, i€l

then ¢ o II!_| = TI"*1 0 ¢). From the commutativity of the diagram

m_,
QCI »»»»» C, ? ch ----- Ci1
19 1o
Hn+1

the required projectivity follows:

Qayn, (1) = Qay,a, (IFH ).

Therefore, we can apply the Daniell-Kolmogorov existence theorem. It assures the existence of a pro-
bability measure Qo on ([0, 00)5°, B([0,00)50) such that Qa,... a,, for A1,..., A, € By, are the finite-
dimensional distributions of Qg. Let {{4 : A € By} be a family of random variables that has the
distribution @Qy. The conditions 3. and 4. guarantee that the assumptions of Proposition 24 are satisfied.

The fourth condition Q4, —+ & means that &4, N 0, which is equivalent to 4, £ 0, and hence
n—o00 n—o00 n— o0

€A, kﬂ 0 for some subsequence ny. This already implies £4, —> 0 because the sequence is monotone
— 00 n—oo

a.s. Therefore, by Proposition 24, there exists a random measure ¥ and its distribution @ on (M, M) is
the desired probability measure. It is unique by Theorem 23. This completes the proof.

O
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3.3 Simple point processes

Definition 34. Let N* = {v € N : v({z}) < 1 for every z € E}. We say that a locally finite counting
measure v € N is simple if v € N'*.

To show the measurability of N* we will need to introduce the sequence of nested countable decom-
positions of the metric space E.

Definition 35. We say that the sequence {S,,n € N} is a DC-system (dissecting-covering system) for
FEif
1. S, ={A}, A3,...} C Bo(E) is a disjoint countable decomposition of E for each n € N, i.e. ATNA} =
() for i # j and E = U; A7,
2. for any n € N and A € §,, there exist A;,..., Ax € S,41 such that A = A; U---U Ag,
3. limy, 00 SUP g¢ 5, diam A = 0, where diam A = sup{o(z,y) : ,y € A}.

Lemma 26. There exists a DC-system on E. If A is an arbitrary locally finite and diffuse (i.e. A({z}) =0
for any x € E) Borel measure on F, then there exists a DC-system on E that furthermore satisfies

lim sup A(A4) =0. (15)

N0 AeS,

Proof: First we construct a disjoint decomposition §; of E into Borel sets with diameters smaller or
equal to one. Let S be a countable dense subset of E. Then E = U,csb(z,1/2) = U2, A;. The sets A;
are not necessarily disjoint so we define A} = A}, A} = Ay \ A;, AL = A3\ (A; U Ay), ... Successively
we construct decompositions Ss,Ss, ... by induction in the following way. If we already have S,,_; and

if A€ S,_1, then from the open cover of the compact set A by open balls

_ 1
ACU,zintd —
CUpealn (m,zn)

we can select a finite subcover from which we obtain a disjoint decomposition of A = A; U...U Ay into
Borel sets of diameter at most 1/n. The decomposition S,, is created by the union of dissections of all
sets from S,,_1.

If a non-atomic measure A € M is given, then

lim A =

lim A(b(z,¢)) =0

for arbitrary x € E. We can modify the above construction of the DC-system by considering balls
int b(z, e(xz,n)) with e(z,n) < 1/2n and A(intb(x,e(x,n))) < 1/n in the construction of S,. In such a
way we ensure that the condition (15) is satisfied.

O

Lemma 27. The set of all simple locally finite counting measures is measurable, i.e. N* € 9.

Proof: Consider a DC-system {S,,,n € N} in E and put S = U2, S,,. Then

N ={veN:VAecSIneNVBeS,:BCA=v(B) <1}
= U [ {reN:uB) <1},
AeSneNBES,:BCA

and so N'* € M.

O

Now we are ready to define a simple point process.
Definition 36. A point process ® is called simple if P(® € N*) = 1.

Remark 18. A simple point process can be also understood as a measurable mapping @ : (2, A,P) —
(N*, M%), where N* = {U NN* : U € N} is the trace of the o-algebra 9 on N*.

Definition 37. We say that a point z € F is an atom of v € N if v({z}) > 0. A pair (z,m) € ExNis
called an atomic pair if x is an atom and m = v({z}).
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Since v € N is locally finite it has at most countably many atoms. The following lemma states that
the atoms may be enumerated in a measurable way.

Lemma 28. There exist measurable mappings (; : N' — E such that

v(E)
v=73 0
=1

forveN.

Proof: Consider a DC-system {S,,}, where S,, = {A}, A%,...} C Bo(E). Let B € B be a Borel set with
v(B) > 0. We can inductively define a sequence i1, o, ... such that A%l D Ai D...-and V(A;T NB)eN
for r € N. It follows that V(ﬁkeNAfk N B) € N. From the properties of the DC-system, ﬁkeNAfk has
diameter zero. Therefore, B contains an atom. It means that v can be written as

v = Z moy,

(z,m)

where the sum runs over the atomic pairs (z,m) of v.
For = € E, the relations x € Ajk(l), k € N, define uniquely a sequence (j1(x),ja(x),...) of integer
numbers. This allows us to define a linear order < on the space E:

T =Y < (jl(z)ajZ('r)v . ) Slex (jl(y)va(y)5 o ')a

where <j¢x denotes the lexicographical order. For each p € N, we construct a measurable map ¢, : N' — E.
It will associate with every counting measure v its p-th atom (counted w.r.t. < with multiplicities). Let
(z,m) be an atomic pair of v, then all atoms y of v with y < = and y # x, lie in the bounded set

Uzlz(f )A%. Hence, their number is finite and the sum of their multiplicities gives a finite number, say n.
We define (,4;(v) = « for j = 1,...,m. If this is done for all atomic pairs (x,m) of n, then (,(v) is
defined for all p € N if v(E) = oo, and it is defined for p =1,...,¢ if ¥(E) = ¢ < oo. In the latter case,
we put (,(v) = a for p > ¢, where a € E is an arbitrary given point. For p € N and B € B, the set
{v e N :v(E) < p,(y(v) € B} is either empty (if a ¢ B) or equal to {v € N : v(E) < p}. Thus, it is
measurable in both cases. Furthermore, we have

{veN:v(E)>p W eB}—U LJ &eNQWBmﬁm~rmmzumim~mMﬂeN

Jj=1141,...,4;=1
1 .
v (U(Tl,...,rj)<lex(i1,...,ij)Arl n---N AZ;) S pP— ]-7
v (U(Tl ..... ’r‘j)Slex(il ..... ij)Al m QAJ ) } E m?

which shows the measurability of (.

O

For a simple measure v € N* we have (;(v) # (;(v) for each i # j. A simple point process ® is

. . (B
then a random measure given as the sum of Dirac measures: ® = 212(1 Vs x;, where the X; are random
elements in E.

Lemma 29. Define N, = {v € N* : v(B) = r} for B € B and r € NU{0,00}. Then * = o{N, :
K € K}.

Proof: In Lemma 18 we can take S = IC C By and obtain
N =oc{{reN":v(K)<r}:KecK,rel0,0]} =0{Ng,: KeckK,recNp}.

Using the DC-system {{A}, A%,...},n € N} we can write

NI*(,T - U ﬂ U [N[?ﬂjzll,())cﬁ (N;(QA%’Q)CH"'Q (N;‘(ﬁAZn’O)CQN;(\(A?IU‘”UAZR)’O} )

noeENn>ng t1,..., im
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- We see

which is the element of o{N} , : K € K}. Since 0" is the smallest o-algebra containing N
that 0" C o{N% , : K € K}. The reverse inclusion is obvious.
O

Corollary 30. The mapping @ : (Q, A,P) — (N*,0M*) is a simple point process if and only if the events
{®(K) =0} € A for any K € K.

Definition 38. Let ® be a point process. Void probabilities are P(®(K) =0), K € K.
The distribution of a simple point process is uniquely determined by the void probabilities.

Theorem 31. Let ®; and Py be two simple point processes on E such that P(®1(K) =0) = P(®5(K) =
0) for any K € K. Then ®, s D,.

Proof: Let Q1 and @2 be the distributions of ®; and ®j, respectively. Then Q1(Nj ) = P(®1(K) =
0) = P(®2(K) = 0) = Q2(Nj ) for any K € K. It means that the distributions coincide on the family
{Ni o+ K € K} which is a 7-system that generates 91" (Lemma 29). Now it suffices to apply Theorem
90.

U

Remark 19. For E = R it is impossible to replace the collection of compact sets by a smaller class of
test sets such as the intervals. Once can construct two simple point processes with different distributions
satisfying P(®,(I) = 0) = P(®2(I) = 0) for any interval I C R (see Exercise class).

Simple locally finite counting measures are uniquely related to locally finite sets.

Definition 39. A set A C F is called locally finite when A N B is a finite set for every B € By(E).
Obviously, every locally finite set is closed. Denote Fjy = {A € F : A locally finite} the family of all
locally finite sets.

Definition 40. The support of a locally finite measure u € M(E) is defined as the smallest closed
subset A of E such that u(E \ A) = 0. It is denoted by supp p and it can be written as

wpp,uzﬂ{FE]-':,u(E\F):O}.

Remark 20. The support of v € A is a locally finite set:

suppv = {x € E:v({z}) > 1} € Fiy.

For A, Ay,...,Ar C E we define the following subsets of the system F of closed sets:
FA={FeF:FNA=0}, Fa={FcF:FnA#0}
and
Fava, =F NFa, 0 NFa,={FEF:FNA=0,FNA #0,...,FNA #0}.

For k = 0 we put ffl,_..,Ak = F4

Definition 41. We define the o-algebra § on F as § = o{FX : K € K}. A random closed set in E is
a measurable mapping = : (2, 4,P) — (F,F).

Remark 21. The space F of closed sets could be endowed with the topology T generated by the set
system
{‘th Gk:KGKaGla"'vaeg,kENo}.

This set system contains F = F? and is closed under finite intersections because

K K’ _ KUK’
Farc N6y, = F61 6.6,

.....

The topology 7 is known as the Fell topology or also the hit-or-miss topology.
Lemma 32. The system of all Iocally finite sets is measurable: F5 € §.
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Proof: Let {S,,,n € N} be a DC-system in E and define S = U2 ;S,,. Then
Fif={FeF:VAeSIkeNVneN:card{B€ S,: BC A FNB#0} <k}

O

Definition 42. A random locally finite set in E is a measurable mapping Z : (Q, A,P) — (Fir,Sis)s
where §ip = {UNFiy : U € F} is the trace of the o-algebra § on Fiy.

Lemma 33. The map i : v+ suppv is a bijection between (N*,0M*) and (Fi,T1f). It is measurable
and its inverse i ' : F > s 0z is measurable as well.

Proof: It is enough to realize that i~ }(FX N Ff) = {v e N* :suppr N K =0} = {v € N* : v(K) =
0} € M*.

Corollary 34. If ® is a simple point process on E, then supp ® is a random locally finite set in E.
Conversely, if = is a random locally finite set in E/, then ) |y .= 6x is a simple point process on E.

Theorem 35. (Choquet-Matheron) The distribution of a random closed set E is uniquely determined
by the probabilities P(EN K = ), K € K.

Proof: The family §o = {FX : K € K} forms a 7-system that generates the g-algebra §. Hence, if two
distributions coincide on §p, they also coincide on § by Theorem 90. The distribution @ of = is thus
uniquely determined by Q(FX) =P(EN K =0), K € K.

O

Theorem 31 is a consequence of Theorem 35 and Lemma 33.

3.4 Poisson point process

The most elementary example of a point process is dx where X is a random element in . Obviously,
dx(B) is a Bernoulli random variable with parameter P(X € B). By Lemma 22, dx is indeed a point
process.

Definition 43. Let v be a measure on E. Consider B € B(E) such that 0 < v(B) < oo. For n € N let

X1,..., X, be independent identically distributed (v-uniformly) random elements in B, i.e.
v(4)
P(X; € A) = ACB, A .

Then &™) = 2?21 0x, 1s a binomial point process of n points in B according to v.

Remark 22. The measurability of & is clear (it is sum of measurable). We may notice that &™) (A),
A € B, has a binomial distribution with parameters n and v(AN B)/v(B). The intensity measure of &)
is

A(A) = BB (4) = ni”(f(;)B )

If v is a diffuse measure, (™ is a simple point process.

Figure 10 provides examples of three realizations of a binomial point process of 10 uniformly distri-
buted points.
More generally, we can consider a binomial point process with a random number of points in B.

Definition 44. Let v be a diffuse measure and consider B € B such that 0 < v(B) < co. Let N be
a non-negative integer-valued random variable. Furthermore, let X7, X5, ... be independent v-uniformly
distributed random elements in B that are independent of N. Then & = vazl 0x, is a mized binomial
point process. If N =0 we put & = 0.
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Figure 10. Three different realizations of a binomial point process of 10 uniformly distributed points
in the unit square window.

The Poisson point process serves as a canonical model in point process theory. It serves as a reference
model when studying the summary characteristics. It is used as a cornerstone for the construction of
more complex models.

On the real line (F = R) the homogeneous Poisson point process is used to model events occurring
completely at random in time. It is defined by imposing that the increments are independent and ex-
ponentially distributed. In the spatial case, the Poisson point process represents the locations (points)
of randomly scattered objects. There are no interactions among the points (we speak about complete
spatial randomness). Instead of the time increments we have to work with the numbers of points in
disjoint regions.

Definition 45. Let A be a locally finite measure on F. A point process ® satisfying

(i) ®(B) has a Poisson distribution with parameter A(B) for each B € By,

(ii) ®(B1),...,P(B,) are independent for each n € N and By, ..., B, € By pairwise disjoint,
is called a Poisson point process with intensity measure A.

Three realizations of a Poisson point process are shown in Figure 11.

L_® (] [ ] »

Figure 11. Three different realizations of a Poisson point process in the unit square window. The
intensity measure is a multiple of the Lebesgue measure. The expected number of points in the window
is 10. The actual observed numbers are 10, 7 and 13.

The uniqueness and existence is ensured by Theorem 25.

Corollary 36. Let A be a locally finite measure on E. Then there exists the Poisson point process with
intensity measure A and its distribution is uniquely determined.

Proof: For By,...,B, € By pairwise disjoint the finite dimensional projections have by definition the
distribution Qp, ... B, = Pp, X --+ X Pp,, where Pp, is the Poisson distribution with parameter A(B;).
It suffices to use Theorem 25.

O
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Lemma 37. The Poisson point process ® with intensity measure A € M is simple if and only if A is
diffuse.

Proof: If A is not diffuse, then there exists © € F such that A({z}) > 0. It follows that

P(®({z}) = k) = e*AHﬂﬂ})%‘f})k >0, keN,

hence the point process ® is not simple.

For the converse implication, suppose by contradiction that A is diffuse and ® is not simple. that is
P(® € N*) < 1. Then there is a compact set K € K with « = P(®|x € N*) > 0, where ®|x denotes the
restriction of ® to the set K. Denote e = A(K) > 0. For arbitrary k¥ € N there exist pairwise disjoint

Borel sets B;k), e ,B,(Ck) € B such that K = Uf:IBi(k) and A(BZ-(k)) =¢/k,i=1,...,k. There must be a
number ¢ € {1,...,k} with

Therefore,

which after multiplying by k yields
k—e sk (k+e)>a>0.

The left-hand side converges to 0 for k — oo, which is a desired contradiction.

O

From Lemma 37 and Theorem 31, it follows that a point process ® is Poisson with diffuse intensity
measure A if and only if it is simple and P(®(K) = 0) = e A K € K.

Theorem 38. Let ® be a Poisson point process with diffuse intensity measure A € M. Choose a Borel
set B € B such that 0 < A(B) < co. Then conditionally on ®(B) = n the restriction of ® to B has the
same distribution as a binomial point process of n points in B according to A.
Proof: For arbitrary compact set K C B we have
P(®(K)=0,2(B\K)=n) P(®K)=0P(@®B\K)=n)
P(®|g(K)=0|®(B)=n) = =
(Flp() =01 2B) =n) F@(B) = n) F@(B) = n)

e (MY

%6%(3) A(B) ’

which are the void probabilities of a binomial point process. Since A is diffuse we work with simple point
processes and it suffices to apply Theorem 31.

O

Theorem 38 says that from a single realization we are unable to distinguish the difference between a
binomial point process and a Poisson point process. The number of points in the window is deterministic
for a binomial point process while it is random (and has the Poisson distribution) for a Poisson point
process, see Figure 10 and Figure 11.

A mixed binomial point process with N having the Poisson distribution is a Poisson point process
(see Exercise class).

Definition 46. Denote by P, the distribution of the Poisson point process &, on E with locally
finite intensity measure A € M. Let ¥ be a random diffuse measure on E with distribution Qg. The
Cox point process Py with driving random measure ¥ has distribution given as the mixture Q(-) =

Jpa Pa() Qu(dA).

Remark 23. The previous definition means that conditionally on ¥ = A, ®y is the Poisson point process
with intensity measure A. Therefore, ®¢ is sometimes also called doubly stochastic Poisson process. We
have assumed that ¥ is diffuse to ensure that ®y is simple.

Lemma 39. The intensity measure of a Cox point process with driving measure ¥ is equal to the
intensity measure of the random measure V.
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Proof: For arbitrary B € B we have

Bou(B) = [ u(B) Q) = [ [ u(B) Pt Quiad)

:/ E® A (B) Qu(dA) = / A(B) Qu(dA) = E¥(B).
M M

Using the conditioning one can get an equivalent and more transparent argument:
E®g(B) = E[E(Py(B) | )] = E¥(B).

O

A Cox point process is a natural generalization of a Poisson point process obtained by supposing
that the intensity measure is not deterministic but random. The Poisson point process is a special case of
the Cox point process (¥ = A is deterministic). The simplest non-trivial example of a Cox point process
is provided by taking ¥ to be a random multiple of some deterministic measure A.

Definition 47. Consider a deterministic measure A € M. Let Pipn be the distribution of a Poisson
point process with intensity measure tA. Let Y be a non-negative random variable with distribution R.
A point process with the distribution @) = fooo P R(dt) is called the mized Poisson point process. It is
an example of a Cox point process where the driving random measure ¥ is Y'A.

According to Lemma 39, the intensity measure of the mixed Poisson point process is A(-)EY.

3.5 Moment measures
We have already defined the intensity measure of A(-) = E¥(-) of a random measure V.

Definition 48. The n-th order moment measure of the random measure ¥ is defined as
MM (A) =EU"(A), AeB(E"),
where U™ denotes the n-th power of ¥ in the usual sense of product of measures. In particular,

MM (A x - x Ap) =EU(Ay)---U(A4,), Ai,...,A, €B.

Remark 24. The measure M (™ is in fact the intensity measure of the random measure ¥” on E". For
the point process ® on E, ®” is the point process on E"” with atoms being ordered n-tuples of the atoms
of .

Denote by El" = {(21,...,2,) € E" : x; # x; for i # j} the set of n-tuples of pairwise distinct
points from E. It is an open subset of E”. The trace of B” in E!") will be denoted by B!"). For € M
let pl™ = pin| g

Definition 49. The n-th order factorial moment measure of the random measure ¥ is defined as

oM (A) =E¥M(4), AeB".

Remark 25. First order moment measures coincide with the intensity measure: M) = o) = A.
The relation between the n-th order moment measure and the moments of the numbers of points is the
following:

M™(B; x --- x B,) =E[®(B;)---®B,)], Bi,...B,€B.

In particular, M(™ (B x---x B) = E®(B)" for B € B. Similarly, the n-th order factorial moment measure
yields the n-th factorial moment of the number of points in B:

o™ (B x - x B)=E[®B)(®B) —1) - (®(B) —n+1)].
The verification of these relations is left to Exercise class.
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Let @ be a simple point process. Then

MM (A) =E Z 1ix,,..xea, A€B”,

X1,...,Xn€supp &

and .
a™(A)=E ) 1ix,,...x,)ea, Ae€B",
Xi,eees X, €supp &
where 27& means that the summation is only over the n-tuples of pairwise distinct points
X1,...,X, Esupp &
Xq,..., X,

The factorial moment measure has a simple form for the Poisson point process.

Theorem 40. Let ® be a Poisson point process with diffuse intensity measure A. Its n-th order factorial
moment measure is o™ = A"

Proof: For By,..., B, € B pairwise disjoint we get
o™ (By x - x B,) = E®(By) --- ®(B,,).
From the property (ii) of the Poisson process (Definition 45) it follows that
o™ (By x -+ x By) =E®(By)---E®(B,) = A(By) --- A(By,).

The family {By X --- x By, : B; € Band B; N B; = () for i # j} is the m-system that generates the Borel
o-algebra B on E[. Since the measures a(™ and A™ coincide on this system, by Theorem 90 they
also coincide on B["). This finishes the proof as both a(™) and A™ have zero measure on E™ \ E".

O

Remark 26. The factorial moment measure of the Cox point process with driving measure ¥ is
(n) — Ryn
@ .

The following theorem will be often very useful.

Theorem 41. (Campbell’s theorem)
(i) Let ¥ be a random measure and let h be an arbitrary non-negative measurable function on E™.
Then

E/nh(xl,...,xn) T (d(z1,. .., o)) :/nh(ml,...,xn)M(”)(d(xl,...,xn))
and

E/ h(ml,...,xn)\I/["](d(xl,...,xn)):/ Wz, ... zn) ™ (d(@y, ... xn)).
Eln] Eln]

(ii) For a simple point process ® and an arbitrary non-negative measurable function h on E™ we have

E > h(Xl,...,Xn):/E~--/Eh(zl,...,xn)M(")(dzl,...,dzn)

X1,...,.XnEsupp

and

E Z;’é h(Xl,...,Xn):/E---/Eh(xl,...,xn)a(")(dxl,...,dxn).

X1, X, €supp ®

Proof: For the indicators both relations follow directly from Definition 48. The rest of the proof proceeds
by a standard argument of measure theory.

O

Definition 50. The Laplace transform of a random measure ¥ is the functional Ly defined by the
relation

Ly(f) = Eexp{— /E f(2) ¥(da)},
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where f is a non-negative measurable function on F.

Remark 27. In particular, if we choose f = Y"1 | t;1p, to be a simple function, then

Ly(f) = Eexp{- Z t;¥(B
i=1
is the Laplace transform of the random vector (¥(B1),...,¥(By)) in (t1,...,t,) € (RT)™.
Corollary 42. The Laplace transform uniquely determines the distribution of a random measure.

Proof: Since the Laplace transform of a non-negative random vector uniquely determines its distribution,
the assertion follows from Theorem 23.

O

Lemma 43.
(i) The Laplace transform of a Poisson point process ® with intensity measure A is

Lo(f) = exp{—/E (1 —e_f(””)) A(dx)}.

(ii) The Laplace transform of a mixed Poisson point process with driving measure Y - A is

Lo(f) = Ly (/E(1 - e_f(””))A(d:c)) ,

where Ly (t) = Ee=*Y, t > 0, is the Laplace transform of the non-negative random variable Y .

Proof:
(i) For a simple function f = "7 , ¢;1p,, where B; € B are pairwise disjoint, we get

La(f) Eexp{ Zt ®(B } - ﬁEe—t@(Bi)
i=1
ﬁ —A(By) ti)exp{iA(Bi)(le_ti)},
=1 i=1

We have used knowledge of the Laplace transform of the Poisson distributed random variables ®(B;).
A standard argument of measure theory yields the result for arbitrary non-negative measurable
function f.

(if) Successively, we can write

Y A OMCE) _ [T e for@nen o

/N Q(dp) /0 /N Q:(dp) R(dt)

— ex _ _ e_f(m) x = Y — e_f(m) i 5
/0 p{ t/E(l ) A(dz)} R(dt) = L (/E(l ) A(dz))

where @), is the distribution of the Poisson point process with intensity measure tA and R is the
distribution of Y.

O

3.6 Palm distribution

Definition 51. Let (S,S) and (T, 7T) be two measurable spaces. A map K : S x T — [0,00] is called
kernel from (S,S) to (T, T) if it satisfies the following properties:
(i) the map s — K (s, B) is a non-negative measurable function on S for every B € T,
(ii) K(s,-) is a measure on (T, 7T) for every s € S.
We say that K is a Markov kernel or probability kernel if K (s,-) is a probability measure for every
ses.

Ezample: A random measure on E is a kernel from (Q, A) to (E, B).

38



Ezample: Let X be a random variable defined on (€2, A, P) that takes values in (S, S), and let F C A be
a o-algebra. A regular conditional distribution of X given F is a Markov kernel K from (€,.4) to (5, S)
such that K(w,A) = P(X € A | F)(w) for almost all w € Q and for each A € S. It is known that the
regular conditional distribution exists if S is a complete separable metric space with Borel o-algebra S.

Ezample: Let X and Y be random variables defined on (2, A,P) that take values in (T, 7) and (S, S),
respectively. Then the conditional distribution K (y, A) = Px|y (A | y) is a Markov kernel from (S, S) to
(T, T) that satisfies

IP(XGA,YEB):/PX|Y(A|y)Py(dy), AeT,Bes,
B

where Py is the distribution of Y.

Theorem 44. (desintegration theorem) Let (S,S) be a measurable space and let (T,T) be a complete
separable metric space with Borel o-algebra. Consider a measure j on (S x T,8 ® T) and assume that
its projection v(-) = u(- x T)) is a o-finite measure on (S,S). Then there is a Markov kernel K from
(S,8) to (T, T) so that the relation

F(5,0) p(d(s, 1)) = /S /T F(5,1) K (s, dt) w(ds) (16)

SxT

holds for any non-negative measurable function f on S x T. If K’ is another kernel from (S, S) to (T, T)
with this property, then v({s € S: K(s,B) # K'(s,B)}) =0 for any B€ T.

Proof: For every B € T the measure u(- x B) on (S,S) is absolutely continuous w.r.t. v. It is so because

u(A x B) < v(A). Hence, there is its Radon-Nikodym derivative £ = d‘a(;zf) , which can be chosen to

satisfy £g(s) € [0,1] for every s € S (again because u(A x B) < v(A)). In particular, {7 = 1 as.

First let us assume that v is a probability measure (i.e. v(S) = 1). Then {{p, B € T} is a family of
non-negative random variable on a probability space (S, S, v). This family satisfies the assumptions of
Proposition 24. The additivity {pup = {p +£&p a.s. for disjoint B, B’ € T follows from (- x (BUB')) =
p(- X B) + p(- x B'). For the sets B, € T satisfying B,, \, § we have u(S x By) = [4¢p, (s)v(ds) =
E¢p, n:zo 0 and so the £, converge to zero in L;. Since £, > --- > {p, > ---, they converge also a.s.

Now by Proposition 24 we obtain a random measure ¥ on T such that ¥(B) = {p a.s. for every B € 7.
Moreover, ¥ is a probability measure a.s. (because &7 = 1 a.s.) and we may put K(s, B) = U(s)(B).
From the definition of the Radon-Nikodym derivative we have

/L(AXB)/SK(S,B)I/(dS), AeS,BeT.

This is a special case of (16) for f = 144 p. In order to show (16) for arbitrary f on S x T we proceed
by standard measure theory arguments.
The procedure can be easily generalized to the case of finite measure v (v(S) < c0). We just work

with the measure fi(-) = % and the probability measure () = (- x T) = U”((s)). For o-finite measure

v we use the spaces (S, Sp, Vn), where S, 7S, v(S,) < co and v, = v|g, .
The uniqueness follows from the fact that the Radon-Nikodym derivative is unique v-a.s.

Definition 52. We define the Campbell measure associated with a random measure ¥ as
C(A) = E/ 1a(z,U)¥(dz), AeBxM.
E

In particular,

C(B xU) =E1,(V)¥(B), BeB, UcM.

Remark 28. From
C(B % U) = /M /E 15 ()0 (1) u(lz) Q(dp),
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we get by standard measure theory arguments,

/Efo(LM) d(z, 1)) //fxu (dz) Q(dp) = /fx\If (dz),

where @ is the distribution of the random measure ¥ and f is an arbitrary non-negative measurable
function f on E x M.

Corollary 45. Let ¥ be a random measure on E with distribution () and intensity measure A € M.
Then there exists a Markov kernel P from (E,B) to (M, ) satisfying

[ semnan e = [ [ e Pl a) -

for arbitrary non-negative measurable function f on E x M. If P’ is another Markov kernel with this
property, then A({z € E : P(x,U) # P'(x,U)}) = 0 for any U € M.

Proof: Since M forms a complete separable metric space (Proposition 21), we can use Theorem 44 with
S=E,T=M,v=Aand u=_C.

Definition 53. If P is the Markov kernel from Corollary 45, then the distribution P,(-) = P(z,) is
called Palm distribution of the random measure ¥ at point x € F.

Remark 29. It actually does not make sense to speak about the Palm distribution at one particular
point because this could be defined arbitrarily. Nevertheless, Corollary 45 assures that the family {P, :
x € E} of Palm distributions is uniquely determined for A-a.a. z. If {P,} and {P,} would be two Palm
distributions of the random measure ¥, then for any U € 9 we have P,(U) = P,(U) for A-a.a. z € E.

Lemma 46. For a point process ® with intensity measure A € M we have P,({u € M : pu({z}) >
1}) =1 for A-a.a. x € E.

Proof: Take f(x, 1) = 14(2)1[,({2})>1) for arbitrary A € Bp. Then the definition of Palm distribution
gives

[ Peltie M uta)) 2 1) A = [ [ Uiz (o) Q)
A MJA
= /M #(4) Q(dp) = E®(A) = A(A).

In the second step we used that ® is the point process with distribution ). Therefore,

[ 1= Pult € Ml = 1) M) =0,
which implies P, ({u € M : u({x}) > 1}) =1 for A-a.a. z € A.
O

Remark 30. If Q is the distribution of a point process, then the P, are distributions of point processes
for A-a.a. v € E. The desintegration theorem is used for A instead of M.

Definition 54. For a point process ¢ we define the reduced Palm distribution at point x as a probability
measure P! given by the relation

/N g(v) PL(dv) = /N o(v — 6,) Py(dv)

for arbitrary non-negative measurable function g.

Theorem 47. Assume that ® is a simple point process (i.e. Q(N*) = 1). Then P,(N*) = 1 for
ANaa. ze L.

Proof: For arbitrary A € By we get by the definition of Palm distribution

/A Po(M\N*) A(dz) = /M /E Lo (1) La () () Q(dp) = / 1(A) Q(dp) =

MN*
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The last equation follows from Q(M \ N*) = 0. Now we see that P,(M \ N*) =0 for A-a.a. z € A.
O

Remark 31. The Palm distribution P, of a simple point process ® can be interpreted as the conditional
distribution of ® under the condition that z is an atom of the point process. For ¢ > 0 small we have

P(® cU,®(b(x,¢)) >0)  Elggq®(b(z,e)) Cb(z,e) xU) _ P.(U)
P(@(b(z,€)) >0) —  E®(b(x,e))  Alb(ze) T
where b(z,e) denotes the ball of center x and radius €. Lemma 7.2 in [14] provides mathematically

rigorous proof. Similarly P;C can be interpreted as the conditional distribution of a point process under
the condition that x is an atom that is not counted.

P(® €U | B(b(z,c)) > 0) =

Remark 32. In the theory of point processes the term typical point is often used. Its meaning can
be interpreted by the Palm distribution. We say that a typical point x has some property if it has this
property under the Palm distribution P,.

Theorem 48. (Campbell-Mecke theorem) Let ® be a simple point process. For an arbitrary non-negative
measurable function h,

E > h(X,(I)):/

X esupp @ ExXN

h(z,v) C(d(z, v)) = /E /N h(z, v) Py (dv) A(d)

and
E Y h(X,®-dx)= / / h(z,v) P.(dv) A(dz).
X éesupp @ EJN
Proof: The first equation in the first relation can be shown by the standard measure theory arguments.
For h(z,v) = 14(x)1y(v) we have
E Y h(X,®) =E®(A)1gey = C(AxU).
X éesupp @

The second equation follows from Corollary 45. The second relation can be deduced from the first one
and Definition 54.

O
Theorem 49. (Slivnyak theorem) Let ® be a Poisson point process having distribution II and intensity
measure A € M. Then P, = Il x §5,), i.e. P, =TI, for A-a.a. * € E. The symbol x stands for the
convolution of measures. In other words, ® + §, has the distribution P, for A-a.a. x € E.
Proof: The general proof can be found in [6], Proposition 13.1.VII or [14], Theorem 7.3. Here we show
the proof for diffuse A. In this case, Lemma 37 states that ® + d, is a simple point process. Denote
by ®, a simple point process with distribution P,. According to Theorem 31 it suffices to verify that
® + 6, and &, have the same void probabilities. Let A € By and K € K be arbitrary. Recall that
Nio={veN* :v(K) = 0}. We show that

/A Po(N o) A(da) = /A P((® + 6,)(K) = 0) A(da).

The left-hand side is equal to C(A x N o) = E®(A)1(g(x)=0)- The right-hand side can be rewritten as

/A]P)(CI’(K) = O,x Q K) A(dl‘) = /A\K /_/\/ l[y(K):O] H(dl/) A(dl‘)
= A(A\ K)P(D(K) = 0) = E®(A\ K)Lia(xc)—o]

where in the last step we have used the independence of ®(A\ K) and ®(K). Clearly, E®(A4)1[¢(x)—0] =
E®(A\ K)1[¢(x)=0), Wwhich completes the proof.
O

4. Spatial point processes

In this section we consider the Euclidean space E = R? with the standard Euclidean metric. The
corresponding Borel o-algebra B(E) will be denoted by B?. A point process on R? will be referred to as
the spatial point process.
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4.1 Stationary spatial point processes

Definition 55. For z € R? we denote by ¢, the shift operator on M. It is given by the relation
(tp)(A) = (A —2), peM,AecB

We say that a random measure ¥ on R? is stationary if t,U and ¥ have the same distribution for all
z € R?, i.e. the distribution of the random measure is translation invariant.

Remark 33. If u =37 0,,, then top=>"_, 6z, 42

Definition 56. For a rotation O around the origin we denote by R the rotation operator on M. It is
defined as
(Rop)(A) = W(O~1A), peM,Ae B

A random measure ¥ on R? is called isotropic if Ro¥ and ¥ have the same distribution for any rotation
O, i.e. the distribution of the random measure is rotation invariant.

Definition 57. A random measure is called motion-invariant if it is both stationary and isotropic.

Lemma 50. If ¥ is a stationary random measure with locally finite intensity measure A, then A is a
non-negative multiple of the Lebesgue measure, i.e. A(B) = \|B|, B € B, for some A > 0.
Proof: From stationarity we have A(B + z) = A(B) for each z € R%. The assertion follows from the fact
that up to a multiplicative constant, the Lebesgue measure is the only translation-invariant measure on
(R4, B4), see Exercise 26.6 in [11].

U

Definition 58. The multiple A > 0 from Lemma 50 is called intensity of a stationary random measure.

The intensity gives the mean measure per unit volume. In case of point processes it is the expected
number of points per unit volume.

Definition 59. Let ¥ be a random measure with intensity measure A. If there exists a density A of A
w.r.t. the Lebesgue measure (i.e. A(B) = [, A(z)dz, B € BY), then X is called the intensity function.

From Lemma 50 we know that the intensity measure of a stationary random measure is the Lebesgue
measure multiplied by the intensity. Hence, the intensity function is constant and is equal to the intensity.

Definition 60. The Poisson point process ® on R, for which the intensity function A exists and is
constant, is called the homogeneous Poisson point process with intensity A. If this intensity is furthermore
equal to 1, then we speak about the standard Poisson point process.

Remark 34. Every homogeneous Poisson point process is both motion-invariant (see Exercise class).

Definition 61. Let ¥ be a random measure on R¢ with the n-th order factorial moment measure a(™.
If there exists a density A(™ of a(™ w.r.t. the (nd)-dimensional Lebesgue measure, then it is called the
n-th order product density.

Remark 35. The first order product density coincides with the intensity function and we write A(Y) = \.

Remark 36. A heuristic interpretation of the n-th order product density of a spatial point process is the
following. Consider n infinitesimally small disjoint balls with centres x1, . .., z, and volumes dz1, ..., dz,.
Then A(™) (z1,...,2n)dxy - - - da, is the probability that each of these ball contains a point of the process.

Corollary 51. If there exists the intensity function A of the Poisson point process ®, then its n-th order
product density satisfies \™) (z1,...,z,) = [[12; M(@i), 21,..., 2, € R
Proof: The assertion follows from Theorem 40.

O

From the definition of stationarity (Definition 55) it follows that the moment measures of a stationary
point process are invariant under diagonal shifts, i.e.

M(")(Bl X -+ X By) :M(n)((31+y) NI (Bn+y))

and
o™ (By x --- x By) = a(")((Bl +y) X+ x (Bn+y))
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for arbitrary n € N, By, ..., B,, € B¢ and y € R?. If the n-th order product density exists, then it satisfies
)\(")(zl,...,zn):)\(")(xl +Y, T+ Y) (18)
for almost all z1,...,z, € R and y € R%.

Theorem 52. Let U be a stationary random measure on R% with intensity 0 < A < oo. Choose
arbitrary bounded Borel set A € B with positive Lebesgue measure (|A| > 0). For U € M and = € RY,
let t;'U = {u : typ € U} be the preimage of U under t,. Then

1

P,U) = —]E/ 1y(t_, ) ¥(dz), U €M,
NAI 4

P.(U) = P,(t;'U), U €M,

define Palm distributions of V.

Proof: We verify that this system of distributions satisfies (17), and so it meets the definition of Palm
distribution. It is enough to take f(x,u) = 1p(x)1y () in (17). From stationarity we know that A is
proportional to the Lebesgue measure (Lemma 50). Hence,

/BPZ(Z/{) (dx) —)\/P (t;'U)dz = X /AIAI / 1 (1 ©) U(dy) da

|A|/ /lu -y ¥) U(dy)dx = |E/Rd /]Rd 1a(y)1p(y + 2)1y(t.0) ¥(dy) dz,

where in the last step we used Fubini’s theorem and the change of variables z = x — y. Now we make
the substitution ¥(dy) = (¢,¥)(dz) and employ stationarity of ¥. We obtain

/BPz(L{) A(dx) = ﬁE/}Rd /Rd 1a(z — 2)1p(2)1y(t,7) (t,¥)(dz) dz

1
= WE/R(! /Rd 1a(z — 2)1p(2)1y(¥) ¥(dz) dz
=B [ 1) ¥(dn) = OB x ).
B
U

If we speak about the Palm distribution of a stationary random measure, then we mean the system
of distributions {P,,z € R4} from Theorem 52. This system is determined by the Palm distribution P,
in the origin and by the relation P, (-) = P,(t;!-). Similarly, we consider the reduced Palm distribution
of a stationary simple point process ® in the form

1
PyU) = ks > Lu(t-x(@-96x), UeN,
| | X Esupp PNA
1

P‘

x

U) = Pi(t;'U), Uecn
The Campbell-Mecke theorem then has the following form.

Theorem 53. For a stationary simple point process ® with intensity A\ and an arbitrary non-negative
measurable function h on R? x N,

E Z X<I>f)\// x,v) Py(dv)dz = A // (z,t,v) Py(dv) dx
R R

X Esupp &
and
E Z hX,®—0dx) = // x, V) dl/d:L'—// (z,t,v) P} (dv) d.
X Esupp & Rd R4

Remark 37. The expectation with respect to P, will be denoted by the symbol E,. Similarly, IE'O stands
for the expectation with respect to POI. It means that

th(cb):/h(z/)Po(dy) and Egh(cp):/h(y)P;(dy).
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4.2 Point process characteristics

In this subsection we deal with summary characteristics of spatial point processes. We can distinguish
numerical and functional characteristics. Numerical characteristics describe specific properties of the
point process by a single number. For stationary point processes the simplest and the most important
numerical characteristic is the intensity (Definition 58). Modern point process statistics often uses functi-
onal summary characteristics. An example of a functional characteristic could be the intensity function
(Definition 59). Intensity and intensity function are first order characteristics (both are derived from
the first order moment measure). Intensity function is defined also for non-stationary point processes.
However, we focus mainly on stationary point processes in this subsection.

First we mention two examples of numerical summary characteristics that are based on mutual
distances between the atoms of a point process.

Definition 62. Let ® be a stationary simple point process with intensity A. By D, denote the distance
from the origin o to the nearest point of ®, i.e. D, = inf{r > 0 : ®(b(o,7)) > 0}. We define Pielou’s
index of randomness as

PI = \wgE(D,)?

and the aggregation index or also the Clark-FEvans index by the relation

d(Awa)Y?_,
CE=22%) _gip
r(t/d)
where wg = |b(0,1)| = F(%/;/z) is the volume of d-dimensional unit ball.

These indices are closely related to the following functional summary characteristics.

Definition 63. Let ® be a stationary simple point process with intensity A and let D, be the distance
from o to the nearest point of ®. The spherical contact distribution function is defined as

F(r) =P(®(b(o,7)) >0)=P(D, <r), 7>0.
The nearest-neighbour distance distribution function is defined as
G(r) = P.({v € N : v(b(o,7)) > 0}), 7 >0.
Furthermore, the J-function is

_1-G)

J(T)il—iF(r)’

r>0:F(r) <l

Remark 38. The generalization of F' and G functions can be obtained by replacing balls b(o,r) with
sets rB, where B is some convex and compact set containing o.

The aggregation index and the G-function are so called point-related characteristics. We are inte-
rested in the distances from a typical point of the process to the nearest point of the process (called
neighbour). In contrast, Pielou’s index of randomness and the F-function are location-related characte-
ristics. We look at the distance from some fixed location (e.g. origin) to the nearest point of the process.

Theorem 54. In case of a homogeneous Poisson point process with intensity A we get P1 = CE = 1,
F(r)=G(r) =1—e " and J(r) = 1.
Proof: Left to Exercise class.

O

Remark 39. The deviations of characteristics from the theoretical values for Poisson point process
indicate either clustering of points or tendency towards regularity. Cluster processes have Pielou’s index
of randomness larger than 1, the Clark-Evans index smaller than 1 and values of the J-function smaller
than 1. For regular processes the situation is reversed: PI < 1, CE > 1 and J(r) > 1.

So far defined characteristics are “short-sighted” as they take into account only distances to the
nearest points. The distances to more distant points are disregarded. However, the spatial correlation
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often exhibits among the points that are close in space. Another class of characteristics is based on the
second-order moment measures. Such characteristics can be defined more generally for random measures.

Definition 64. Let U be a stationary random measure on R? with intensity 0 < A\ < oco. The reduced
second-order moment measure K is defined by the relation

AC(B) = / w(B\ {o}) Po(dp), B e B

Furthermore, we define the reduced second-order moment function or shortly the K -function as

Remark 40. In particular, if ® is a stationary simple point process, then AMK(B) = E! ®(B), B € B It
means that AK(r) can be interpreted as the expected number of points (distinct from o) of the process
in the centred ball of radius 7 under the condition that o is the point of the process.

Lemma 55. For a stationary random measure ¥ with intensity 0 < A < co we have

aP(Ax B)= )\2/ K(B —z)dz, A,BeB.
A

Proof: The right-hand side can be rewritten by Definition 64, Lemma 50, the relation between P, and
P, from Theorem 52, Corollary 45 and Definition 49:

A2//c —xdx—// B — )\ {o}) P,(dys) A(dz)

— [ [ oo =0\ oD Pati Ado) = [ [ B (o) ude) Q)
AJIM MJA
—E/ U(B\ {z}) ¥(dz) = o'? (A x B).
A

O

Lemma 56. Let ¥ be a stationary random measure and let A € Bg be an arbitrary bounded set with
finite Lebesgue measure |A| > 0. Then

1

K(B) = WIE/A\P((B + o)\ {}) U(dz), Be B

Proof: Similarly as in the proof of Lemma 55 we get

2 [ k@yar= [ [ (o) P A

= [ [ #(B+0)\ {a) Pt A
_ IE/A V(B + )\ {}) U(da).

[l
For a stationary simple point process we can write
1
’C(B)ZWE Y. AB+X)\{X}= A2|A|]E Yo Y L@)mxxY)
XEsupp PNA X€esupp P Y éEsupp @
=——F 14(X)15(Y — X), Be B
X,Yesupp @
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Corollary 57. For a stationary Poisson point process, K(B) = |B| for all B € B%. In particular,
K(r) = war? for all v > 0.
Proof: From Definition 64 and Theorem 49 we get MC(B) = E®(B) = A|B|, B € B%. Therefore, K(B) =
|B| and specially K (r) = wqr.

U

Definition 65. Often instead of the K-function its transformation is used,

L(r) = <@)1/d, >0,

wq

and it is called the L-function. It contains the same information as K (r) but its popularity comes from
more advantageous graphical interpretation. From Corollary 57 we know that L(r) = r in case of the
Poisson point process. The graphical comparison of the L-function to a line (L(r) = r) can be better
visualised than the comparison of the K-function to a parabolic or higher degree polynomial curve
(K (r) = wqr?). Furthermore, there are also some statistical advantages of using the L-function.

Definition 66. Let ¥ be a random measure on R? (not necessarily stationary). Under the assumption
that the intensity function A and the second-order product density A(?) exist we define the pair correlation
function by the relation

g(z,y) = o) z,y € RE: A(z) > 0,\(y) > 0.

When ¥ is stationary we know by (18) that A (z,y) = A& (2 — y,0) = A®(z — y) and g(z,y) =
w = g(x —y) are the functions of = — . If ¥ is moreover isotropic, then A (z,y) = A®)(||z —y||)
and g(z,y) = g(||x — y||) are the functions of Euclidean distance between x and y. Note that here and in
the sequel we use slight abuse of notation and we use the same symbol for the function of the difference

x — y or the distance ||z — y|| as for the function of the pair (z,y).

Remark 41. The pair correlation function may attain values from the interval [0, c0). Therefore, the
term ,correlation function“ could be somewhat misleading.

The pair correlation function has particularly simple form in the case of Poisson point process.

Corollary 58. Let ® be the Poisson point process for which the intensity function exists. Then g(x,y) =
1 for any x,y € R%.

Proof: From Corollary 51 we have A (z,y) = A(x)\(y), which yields g(z,y) = 1.
O

Remark 42. For point processes the pair correlation function provides a useful tool for graphical
demonstration of deviations from the Poisson point process. If g(z,y) > 1, then simultaneous occurrence
of points x and y is more likely than for the Poisson process with the same intensity function. For
motion-invariant point processes, the values of pair correlation function g(r) greater than 1 correspond
to the fact that the distances r among the points are more typical than in the model of complete spatial
randomness. In other words, g(r) > 1 indicates aggregation of points at distances r, while g(r) < 1 means
regularity in the corresponding distances 7.

Theorem 59. Let ¥ be a stationary random measure with pair correlation function g. Then K is
absolutely continuous with respect to the Lebesgue measure and

K(B) = /Bg(u) du, Be B

Proof: According to Lemma 56 we have

K(B) = ﬁE/A\I/((B—i—x) \ {z}) ¥(dz)

1
=—F 1 —pep ®P(dz, d
)\2|A| /]Rd /]Rd [zr€A,y—zE€B] ( T, y)
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1
= 1 _ @) (dz,d
)\2|A| /]Rd /Rd [z€eA,y wEB]a ( X, y)

1 1
22| Al /Rd /Rd [reA,y—zeB] (z,y)dzdy 1A Joa Jra [zeAy IeB]g(y x)dzdy

1
—|A|/ / 1[zeA,ueB]g(U)dwdu:/Q(U)du, Be B
Rd JRA B

We used Campbell’s theorem (Theorem 41), Definition 61 and Definition 66.

O

Corollary 60. Let U be a stationary random measure with pair correlation function that is invariant
under rotations, i.e. g(z,y) = g(y — z) = g(||ly — z||). Then

K'(r)

ogrd—1’

g(r) =

where K'(r) is the derivative of K-function and o4 = dwg = IZZTd_d//;) is the surface area of unit sphere
S4=1 in R4,
Proof: From Theorem 59 we obtain

K(r) = /b(m«) g(u) du.

Using the polar decomposition of the Lebesgue measure (spherical coordinates) we get

= u u = TO’ sd*1 s)ds.
K(r)—/b(man d /Od g(s)d

4.3 Point process models

Cluster point processes

Definition 67. Let ®, be a simple point process (so called parent process) and let {¢, : * € R?} be a
collection of finite point processes defined on the same probability space. Define

®(B) = . ¢+(B) ®,(dz), BB

and assume that ®(B) < oo for all B € BY with probability 1. Then ® is called a cluster point process.
For X € supp ®, we refer to (x as the daughter point process associated with the parent point X.

Definition 68. A cluster point process ® such that {¢, : € R%} are independent and independent of
®,, is called the point process with independent clusters. If moreover ®,, is a Poisson point process, then
we speak about the Poisson cluster point process.

The following theorem shows that some Poisson cluster point processes are Cox point processes as
well.

Theorem 61. Let ® be a Poisson cluster point process such that ®, has diffuse intensity measure A,
and the (, are finite Poisson point processes with diffuse intensity measures A, © € R?. Assume that
A(B) = [u Aa(B) ®p(dz) < oo for all B € Bf a.s. Then ® has the same distribution as the Cox point
process with driving intensity measure A.

Proof: For K € K(R?) we get

P(®(K) = 0) =E[P(®(K) = 0| )] = E |P N xE) =0,

=E[ [ PCxE)=0|®,)]=E J[ e ")

Xé&supp @, X é&supp ®,

= Eexp{— Z Ax(K)} = Ee MK,
Xesupp ®,
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which is the void probability of Cox point process. The assertion follows from Theorem 31.
O

In the following definition we introduce an important class of Poisson cluster point processes.

Definition 69. Let p be a probability density on R? and let ® be a Poisson cluster point process
satisfying

o ((RY), x € R? are independent identically distributed random variables,

e (, is the mixed binomial point process formed by independent identically distributed random vectors
with density p(-—z), i.e. the points of centred processes t_.(, are independent identically distributed
with intensity p.

Then & is called the Neyman-Scott point process. If moreover (,(R?) has Poisson distribution with
parameter \., then ® is called the Neyman-Scott Poisson point process. In the latter case, (, is the
Poisson point process with intensity function A.p(- — x). The proof of this fact is left to Exercise class.

In Figure 12 (left) there is an explanation of the Neyman-Scott process construction. The parent
process ®, is a stationary Poisson point process (the points are shown by crosses), the numbers of
daughter points are independent identically distributed random variables with binomial distribution
with mean E(,(R%) = 5 and the daughter points are independent identically distributed random vectors
with uniform distribution in the square centred at the parent point and of size length 0.2, i.e. the density
p has the form p(z) = 1/0.22 for x € [-0.1,0.1]%. Since the supports of individual daughter densities
are overlapping, we are not able to distinguish which point belongs to which cluster (daughter process).
Furthermore, we can notice that the daughter points in the observation window may come from the
parent points that lie outside the window. The resulting realization of the Neyman-Scott process is
shown in Figure 12 (right). In this realization no parent points appear.
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Figure 12. A realization of the Neyman-Scott point process in a unit square window. The intensity
of the parent process is 10 (the points are shown by crosses in the left figure), the numbers of daughter
points have the binomial distribution with parameters 10 and 1/2, and the daughter points (bullets) are
uniformly distributed in the square of size length 0.2 (shown in the left figure). The resulting realization
of the point process (only daughter points) is shown on right.

Theorem 62. Let ® be a Neyman-Scott Poisson point process such that ®, is stationary Poisson
point process with intensity A,. Then ® is a stationary point process with intensity A = A\,\. and pair
correlation function




where h(z) = [p(y)p(y — x)dy is the density of the difference X1 — X5 of two independent daughter
points X7 and X». If p is radially symmetric function (that is, p(x) = p(||z||) = p(r)), then ® is also
isotropic and g(x) = g(||z||) = g(r).

Proof: Stationarity of ® follows from stationarity of ®, and the fact that the centred daughter processes
t_,(, are independent and identically distributed. By Theorem 61, ® is the Cox point process with
driving measure A(B) =3y 00 o, Ax(B), where the measure A, has the density Acp(- — ) w.r.t. the
Lebesgue measure. The intensity measure of ® can be expressed using Theorem 41 as

EAB)=E > Ax(B)= Ap/d Au(B)dz = A, /R /B Aep(y — ) dy de = \A.|B| = \|B|.

X esupp @, R

Similarly, by the second-order Campbell theorem (Theorem 41) and Theorem 40 we obtain the
second-order factorial moment measure of ®:

EA(B1)A(Bz) =E Z Ax(B1)Ay(B2)

X,Yesupp &,
#
=FE Z Ax(B1)Ay(B2) + E Z Ax(B1)Ax(B2)
X,Yesupp &, Xé&supp @,

:)‘;27/ / Az(Bl)Ay(Bz)dyd$+)\p/ Ay (B1)Ay(Bs) dz
Rd JRd Rd

= )\127/\5 / / / / p(u—x)p(v —y) dvdudy dz
R JRe /B, J By

+ ApAZ / / / p(u—2)p(v — x)dvdude
R JB, JB,
:)‘2'|Bl|'|32|+)\)\c/ / / p(u — z)p(v — x) dz dv du.
B, JB; JRY

Hence, the second-order product density exists and has the form

AP (y,v) = X2 + )\)\c/ p(u— z)p(v — z) da.
Rd

The pair correlation function is then

1
glu,v) =14+ — | plu—2a)p(v —x)dz.
Ny Ja

The change of variables y = u — x yields

1
g(u,v) =1+ o™ p(y)p(v —u+y)dy
p JR4

and we see that g(u,v) is the function of u — v: g(u,v) = g(u — v,0) = g(u — v).

O

Notice that the pair correlation function of the Neyman-Scott Poisson point process is always at
least 1. The most often used choices of radially symmetric density p give the following point processes:
a) Thomas point process: p is the density of d-dimensional normal distribution N4(0,0%I) with zero
mean and variance matrix that is a multiple of the identity matrix,
b) Matérn cluster point process: p is the density of uniform distribution on the ball b(o, R).
Particular examples of realizations of these models can be found in Figure 13.
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Figure 13. The realizations of Thomas point process (left) and Matérn cluster point process (right) in
the unit square. The parent point process is the same in both cases and has intensity 10. The numbers
of points per cluster have Poisson distribution with parameter 5 and in both cases they are the same for
every parent point. The only difference is in the distribution of daughter points. For the Thomas process
it is the normal distribution with standard deviation ¢ = 0.05 while for the Matérn cluster process the
daughter points are uniformly distributed in the ball of radius R = 0.1 centred at the parent point.
Thinned point processes

One of the simplest operations associated with point processes is thinning. It is based on deleting some
points of the process. We consider the case of so called independent thinning, where removing or keeping
the point is independent of other points.

Definition 70. Let p: R? — [0, 1] be a measurable function. Independently thinned point process is a
cluster point process with independent clusters such that

¢y = d, with probability p(x),
¥ 1\ @ with probability 1 — p(z),

where @ stands for the null measure, i.e. I(B) = 0 for every B € B.

Remark 43. Assume that {U(z) : z € R?} is the collection of independent random variables uniformly
distributed on (0, 1) and independent of a simple point process ®,. Then & = ZXESupp ®, L (x)<p(x)0x
is the point process created by independent thinning of ®,,.

Theorem 63. By independent thinning of a point process ®,, with intensity measure A, we obtain the
point process ® with intensity measure

A(B) = /B p(z) Ay(dz), B e B
Proof: We can write
BS(B) = E[B(®(B) | %,]] = E[EL[ C.(B)3,(d0)| 3]
~E [ BG(B)®,(d0) =B [ p(w)®,(d0) = [ plo) A, ().

B

We have used independence of {(;} and ®,, and Campbell’s theorem (Theorem 41).
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By independent thinning of a Poisson point process we get again a Poisson point process.

Theorem 64. For a Poisson point process ®, with diffuse intensity measure A, € M the corresponding
independently thinned point process ® is a Poisson point process with intensity measure

A(B):/Bp(x)Ap(dx), B e B

Proof: We compute the void probabilities of the thinned point process & and we show that they are
equal to the void probabilities of a Poisson point process with intensity measure A. The assertion then
follows from Theorem 31. For K € K(RY) we have

P(2(K) =0) =) P(&,(K) =n)P(®(K) = 0| &,(K) =n)
n=0

= >0 B e 0B (U, e G (B = 0] | () = )
n=0 :

n

- Z %e—mm HP (CXi (Rd) - 0)

i=1

-3 L= aan]
= e M (K exp { /K (1—p(x)) Ap(dx)} — o= Jic @) Ar(an),

In the third line we expressed the conditional probability by use of Theorem 38, which states that
conditionally on ®,(K) = n the atoms Xi,..., X, of the process ®, are independent and identically
distributed according to the probability measure Ap|x /A, (K).

Ul

Hard-core point processes

Many point process models result from thinning of a given point process. In Definition 70 we considered
independent thinning.

For hard-core point processes there are no points in distance smaller than a given distance r > 0. The
most natural construction is to use some thinning rule. Since the atoms are removed or kept depending
on their location in relation to other atoms of the process, we speak about the dependent thinning. Such
procedure is used in the definition of the following two hard-core point processes.

Definition 71. Let ® be a stationary Poisson point process with intensity A and let » > 0 (so called
hard-core distance) be given. The point process

Qr(-) = /Rd 02 () L@ (b(a,r)\ {2})=0] P(d)

is called the Matérn hard-core point process of type I. Let ®,, be a Poisson point process on R% x [0, 1]
with intensity measure A(B x I) = \-|B|-|I|, B € B4, I € B([0,1]). The point process

Qr1(-) = / 02 () L@ (b(2,r)\{2}) x [0,u])=0] P (d(z, )
R4 x [0,1]

is called the Matérn hard-core point process of type II.

For the first type we remove every point of the process ® for which there is at least one another
point at distance smaller than r. In the second type each point X € supp ® has associated some weight
U(X) € [0,1] and we remove only the points for which there exists at least one another point with
smaller weight at distance smaller than r. Equivalently, we can imagine that for each pair of distinct
points X, Y € supp @ satisfying 0 < || X — Y|| < r, we remove either both points (type I) or only the
point with larger weight (type II).
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In Figure 14 a realization of stationary Poisson point process is depicted. By its thinning Matérn
hard-core point processes of types I and II are obtained. Obviously, we have less points in the process of

type I than in type II due to stricter thinning condition.
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Figure 14. Left: a realization of stationary Poisson point process with intensity 50 in the unit square.
From this configuration of points the realizations of Matérn hard-core point processes of type II (middle)
and type I (right) are derived. The hard-core distance is chosen to be r = 0.1.

Theorem 65. Point processes ®; and ®;; from Definition 71 are stationary and their intensities are

—Awgr?
_ d 1—e
Ar=Xe M and Ny=—

)

wqrd

respectively.
Proof: Stationarity follows from the construction. We determine the intensities by computing the expected

numbers of point in the set B € B.
First consider the type I process. From Campbell-Mecke theorem and Slivnyak theorem we get

E®;(B) = E/ Lo (b(a,r)\ {2})=0] P(dT) = )\/ / Ly (b(wr))=0] P (dv) dz
B BJIN

Y / P(®(b(z, 1)) = 0) dz = e |B|.

For type II process we again use Campbell-Mecke theorem and Slivnyak theorem. We get

1
E®;(B) = E/ ]1[<I>m((b(m,r)\{z})X[O,u]):O] O (d(z,u) = )\/ / P(®m(b(z,7) x [0,u]) = 0) dudz
0,1 BJo

Bx|

_ ef/\wdrd

1
1
= )\|B|/ e~ uwar’ qy = \| B .
0 )\wdr

which leads to the required relation E®;;(B) = A;7|B.

O
Another possibility how to construct a hard-core point process is based on the sequential approach.

The points are added one-by-one.

Definition 72. Let r > 0 and B € B¢ be given. A random sequential adsorption (or simple sequential

inhibition) model is the point process inside the set B constructed by the following algorithm:

(i) generate X; from the uniform distribution on B,

(i) if & — 1 points are generated, then generate X} from the uniform distribution in B\ U¥=}'b(X;, 7),

(iii) the construction ends in n steps provided that B C U™ ,b(X;, 7).

The output is the point process ® = """ | dx,.

Remark 44. The sets B\ Uf;llb(Xi,r) may have quite complicated geometrical shape. Hence, it is

common in practice to use the rejection method. The point X, is generated uniformly in B and it is

52



rejected whenever it falls closer than r to any of the points Xi,..., Xx_1. In that case a new candidate
X}, is generated and the procedure is repeated until it falls in B\ Ui:llb(Xi, ). The algorithm is usually
terminated if the desired number of points is reached or the number of consecutive rejections reached
some prescribed value. Three examples of the realizations for different choices of r are shown in Figure
15.
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Figure 15. Three realizations of the random sequential adsorption point process in the unit square for
r =0.05 (left), r = 0.1 (middle) and r = 0.15 (right).

Definition 72 gives an example of finite point process. In the following subsection we will deal with
finite point processes given by the density w.r.t. the distribution of Poisson point process.

4.4 Finite point processes with density

In this subsection we will work with finite point processes in R¢. Denote the system of finite counting
measures by

Ni ={v e N : v(R?) < o0},

The system of simple finite counting measures will be denoted as N = Ny N N*.
Let ®p be a Poisson point process with finite diffuse intensity measure A. The distribution of ®p
can be expressed as follows (for U € N):

HU) =P(®p € U) = i P(®p(R?) =n)P(®p € U | @p(R?) = n)

n=0

2 A(RH™ A(dzy)  A(dzyp)
loeu *; n! /Rd"'/RdllZL%iem ARY) A(RY)

A (md 1
— llwem e L L e Al - A
n=1

i=1

_ efA(Rd)

We are going to investigate point processes whose distribution is absolutely continuous w.r.t. II.

Definition 73. Let IT be the distribution of a finite simple Poisson point process. Assume that p :
N — RT is a measurable function such that [, p(v)II(dv) = 1. We say that ® is a point process with
f

density p w.r.t. I if its distribution satisfies

P(® € U) = /u p() (V) = Eljg, cigp(®rp), U €.

Thanks to (19) we can rewrite this distribution as

_AR? — 1 =
P((I) S U) = e AMRY [l[geu]p(g) + Z E /Rd s /Rd 1[2;:1 5xi€U]p(Z 59&) A(dxl) t A(dxn)
n=1

i=1
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The point process ® with density p is finite (because A(R?) < 0o) and simple (because A is diffuse).
Often we consider A to be the restriction of the Lebesgue measure to some bounded set B € B¢. The
density p is then w.r.t. the distribution of the standard Poisson point process on B.

Notice that Eh(®) = Eh(®p)p(®p) for arbitrary Il-integrable function h on N

Example: Consider the density p in the form

P(300:) = o[ fla).

where a > 0 and 8 : RY — RT is a measurable function such that [, 8(x) A(dz) < co. By an empty
product (n = 0) we understand one, i.e. p(&) = a. Define a finite measure

/5 A(dz), B e B

We make sure that | N p(v) (dv) = 1 for suitable choice of «. The distribution of the point process ®
with density p is

P(®el) =ae” AR [ [oeu] +Z " /d /Rd S, ba, U] B(x1) - 5($n)A(d$1)"'A(dxn)1

By comparison with (19) we see that it is again the distribution of Poisson point process. The intensity

measure is now Ag and the normalising constant o must be o = AED A5 (RY) efkd(liﬁ(x)m(dx).

For the definition of a point process with density we can use arbitrary non-negative measurable
function h with 0 < a = f/\/ II(dv) < oco. If we divide by o we get the density function p = h/a.

The equality up to the normahsmg constant is written as p(v) « h(v). In order to recognize whether h
is [I-integrable several sufficient conditions are useful.

Definition 74. Let A be a finite diffuse measure on R¢. We say that a measurable function o : Nf — RT
is locally stable if there exists a non-negative measurable function k : R* — R with [p, k(z) A(dz) < oo
so that

h(v +96,) < k(z)h(v) Vv e Nf,z e R\ suppur.

The function h is Ruelle stable if there exist a constant ¢ > 0 and a non-negative measurable function k
with [, k(z) A(dz) < oo so that

Il *@ vwwenr.

T ESupp v

If we can obtain v € N from pu € N by omitting some of the atoms, we write v < . This relation
is equivalent to supp v C supp p.

Definition 75. A non-negative measurable function h on N is called hereditary if the implication
h(p) >0=h(r) >0 Yv=pu

holds for any u € Nf.

Theorem 66. Let h: N — Rt be a measurable function and let II be a distribution of finite Poisson
point process with diffuse intensity measure A.

a) If h is locally stable, then it is Ruelle stable.

b) If h is Ruelle stable, then it is II-integrable.

¢) If h is locally stable, then it is hereditary.
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Proof: a) Put ¢ = h(@). The assertion is easily shown by induction on n = v(R?). For n = 0 it is obvious
that h(v) = ¢ < c¢. If the claim is true for some n, then

h(v+6:) <k@h) <k@e [[ kw)=c ] k.

yeEsupp v yEsupp(v+dz)

b) Denote K = [, k(z) A(dz). Then

/ h(v)II(dv) = e AED A(dzq) - A(dwn)]

SIS I RO
c+Z%/}Rd~--/]Rdck(z1)~~~k(zn)A(dx1)--~A(dzn)]

= ce_A(]Rd) g 'K" = (Rd)eK < 0.
n!
n=0

e~ AR

The first equality follows from (19) by the standard measure theory arguments.
¢) From the definition of local stability we have h(v + d,) > 0 = h(v) > 0.
O

Definition 76. For a finite simple point process ® with density p, the Papangelou conditional intensity

is defined as
pv +9:)

Ymv) = p(v)

, zeRY ve N :p(v) > 0.

Remark 45. The local stability of a hereditary density function p can be equivalently defined by the
condition A\*(z,v) < k() for every x € R? and v € Ny with p(v) > 0, where [p, k(z) A(dz) <

Theorem 67. (Georgii-Nguyen-Zessin identity) Let ® be a finite simple point process with Papangelou
conditional intensity A\*. Then

E > h(X,(I)—(SX):/ Eh(z, @)\ (z, ®) A(dz) (20)

X esupp @

for an arbitrary non-negative measurable function h on R? x N

Proof: Since ® has a density p w.r.t. the distribution of Poisson point process ®p, we can write

E Y WX, 2-0x)=E Y WX ®p—0x)p(®p).

X Esupp & Xesupp ®p
Now we can apply the Campbell-Mecke theorem (Theorem 48) and the Slivnyak theorem (Theorem 49),
E Y h(X,®p—dx)p(®p) = / Eh(z, ®p)p(®p + 6;) A(dx),
Xesupp®p R4

where A is the intensity measure of ® p. The integrand can be rewritten as
Eh(z,®p)p(®p + 6;) = Eh(z, 2p) N (2, Pp)p(Pp) = Eh(z, )N* (2, D),

which completes the proof.

O

Corollary 68. Let II be the distribution of the standard Poisson point process on a bounded set B € Bg.
Let ® be a finite point process with density p w.r.t. Il and Papangelou conditional intensity A\*. Then
its intensity function is A(z) = EX*(z,®), z € B.

Proof: In Theorem 67 it suffices to take h(x,v) = 14(z), A C B. Then E®(A) = [, EX*(x, D) dx.
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In many applications point processes with pairwise interactions appear.

Definition 77. Let
pw)oc [ 96.) [  96:+6,), veNs, (21)

TESupp v {z,y}Csuppv

where ¢ is a non-negative measurable function such that the right-hand side in (21) is II-integrable.
A point process ® with density p w.r.t. the distribution of Poisson point process is then called the
pairwise interaction point process. The function g is called the interaction function. We define the range
of interaction as

R =1inf{r > 0: g(d; + 0,) =1 for all ||z — y|| > r}.

The point process @ is called repulsive if g(d; + 6,) < 1 for all z # y.

If g(0;) = B > 0 is constant and g(d;+0,) = 8(||x—y||) is invariant under translations and rotations,
then we speak about homogeneous pairwise interaction point process. Motivated by the statistical physics
we use the term pair potential function for 6 : (0,00) — RT. It determines the strength of interaction
between two points. The values smaller than 1 correspond to repulsive interactions while the values larger
than 1 mean attractive interactions.

The Papangelou conditional intensity of a pairwise interaction point process has the form

)\*(l‘,l/) :g((sz) H g(6z+6y)

yEsupp v

The function (21) is clearly hereditary and it is also locally stable provided that

/R 906, A(da) < o0 (22)

and g(d; + &) < 1, because then \*(z,v) < ¢(d,) and we can take k(z) = ¢g(d,) in Remark 45. It
means that under the assumption (22) the density of repulsive pairwise interaction point processes is
always IIl-integrable. The condition (22) holds automatically for homogeneous pairwise interaction point
processes.

We have shown earlier that the Poisson point process is obtained in a particular case g(d, +d,) = 1.
The range of interaction is then R = 0.

Different choices of 8 lead to various models of homogeneous pairwise interaction point processes. A
trivial choice 6(r) = 1 for every r > 0 corresponds to the Poisson point process with intensity measure
BA. The simplest and the most well-known non-trivial example of a homogeneous pairwise interaction
point process is the Strauss process for which

O(r) =7'r=m, 0<y <1, R>0,

where 0° is understood as 1.

Definition 78. Let 8 > 0,0 < v <1 and R > 0 be real parameters. The Strauss point process ® is
given by the density

p(l/) — aﬁu(Rd)’ysR(u), ve -/\[f*7

where « is the normalizing constant and Sg(v) = Z{z y}Csupp v Hllz—y||<r] 1s the number of pairs of
atoms of v with distance at most R. B

The Papangelou conditional intensity of the Strauss point process is \*(z,v) = BytE®)  where
tr(x) = Zy€suppv 1fjy—=z<r)- The condition v < 1 entails A*(z,) < § which in turn implies that p

-1
is locally stable. The normalizing constant o = ( fo* /BU(Rd)rySR(V) H(dy)) is mostly unknown. It can
be computed for the case v = 1 which corresponds to the Poisson point process with intensity measure
BA. Then o = e(1=AAE®Y)  The case v = 0 leads to the hard-core point process with hard-core distance
R because p(v) > 0 is only possible for Sg(r) = 0 (remember that we put 0° = 1). Then there does
not exist any pair of points in v with distance smaller than R. The parameter R is also the range of
interaction of the process. Figure 16 shows simulated realizations of the Strauss point process for extreme
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values v = 1 (left) and v = 0 (right) as well as for intermediate value v = 0.5 (middle), where the pairs
of points appear at distance smaller than R but less often than in the Poisson point process (y = 1).
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Figure 16. Three realizations of the Strauss point process in the unit square window [0, 1]2. The choice
of parameters is § = 50, R = 0.1 and v = 1 (left), v = 0.5 (middle) and v = 0 (right). The distribution
is considered w.r.t. the standard Poisson point process on [0, 1]2.

Strauss proposed this process as a model of clustering [18]. This would correspond to v > 1. However,
p(v) is not Il-integrable (see Exercise class) in this case. For 0 < v < 1, Il-integrability follows from local
stability (Theorem 66). Therefore, the Strauss point process models only repulsive interactions. It is an
example of repulsive pairwise interaction point process.

Definition 79. Let II be the distribution of the standard Poisson point process on a bounded set
B e Bl Let B>0,v>0and R > h > 0 be real parameters. The Strauss hard-core point process is
given by the density

(v) = 0, if there exist x,y such that v({z,y}) =2 and 0 < ||z — y|| < h,
Py = aprBlySe) - otherwise,

w.r.t. II. Hence, it is an example of homogeneous pairwise interaction point process with pair potential
function

0 pror<h,
9(7“):{7 proh <r <R,
1 pror > R.

Remark 46. Since B is bounded and the pairs at distances smaller than h > 0 are excluded, there
exists an upper bound for the number of points. This ensures II-integrability of p also for v > 1.

Let us mention an example where higher order interactions occur.

Definition 80. The Widom-Rowlinson point process is given by the density
p) = apPyIVenl e A,

w.r.t. the distribution II of the standard Poisson point process on a bounded set B € B¢, where U, r =

UIESHPPV b(x,R) and 8 >0, R > 0 and v > 0. In d = 2 it is also known as the area-interaction point

process.
The Papangelou condition intensity of the Widom-Rowlinson process has the form

)\*([I], l/) = /ny_lb($1T)\Uy€Supp ub(y,r)|.

It is easy to verify that \* is bounded:

" B8 for v > 1,
<
A (z,v) < {vadrd for < 1,

which means that the density p is locally stable and thus II-integrable by Theorem 66.

Pairwise interaction point processes as well as the Widom-Rowlinson point process are special cases
of a more general class of point processes, so called Markov point processes.
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Markov point processes

Definition 81. Let ~ be a reflexive and symmetric relation on R? x R?. Two points x,y € R? satisfying
x ~ y are said to be neighbours. For B € B¢ we define the neighbourhood of B as B = {x € RY\ B :
Jy € B,x ~ y}.

The most often used neighbourhood relation is defined by « ~ y < ||z — y|| < R for given R > 0 (so
called R-neighbourhood).

Definition 82. A measurable function h : N — R™ satisfies local Markov property w.r.t. ~ if for every
v € Nf with h(v) > 0 and every = with v({z}) = 0 we have

h(v+6,)  h(v+o, -8 6,)

h(v) h(v — Zf:l dy,)

for any y1,...,yr € suppv \ 9{x}, i.e. the y; are atoms of v that are not related to x (y; % ). We say
that h is a Markov function w.r.t. the relation ~ if it is hereditary and satisfies local Markov property.

Definition 83. Let ® be a finite point process with a density p. We say that ® is a Markov point process
if p is a Markov function.

Remark 47. The Papangelou conditional intensity A*(x,v) of a Markov point process depends only on
z and v|p(zy}-

Definition 84. A set A C R? is a clique w.r.t. ~ if x ~ y for all 2,y € A. We say that a non-negative
measurable function ¢ is an interaction function w.r.t. ~, if g(v) = 1 whenever supp v is not a clique.

Theorem 69. (Hammersley-Clifford-Ripley-Kelly theorem) A measurable function h : Nf¥ — RT is a
Markov function if and only if there is an interaction function g : Ni — R™ such that

h(p) =[] 9(v), meANt. (23)

vip

Proof: One implication is obvious. The function h given by (23) is hereditary and satisfies local Markov

property.
Assume that h is Markov and define g inductively: g(&) = h(2); g(u) = 1 if supp p is not a clique;

and
h(p)
Hv<,u g(y)

if supp pt # 0 is a clique, where v < u means both v < p and v # p. When [1.<, 9(v) =0, there exists
v < p such that g(v) = 0. Therefore, h(v) = 0, which in turn implies h(y) = 0 from hereditarity of h.
In this case we define g(u) = 1 (i.e. we put 0/0 = 1). The function g is correctly defined and it is an
interaction function. We distinguish three cases in order to show that it also fulfills (23).

1. supp p is a clique: k(@) = g(@) and h(p) =[], <, 9(v) for p # @.

2. h(u) = 0 and supp i is not a clique: there exist x,y € supp p such that = £ y. If HV<M g(v) =0,
then [, -, g(v) = 0 = h(n). We will show that the complementary case is impossible. For contradiction,
assume that [],_ u g(v) > 0. From local Markov property we know that

g(p) =

h(w) h(p — )
h(p—0z)  h(p— 0z —dy)

Since h(p) = 0, it could not happen that both h(u — d,) and h(p — 6,) are positive. Therefore, we found
v which has one atom less than p and at the same time h(r) = 0. Furthermore, supp v could not be a
clique because then h(r) = 0 would imply g(v) = 0. Now repeat the arguments and find 7 < v such
that supp 7 is not a clique and contains one point less than supp v. We can continue with removing the
atoms and at some point we have to end with a clique (all singletons are cliques). In this way we get the
contradiction with [],_ , g(v) > 0.

3. h(u) > 0: we will show (23) by induction on n = u(R?). From construction of g, we have
h(2) = g(2) and h(d,) = g(&)g(d.). Hence, the relation (23) holds for n = 0 and n = 1. Assume that it
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is satisfied for n — 1 and consider p with p(R?) = n > 2 such that supp u is not a clique (for cliques we
already know that (23) holds). There exist z,y € supp u such that = o y. Denote v = u — é, — 4. Since
h is hereditary, we get h(v) > 0. Moreover, h satisfies local Markov property which yields
h(y) = h(v + 6z +9y) h(v + 6y)
h(v+dz) h(v)

Now we utilize the induction hypothesis,

h(v +6;) = h(v + dz).

h(y) = H¢5u+6y1£7[i<i)yl_g[(¢;)u+5m 9(¢) _ H

We have used that = «¢ y implies g(¢) = 1 for ¢ with o({z,y}) = 2.

9(¢).
P=v+0.+0y

According to Theorem 69 every Markov point process possesses a density in the form

p(p) = H g(v) = g(@) exp Z log g(v) $ = M_

7z
v=u Vv

In statistical physics the term Gibbs point process is used and

Up)=- Y. logg(v)

TN 2 %)

is interpreted as the potential energy of the configuration p. The terms log g(v) are the potentials and
the constant Z = 1/¢g(@) is called the partition function. The Papangelou conditional intensity is then
N(z, 1) = e F@1) wwhere E(x,u) = U(p + 8,) — U(u) is the energy needed for adding the point z to
the configuration p.

An example of a Markov point process w.r.t. the R-neighbourhood is the Strauss point process from
Definition 78. Its Papangelou conditional intensity A\*(z, u) = 7?1} depends only on z and Plogay-
The interaction function from Theorem 69 is

a, v(RY) =0,
g(V) — 6) V(Rd) = 1’
~, v(R?) = 2, where 0 < ||z — y|| < R for z,y € suppv,
1, otherwise.

)

The Strauss point process contains only pairwise interactions.

A Markov point process with higher order interactions is given in Definition 80. The Papangelou
conditional intensity \*(x,v) = By~ 0@ )\Uyesurp v b1 depends on y satisfying ||z —y|| < 2r. Therefore,
the Widom-Rowlinson point process satisfies the local Markov property w.r.t. the (27)-neighbourhood.
The interaction function g from Theorem 69 is obtained from the inclusion-exclusion formula,

a, v(R?) =0,
g(v) = { By, v(RY) =1,
,Y(fl)k|b(zl,r)ﬁ---ﬂb(zk,7~)|7 v = Zf:l 5Ii7 k Z 2.

We see that g(v) could be distinct from 1 also for configurations with more than two points.

4.5 Inhomogeneous point processes

We have already seen models and constructions that could lead to inhomogeneous spatial point processes.
The simplest example is the Poisson point process with non-constant intensity function. Inhomogeneity
could be easily introduced in finite point processes possessing a density. For example, we can consider

p)=a [[ B 7", veny,
xrEsupp v

where v € [0,1] and R > 0 are parameters and [ is a non-negative bounded measurable function. This
leads to the Strauss point process with non-constant first-order interactions. For v = 1 it reduces to
inhomogeneous Poisson point process.

In this subsection we consider some further examples of inhomogeneous spatial point processes.
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Second-order intensity reweighted stationary point processes

We consider a special class of spatial point processes where we allow non-constant intensity function but
the second-order characteristics will be translation invariant.

Definition 85. Let ® be a simple point process with intensity function A. Assume that

mhom / / )P:L (d,Uz), Be Bd,
B+z

does not depend on x for a.a. x € R?. Then ® is called a second-order intensity reweighted stationary
point process. For this process we can introduce the inhomogeneous K -function

Kinhom(r) = ’Cinhom(b(oa T))a r>0.

Lemma 70. Let ® be a second-order intensity reweighted stationary point process. Then for arbitrary
A € B with positive and finite Lebesgue measure (0 < |A| < o) we have

1 #  lixeay-xen d
Kinhom(B) = —E ————— BeB“ 24
hom(B) = 71 Kéiwé X)) € (24)

Proof: We apply the Campbell-Mecke theorem (Theorem 48) for the function

lea ly—zeB
) = ST o~ 3
It yields
E Y h(X,®-0x)= E 3 )EES“] 3 1[1;—(;;3]
X Esupp ® X Esupp @ Y €supp ®,Y £X
and

/Rd/Nh(x,y) P! (dv) A(dz) = ﬁ/fx/N/BﬂW”(dy) PL(dv) A(w) da

1
= m /A Kinhom(B) dor = ’Cinhom(B)-

O

Remark 48. Note that the right-hand side in (24) is well defined because A(X) > 0 a.s. for all
X € supp ®.

Lemma 71. Every stationary point process ® is second-order intensity reweighted stationary. Moreover,
Kinhom(B) = K(B) for B € B%, where K is the reduced second-order moment measure of ®.

Proof: The reduced Palm distributions for stationary point processes are P.(-) = P!(t;!-). Hence,

Sy gt P = /Lﬂ——wmwwo
/ / Py (du)
— 1.

dy)
_R Z ﬁ = JELB(B) = 1AK(B) = K(B).

N ©
Y esupp NB

Lemma 72. Every Poisson point process with intensity function X\ is second-order intensity reweighted
stationary and Kiynom(B) = |B|, B € B<.
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Proof: Using Slivnyak’s theorem (Theorem 49) we get

Kinom (B / /B 3 M) P

= E/Bﬂ x) YW =E 2 —Y>

YeB+ax

1
= 1 —Xy)dy = |B].
/]Rd [yEB-‘rZ])\(y) (y) Y | |

O

Theorem 59 could be extended into the following statement.

Theorem 73. Let ® be a simple point process on R? such that its pair correlation function exists and
is translation invariant, i.e. g(x,y) = g(y — ). Then ® is second-order intensity reweighted stationary
and

Kinhom (B) :/ g(u)du, B e B
B

Proof: If we denote

 hom (B / / (dy) Py(dp), B e B,
B+x

then for any A € B¢,

[ Ktwon®az= [ | [ ﬂmumy)%ﬂm(w

[YeB+X lixeallyentx
) —E XA [YeB+X]
Z Z AMX)NY Z AX)AY)

X esupp PNAY €supp ¢, Y #X X,Y Esupp @

1, _I
://Ma@)(dx,dy)://1[zeA,y_$eB]g(:c,y)d:cdy
//1[zeAueB d:cduf|A|/

From this relation we see that K B) = [ g(u) du does not depend on .

mhom

O

Remark 49. Under the assumptions of Theorem 73 the reduced second-order moment measure Kiyhom
is absolutely continuous with respect to the Lebesgue measure and its density is equal to the pair
correlation function g. A randomly translated regular grid is an example of a point process with the
reduced second-order moment measure that is not absolutely continuous (see Exercise class).

There are further possibilities how to obtain tractable models of inhomogeneous point patterns.
They can be based on operations that produce an inhomogeneous point process from a homogeneous
one. According to Theorem 63, by independent thinning (Definition 70) of a point process with constant
intensity function A we obtain a point process with intensity function given by the product of A and the
retention probability function that could be non-constant. Here we mention two operations (local scaling
and transformation) that work on finite point processes defined in a bounded domain.

Local scaling

A class of inhomogeneous spatial point processes obtained by a location-dependent scaling has been
introduced in [7].

Denote by H = (H°,...,H?) the vector of k-dimensional Hausdorff measures in R%. For ¢ > 0 we
consider the scaled k-dimensional Hausdorff measure (k =0,...,d)

HE(A) =HF(c71A), AeBY
Put H. = (HY, ..., HY).
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Definition 86. Let ® be a finite point process with density p w.r.t. the distribution II of the standard
Poisson point process on B € Bg. Assume that p(v) «x g(v, 1), where g is scale-invariant, i.e. g(cv, H.) =
g(v,H) for all v € Nf and ¢ > 0. Furthermore, we consider a scaling function c : R? — Rt and a locally
scaled version of H*, k =0,...,d, given by

HE(A) = / c(u)~FHF(du), A e B,
A

Again we write H. = (H?,...,H2). The scaling function c is assumed to be bounded from below and
from above, i.e. there exist positive constants ¢; and ce such that 0 < ¢; < ¢(u) < ¢g for all u € R, We
assume that g(v, H.) is integrable w.r.t. the distribution II. of the Poisson point process with intensity
measure H? on B. A locally scaled point process ®. on B with scaling function ¢ and template process
® is then a finite point process defined by the density

P w) x g(v, He)

w.r.t. IL..
Remark 50. The density of ®, w.r.t. IT is

pe) =exo{~ [ [0~ 1auf TT el 590,

xEsupp v

The classical examples of homogeneous point processes have scale-invariant density and thus can be
used as a template process ®. For example, for the Strauss point process we get

g, H) = BHO(suppu)Wz{I,y}gsuppy1[0<H1<[z,y1>sm’

where [z,y] is the segment with endpoints x and y. The locally scaled Strauss point process ®. has
density w.r.t. II. of the form

PO W) o frBIASE @),
where S%’C)(V) = Z{z,y}gsuppv 1[0<"Hé([x,y])§R]'

Transformation

Theorem 74. Let ® be a finite simple point process with density p w.r.t. the distribution of the
standard Poisson point process on an open set B € Bi. Let A € B3 be open and let h : B — A be
a diffeomorphism. Let Jj,-1 be the Jacobian of h=. Then h(®) = ersuppq> On(x) Is the finite point
process with density p, w.r.t. the distribution of the standard Poisson point process on A. The density
pn has the form

pr(v) = p(h @) BT T (w),

yEsupp v

where hil(l/) = ZyEsuppu 5h*1(y)-
Proof: Using the change of variable theorem ([11], Theorem 34.18) and (19) we obtain

B = 1 -
P(h(®) eU) =e ‘B|ZE/BM/31WET ém.)eu]p(zazi)dzl"'dxn
n=0 =t i=1

o 1 n .
- 7‘B| — PR n . '
—e ngo n! /A /A 1[Z¢:1 Oy, GZ/l]p(; 6h*1(yi))th*1(yz) dy;
oo 1 .
- _‘A‘ e DY n o
- nz:;) n! /A /A 1[21-:1 dy; eulph(z dy,) dy1 - - - dyn,

i=1

where the terms for n = 0 are 1jg¢;p(9) and 1jgeypn (D).
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Corollary 75. Let ® be a Markov point process w.r.t. the relation ~. Its density w.r.t. the distribution
of the standard Poisson point process on B € B& can be expressed as

p() = [ 9@,

v<p

where g is an interaction function. Let h : B — A be a diffeomorphism. Then h(®) =} v ccuppa On(x)
is the Markov point process w.r.t. the induced relation ~y, that is defined as

Y1 ~n Y2 <= b y) ~ B (), v, y2 € A

Furthermore, the density of h(®) w.r.t. the distribution of the standard Poisson point process on A € Bg
has the form

pu(e) = [ on(¥),

PCe
where g, is an interaction function given as
g(@)elAlI=I1BI v =1,
gn(v) =9 g(h (W) -1 (y), v =4y,
g(h=1(v)), v(4) > 2.

Proof: The form of the density follows from Theorem 74. It remains to verify that g; is an interaction
function w.r.t. ~,. Let v be such that suppv is not a clique w.r.t. ~;. Then v must have at least two
atoms and g5, (v) = g(h~1(v)) = 1 because h=1(v) is not a clique w.r.t. ~.

O

Notice that the transformation may introduce inhomogeneity in first-order interactions. However,
the higher-order interaction structure is not affected.

Ezxample: Consider A = B = (0,1)? and assume that we want to describe the first-order inhomogeneity
by the function 7n(y), y € A. If we can find a diffeomorphism h such that n(y) = J,-1(y), then by
Corollary 75, h(®) is the Markov point process with density

)= [I »w II 9@

YESUPP b v<h=1(p)

The change of variable theorem implies that
/ Jn-1(y) dy = |BJ.
A

Therefore, n(y) has to satisfy [, n(y)dy = 1. In particular, consider independent contributions to the
inhomogeneity (n(y) = 71(y1) - - - n4(ya)) having the exponential form

g%

o for 9-7&0 ;
i = 01 g ’ €(0,1),i=1,...,d.
mi(w) {f for #; =0, ue(01)

Then h(z) = (hi(x1),. .., ha(zq)), where

1 0; _ .
hi(u):{filogu*(e 1)u) igiZfigv we(0,1),i=1,....d

0; R, i=1,...,d. If ® is the Strauss point process with density

p(v) = ap’P) H Alo<ie—vi<r

{z,y}Csuppv
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then the transformed point process h(®) has density

pu(v) = ap?P) H n(y) H Alo<int@-r—twisr,

yEsuppy {z,y}Csuppv

The transformation h could be more generally considered between k-dimensional differentiable ma-
nifolds in R? (see [20]).

5. Marked point processes

5.1 Basic definitions

A marked point process is obtained from a point process by assigning a certain value to each atom of
the process. This additional information is referred to as the mark.

Definition 87. Consider a complete separable locally compact metric space M, which will be called
the mark space. Its Borel o-algebra is denoted by B(M). By a marked point process we understand a
simple point process ®,, on R% x M such that its intensity measure A, satisfies A, (B x M) < oo for any
B € BY. For each marked point process we can consider the corresponding unmarked point process or
ground process ® that is given by the projection on the first component of R? x M: ®(B) = &,,(B x M),
B e B4

Remark 51. Every point process on R? can be represented as a marked point process with the mark
space N. The marks correspond to the multiplicities of the atoms.

It is good to realize that not every point process on R% x M is a marked point process. For example,
take M = R and consider a stationary Poisson point process on R?*! (the last component is the mark)
with positive intensity. Then the number of points in B x M (B € B¢, |B| > 0) is almost surely infinite.
Hence, Ay (B x M) = co.

The unmarked point process @ is obtained from ®,, if we forget the marks and take into account only
the locations of points. It could happen that ®,, has atoms (X, M;) and (X, M) with X € R? and M; #
M> two different marks from M. Then ® would not be simple (X is counted at least twice). Therefore,
we usually add the assumption that ® is a simple point process. If we would like to speak about the mark
corresponding to the point X € supp @, we will denote it M (X). It means that (X, M (X)) € supp ®m.

It follows from Lemma 28 that the marked point process can be expressed by a finite or countable
sum of Dirac measures and its atoms could be enumerated in a measurable way:

®(R?)
o, = Z O(x, M) (25)
i=1

The mark space could be quite complex. Later we focus mainly on discrete or categorical marks
(Subsection 5.3) and real marks (Subsection 5.4). The case where M is the space of non-empty compact
sets plays an important role in stochastic geometry (see [17]). Functional marks are studied in the paper
[4]. The simplest mark space is the finite space, its elements could be without loss of generality labelled
by 1,... k.

Definition 88. A marked point process ®,, with the mark space M = {1, ..., k} is called the multivariate
point process. It can be viewed as the k-tuples of point processes in R%: &, = (®1,...,®;), where
D;(-) = P (- x {i}), s = 1,..., k. When we want to stress the number of components, we speak about
the k-variate point process (in particular, bivariate, trivariate, etc.).

An example of multivariate point process (k = 3) is shown in Figure 17.
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Figure 17. A realization of stationary Poisson trivariate point process with intensities 3 (triangles), 5
(bullets) and 7 (circles).

Stationary marked point processes have distribution that is invariant under the transformations
that shift the points and keep the marks unchanged. Similarly, the distribution of isotropic marked point
processes is invariant under rotations of the points around the origin in R? and keeping the marks.

Definition 89. We say that a marked point process ®,, is stationary if the distribution of ¢,®,, is the
same as the distribution of ®,, for any z € R?, where (t,u)(B x L) = u((B—z2)x L), B € B, L € B(M),
u € N(R? x M). A marked point process @, is isotropic, if Ro®,, and ®,, have the same distribution
for arbitrary rotation O around the origin, where (Rou)(B x L) = p(O~1B x L). We say that ®,, is
motion-invariant if it is both stationary and isotropic.

Remark 52. If ®,, is stationary (or isotropic) marked point process, then also the corresponding
ground process ® is stationary (or isotropic). By the intensity of a stationary marked point process we
understand the intensity of the point process ®.

Theorem 76. For a stationary marked point process ., with finite and positive intensity A there exists
a uniquely determined probability measure Q on M such that the intensity measure of ®,, has the form

Awm(B x L) = X\|B|Q(L), BB LeBM). (26)

Proof: For every L € B(M) we consider a locally finite measure pr(B) = An(B x L), B € B From
the assumption of stationarity it follows that it is translation invariant measure on R?. Hence, it is a
multiple of the Lebesgue measure: yur,(B) = A|B|. If we put Q(L) = A%, then we easily see that Q is a
probability measure that satisfies (26).

U

Definition 90. The probability measure QQ from Theorem 76 is called the stationary mark distribution. A
random element My in the space M (a measurable mapping from (2, A4, P) to (M, B(M))) with distribution
Q is called the typical mark.

Corollary 77. (Campbell theorem of first order for stationary marked point processes) Let @y, be a
stationary marked point process and let h be a non-negative measurable function on R* x M. Then it
follows that

E > h(X, M) = )\/Rd/Mh(x,m)Q(dm) dz.

(X,M)€esupp P

Proof: The assertion follows from Theorem 41 and Theorem 76.
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The second-order factorial moment measure of a marked point process ®,, is denoted by ag). For
fixed L1, Ly € B(M) it is obvious that the measure ag)(- x L1 X - X L) is absolutely continuous w.r.t. the
second-order factorial moment measure o(? (- x -) = ag)(- x M x - x M) of the unmarked point process
®. If we assume that a(® is o-finite measure, then (for fixed Ly, Ly € B(M)) there exists the Radon-
Nikodym derivative Py, ., (L1 X Lg). Similarly as in the definition of Palm distribution we can consider
the regular version, i.e. such that P, ., (- x -) is a probability measure for given 1, 2o € R%.

Theorem 78. Let ®,, be a marked point process such that its ground process ® has o-finite second-
order factorial moment measure a(?). Then there exists a Markov kernel (x1,x2) + Py, from (R? x
R% B x BY) to (M x M, B(M) x B(M)) such that

Oég)(Bl X L1 X Bz X Lz) = / lezg(Ll X L2) 04(2)(d(1'1,$2)),
B1x B>

Bi, By € B, Ly, Ly € B(M).

Proof: The assertion follows from Theorem 44.

O

Definition 91. The distribution P,,,, from Theorem 78 is called the two-point mark distribution in
points x1,xs € R4, zq % To.

Remark 53. The two-point mark distribution can be interpreted as the distribution of marks in x; and
22 under the condition that x; and xo are atoms of the process. If ®,, is motion-invariant, then Py, .,
depends only on the distance r = ||z1 — x2||. In this case we write P,, instead of Py, .,. The expectation
w.r.t. P, will be denoted by E,,.

The Palm distribution (or the reduced Palm distribution) of a marked point process ®,, at point
(x,m) is denoted by P™ (or P.™). For stationary ®,, we can take P7(-) = P™(t;!:) (or P(-) =
P (t1)-

5.2 Marking models

Definition 92. A Poisson point process ®,, on R? x M with diffuse intensity measure A, such that
Am(B x M) < oo for every B € B, is called a Poisson marked point process with intensity measure A,.

Remark 54. The corresponding unmarked point process ® is the Poisson point process on R? with
intensity measure A(-) = Ay, (- x M).

Remark 55. If M is a finite set, say {1,...,k}, we speak about multivariate Poisson point process
D, = (Dq,...,Pk). In this case, it follows directly from the definition that ®;,...,®; are independent
Poisson point processes on R

Another way how to obtain the Poisson marked point process comes from so called independent
marking. In this moment it will be useful to represent ®,, by means of (25).

Definition 93. The marked point process ®n, = >, d(x, ar,) is called independently marked if the
random marks {M;} are i.i.d. and independent of the unmarked point process ® = >, dx,. The common
distribution Q of the marks {M;} is called the mark distribution of ®,.

Theorem 79. Let ®,, be an independently marked point process with mark distribution Q. Then its
intensity measure is

An(B x L) = A(B)Q(L), B € B? LcBM), (27)
where A is the intensity measure of the unmarked point process ®. If ®,, is stationary, the mark distri-
bution coincides with the stationary mark distribution from Definition 90.

Proof: Denote 7 = ®,,,(R% x M) = ®(R%). For B € B and L € B(M) we obtain

T k
Am(B X L) = EZ(;(X“MZ)(B X L) = Z E l[T:k] Z(S(Xi,]m)(B X L)

i=1 keNoU{oo} i=1
k k
= Z ZEl[T:k]l[XieB,MiEL] = Z ZEl[T:k]l[XiGB]E]-[MiGL]
keNoU{oo} t=1 keNgU{co} i=1

> E

keNgU{oo}

Q(L) =E®(B) - Q(L) = A(B)Q(L).

k
i - Z dx,(B)
=1
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For stationary marked point process we have A(B) = A|B|. From (26) it follows that the stationary mark
distribution is Q.
U

We have already several times used the principle of independent marking. It appears in the definition
of independent thinning (Definition 70) or Matérn hard-core point process of type II (Definition 71). In
the proof of Theorem 65 we actually utilized the fact that the Poisson marked point process is obtained
by independent marking of the Poisson point process.

Theorem 80. Consider an independently marked point process ®,, such that the corresponding un-
marked point process ® is the Poisson point process in R?. Then ®,, is the Poisson marked point process.

Proof: The void probabilities of a Poisson marked point process are exp{—An(A)}, A € K(R? x M).
We again denote 7 = ®,,(R? x M) = ®(R9). Then the void probabilities of ®,, are (for compact
A € B(R? x M))

P(en(4)=0)= > P(r=k N [(X;, M) ¢ A])

keNoU{oo}
k
= Y Elpey][lanea = > Eln- k]H/ Lix.myg4) Q(dm)
keNoU{oo} i=1 keNogU{oo}

T

= EH/ 1(x,,m)ga) Q(dm) H ( / 1((x;,m)ea @(dm)> -

Now it suffices to exploit the identity

e I s -ew{- [ a-re)aan]

X esupp @

for an arbitrary measurable function f : RY — [0, 1] and a Poisson point process ® on R? with intensity
measure A (see lemma 43). We obtain

P(®,,(A) =0) = exp {— /]Rd /M Lz, m)ea Q(dm)A(dac)} )

which by Theorem 79 equals to exp{—Am(A)}. Then from Theorem 31 it follows that ®,, has the same
distribution as a Poisson marked point process.

O

The previous theorem tells us that by applying independent marking to the Poisson point process
we obtain the Poisson marked point process. However, not every Poisson marked point process can be
obtained by this procedure. According to Theorem 79 the resulting process has intensity measure of the
product form. Therefore, Poisson marked point processes with general intensity measure could not be
obtained by independent marking. The corresponding unmarked point process is still Poisson but the
marks could depend on the locations. Nevertheless, this does not happen in stationary case.

Theorem 81. A stationary Poisson marked point process is independently marked.

Proof: We may assume that the intensity measure A, is non-trivial (for A, = 0 there is nothing to
prove). Then the representation (25) becomes ®n, = Y7, d(x,,um,), because stationarity implies 7 =

m(R? x M) = oo a.s. By Theorem 76 we have Ay, (B x L) = A\ B|Q(L). Consider a sequence {M;} of
i.i.d. random elements with values in M and distribution Q, independent of the unmarked point process
® =32 0x,. Then P, = pya (5( X, 13) is independently marked point process with intensity measure
which is by Theorem 79 equal to Ay, (B x L) = A|B|Q(L). Therefore, both Poisson marked point processes
d,, and <i>m have the same distribution.

O

Remark 56. The assumption of stationarity was used only to get the appropriate form of intensity

measure. In the same way we get that every Poisson marked point process with intensity measure in the
product form A, (B x L) = A(B)Q(L) is independently marked.
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Independent marking gives the simplest model for marked point processes: the marks are mutually
independent and also independent of the locations. For multivariate point processes we can consider
another model that exploits the independence.

Definition 94. A multivariate point process ®,,, = (®1,..., ®;) fulfills the random superposition model
if the subprocesses ®1, ..., ®; are independent.

In general, the independent marking and random superposition are different models. However, they
coincide for stationary Poisson multivariate point process. Independent marking follows from Theorem
81 while random superposition is the consequence of the following lemma.

Lemma 82. A Poisson multivariate point process ®y, = (®1, ..., ®y) fulfills the random superposition
model.

Proof: Consider the sets /\/}*(Ml, e 7/\/}*(Wﬂk, where K71, ..., K} are compact subsets of R¢ and 71, ...,7; €
NuU {0}. Then

P(®1 € Ny s @k € N, ) = P(@un (K1 X {1}) = 11, ..., @i (K x {k}) = 7%)
k k
= [[P@i(5:) = ri) = [[P(®: € N, ,.)-
i=1 i=1

O

One of the possible approaches that allows dependent marks is so called geostatistical marking.

Definition 95. Let ® be a simple point process on R? and let {M(x) : * € R?} be a random field,
independent of ®, taking values in the mark space M. Then &, = ZXGsupp{I' d(x,m(x)) is called geosta-
tistically marked point process or externally marked point process.

Spatial correlations present in the random field {M(z) : z € R?} cause that the marks of ®,, are
correlated. Even if geostatical marking is suitable in many applications the assumption of independence
of marks on the locations may be restrictive in other applications.

As an example of situation where the marks depend on the location we can mention so called
constructed marks. These are generated by a certain mechanism from given unmarked points. The con-
struction usually reflects geometric arrangement of the points. A simple example may be the distance to
the nearest neighbour M(X) = d(X,® \ {X}), or the number of further points in the distance smaller
than r > 0, M(X) = ®(b(X,r)) — 1.

5.3 Multivariate point processes

In this subsection we will deal with marked point processes with qualitative marks. We assume that
the mark space is M = {1,...,k}. The multivariate point process was introduced in Definition 88.
We restrict to stationary case and define basic numerical and functional summary characteristics which
capture spatial aspects of marks.

Thus, we consider a stationary multivariate point process ®,, = (®1,...,®x). The point processes
®,; are stationary as well and we denote their intensities by \;, ¢ = 1,..., k. The unmarked point process
P = Zle ®; has the intensity A = Zle Ai. The stationary mark distribution Q is an atomic measure
on M. We denote by p; = Q({i}) the probability of the mark i. By (26) we have

E®,(B) = Au(B x {i}) = Api|Bl.

Therefore, the intensity of ®; satisfies A\; = Ap;. Then p; is given by the ratio of the intensity A; and the
overall intensity .
First we introduce two numerical characteristics.

Definition 96. Let D; be the distance from the origin to the nearest point of ®;. The bivariate
aggregation index or also the bivariate Clark-Evans index is defined as

d(Ajwa)'/?

OB = TR /d)

EYD;, i,j=1,...,k.
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Remark 57. The index reports the expected distance from the point with mark ¢ to the nearest
neighbour with mark j for given process normalized by the same quantity for Poisson multivariate point
process with identical intensities. It means that CE;; = 1 for the Poisson multivariate point process. The
values CE;; > 1 indicate repulsion among the points with marks ¢ and j. On the other hand, CE;; < 1
shows the attraction of these points. For ¢ = j we get the aggregation index of the point process ®; (see
Definition 62).

Definition 97. Let Z; be the i-th nearest point of ® from the origin. The mingling index takes into
account p nearest neighbour of the typical point and gives the expected ratio of those who are of different
type. It is defined as

1

p

v !

M, = ;Eo D no)£nzo);
1=1

where we use the convention that M (o) denotes the mark of the origin and M (Z;) denotes the mark of
Zi.

Remark 58. The mingling index takes larger values if the typical point is surrounded rather by points
with different mark. On the contrary, it takes smaller values when the points with distinct marks have
tendency to separate from each other.

Now we define basic functional characteristics for stationary multivariate point processes. Let
D;(z) = d(z,supp ®;) be the distance of x from the nearest point of the process having mark i. Let
D(z) = d(x,supp @) be the distance of x from the nearest point of the process with arbitrary mark.

Definition 98. The cross nearest-neighbour distribution function or also the cross G-function is given
by
Gij(r) = P(Dj(0) <), 720,

o

The condensed G-function is defined by

Remark 59. The cross G-function is the distribution function of the distance from the typical point
with mark ¢ to the nearest neighbour with mark j. The condensed G-function is the distribution function
of the distance from the typical point with mark ¢ to the nearest neighbour with arbitrary mark.

Definition 99. We define the cross J-function by the relation

1-— Gij (7’)

- — >0:F;
Jij (1) = F(r) r>0:F;(r) <1,

where F;(r) is the spherical contact distribution function of ®; (see Definition 63). Next we define the
condensed J-function by the relation

o 1— Gi‘(T)

Ji.(r)—m, r>0:F(r) <1,

where F'(r) is the spherical contact distribution function of ®.

For stationary Poisson multivariate point process we have G;;(r) = 1 — e=war® and Gi.(r) =
1 — e~ Consequently, Jij(r) = 1 and J;.(r) = 1. The cross J-function is identical to 1 for any

random superposition model. In that case ®; and ®; are independent which leads to G;;(r) = F}(r) and
Jij (7’) =1.

Definition 100. Let J(r) be the J-function of the point process ®. We define the I-function by

k
I(r) =Y pidis(r) = J(r), r>0:F(r) <L

=1
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Remark 60. Under the assumption of random superposition the I-function is identically equal to zero.
The deviations from zero function may indicate either attractive or repulsive interactions among the
points with distinct marks.

Definition 101. The cross reduced second-order moment measure K;; is defined by the relation
\;Kij(B) =El®;(B), Be B,
where ); is the intensity of ®;. Further, we define the cross K-function as
K;;(r) =Ki(b(o,7)), 7>0.
Similarly we define the condensed reduced second-order moment measure by

MCi.(B) =E'®(B), BeB?

o

and the condensed K -function by

Remark 61. It means that \;K;;(r) represents the mean number of points with mark j in the ball of
radius 7 and centre in the typical point with mark i. For ¢ = j we get the K-function of the subprocess
®,. Similarly, AK;.(r) denotes the mean number of points (with arbitrary mark) in the ball of radius r
and centre in the typical point with mark i, the centre is not counted. The condensed K-function can
be obtained from the cross K-functions using the relation

k
)\KZ(T) = Z )\]KZJ (T)

If g is the pair correlation function of a multivariate point process ®,,, we write shortly ¢;;(z,y) =
9((@,9), (y..))-

Theorem 83. Let ®,, be a multivariate point process and assume that its second-order product density

2) . . .
)\ﬁﬂ) exists. The cross reduced second-order moment measure is absolutely continuous w.r.t. the Lebesgue
measure and it can be expressed as

Kij(B) = /Bgij(u) du, Be B

Furthermore,
Kij(B) = K;i(-B), BeB™.

In particular, the cross K -function is symmetric,

Kij(r) = Kji(r), r Z 0.

Proof: In analogy with the proof of Theorem 59 we obtain

1 (2)
ii(B) = 1y, — = (dz, dy),
IC ]( ) )\1)\J| q| \/Rd /]Rd [ €Ay EB] O[Z] ( z y)

where az(-?) (B1 X Bg) = ag)(Bl x {i} x By x {j}). For the second-order product density )\g)((x, i), (y,7))
we use shorter notation )\5]2-)(90, y). From stationarity we have that )\5]2-)(90, y) = )\Z(-?)(y — z) is the function
(2) 2)

of y — z. The definition of second-order factorial moment measure yields a;;’(B1 x Ba) = O‘;i (B2 X By).
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) —\® : : @, — 2@ : :
Tl;erefore, Aij (@,y) = Aji’ (y, @), which can be written as A;;” (u) = A3;”(—u). Using the last relation we
ge

1 (2
’CJ( ) )\1)\]|A| /]Rd/Rd [teA,y—x€B]\ij (y 1') T ay
AidjlA] Jra Jra ’ 7
1

- 22 ) d :/ () du.
o [0 = [ gy

By similar arguments we get

1 2
Kji(=B) = ——— lizeay—we—pA; (¥ —z)dxd
ji(=B) Nij| A /Rd/Rd weAy—oe—BAy; (Y — ) drdy
__! 2
1 _BIAS; dzd
A4 /R /R reawe—pAji (1) dedu

1 (2) 1 / @) /
- 1 AP (1) dz du = Ay du= [ g (u) de
NI /Rd /Rd weanenyy (u) drdu= o | NP (u)du = [ gij(u)du

O

Corollary 84. The pair correlation function of a motion-invariant multivariate point process is sym-
metric: g;;(r) = g;:(r). Furthermore, the following relation with the cross K-function holds,

Kz(j (r)

ogrd—1’

Gij (T) = r > 0.

Proof: The proof is analogous to the proof of the relation between the pair correlation function and the
K-function for point processes (Corollary 60). Theorem 83 states that the pair correlation function is
the density of the cross second-order reduced moment measure,

Ki;(B) :/Bgij(u) du.

Now isotropy and polar decomposition of the Lebesgue measure lead to

Kij(r) = /b o ol du = / cas™g(s) ds.

5.4 Processes with quantitative marks

Now we move from qualitative marks to quantitative ones. We will assume that the mark spaceis M = R™.
In this subsection ®,, will be a stationary marked point process with intensity A and stationary mark
distribution Q. As usual the corresponding unmarked point process is denoted by ®. Again we define basic
numerical and functional summary characteristics. Naturally we can apply commonly used characteristics
to describe stationary mark distribution. If M is the typical mark of ®,,, then F(t) = Q([0,¢]) is its
distribution function, EMy = fooo m Q(dm) is the mean typical mark and var My is the variance of typical
mark.

Definition 102. The mark-sum measure is defined as

S(B) :/BXMmfbm(d(x,m)), B e B

Remark 62. It is a stationary random measure on R?. Its intensity is
As = ES([0,1]%) = AEM,.
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This follows from Theorem 77 with h(z,m) = m1c(1)4-

Definition 103. We define the index of mark-sum dispersion as

B
IMD = M,
A B|EM,
where B is some test set, e.g. a ball of radius r. This index gives the ratio of the variance of the mark-sum
in B and the corresponding mean.

Definition 104. Let Z; be a point of ® that is the nearest neighbour of 0. For a measurable function
f:RT x Rt — R* we define the non-normalised nearest-neighbour correlation index as

vp = E,f(M(0), M(Z1)).

If we put
CflA LA £ (1, ms) Q(dmy) Q(dmy)

and if c¢f > 0, then we get the nearest-neighbour correlation index

Remark 63. A value of 7y larger than 1 indicates that the mean function f of the marks at the typical
point and its nearest neighbour is greater than the mean function of the typical mark and its independent
copy. We have ny = 1 when the marks of the typical point and its nearest neighbour are independent.
The most common choice of f is f(my, ma) = mimz. Then we speak about the nearest-neighbour mark
product index. The values larger than 1 happen when the mean mark product of the typical point and its
nearest neighbour is above the average, i.e. it indicates some mutual stimulation. Other common choices
for f are f(m1,mz) =ma or f(my,mz) = %(ml - m2)2-

In the following we assume that ®,, is motion-invariant.

Definition 105. For a measurable function f : RT x Rt — R* we define the second-order factorial
moment measure associated with f by the relation

£
a§v2)(Bl X By) =E Z f(My1, M2)1x,eB,, x,eBs]-

(X1,M1),(X2,M2)€Esupp P

Assume that there exists a density )\502) (z,y) of this measure w.r.t. the Lebesgue measure. From stationa-

rity and isotropy it follows that )\502)(:0, y) = )\(f2)(||z —y||) is the function of ||z — y||. If the second-order

product density \(?) of ® exists we define the non-normalized f-mark correlation function as

(2)
A (r
ky(r) = s ), r>0: 22 (r) > 0.

We put

s = [ [ Hma,ma) Q(ams) Q(ama)

and assume that cy > 0. Then the f-mark correlation function is

kf(?“) = Hf—(r), r>0.

cf

Remark 64. The non-normalized f-mark correlation function can take arbitrary non-negative values.
Therefore, the notion ,,correlation function“ could be misleading.
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The interpretation of the non-normalized f-mark correlation function is clearer from the following
lemma.

Lemma 85. Let ®,, be a motion-invariant marked point process. Denote by M (o) the mark of the
origin o and by M (r) the mark of arbitrary point in the distance r from o. The non-normalized f-mark
correlation function satisfies

kf(r) = Eor f(M(0), M(r)), 7>0.

Proof: We rewrite a?) by the second-order Campbell theorem (Theorem 41) and apply Theorem 78:

o (B, x By) = / / F(ma, ma) o (d(x1, my), (w2, ms))
BQ)(]R+ B1><]R+
- / / / F(my,m) Py 1y (dimy, dms) o (day, dazs)
By JB; JRT JRT
From this we see that
AP (@,y) = AP (a,y) / f(my,ms) Py y(dma, dms).
R+ JR+

Consequently,
Kkp(r) = / f(m1, ma) Por(dmq,dms).
R+ JR+

O

The function ks(r) represents the mean of f-function of two marks corresponding to the points of
the process at distance r. It is also seen that the normalization ¢y is chosen so that ky(r) is equal to 1
whenever the marks at distance r are independent. By taking special choices of the function f different
second-order characteristics are obtained. We will summarize the most often used choices.

Definition 106. If the mean mark is positive, we define Stoyan’s mark correlation function as

kmm (T) (EMO)Z

, r>0,

ie. it is kf(r) with f(mq, ma) = mima, and the r-mark function as

_ Eo-M (o)

km. (1) EM,

r >0,

ie. k. (r) = ky(r) with f(mq,ma) = mq.
The mark variogram is defined by

V(1) = 5Eor(M(0) = M(r))?, >0,

ie. Ym(r) = ky(r) with f(mq,mg) = 2(mq — mg)?. By taking f(mq,ms) = my we get the E-function
E(r) =Eo,M(o), r>0.
Furthermore, we define the V -function as

V(r) =Eor(M(0) — E(r))?, 7 >0.

Remark 65. The function E(r) gives the mean mark of the point for which there is another point of
the process in distance . When marks and locations are independent, the existence of another point at
distance r may influence the magnitude of the mark of given point. By normalizing with mean mark we
obtain the function k. (r).
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6. Appendix

6.1 Gaussian distribution

Theorem 86. Assume that the random vector X = (X1,...,X,)T has the n-dimensional normal
distribution with mean p = (u1,...,pun)" and covariance matrix . For k € {1,...,n — 1} divide the
vector X into X1 = (X1,...,X3)T and X5 = (Xg11,...,Xn)T, the vector p into py = (1. .., pux) T
and pty = (fpi1,- .., pin)", and the matrix X into 4 submatrices X1, 212, o1 and Xoy of orders k x k,
kx(n—k), (n—k)xkand (n—k)x (n—k), respectively,

5 _ (211 212) .
o1 Yo
Then the conditional distribution of X1 given X is the k-dimensional normal distribution with mean
py + 21222}1 (X2 — py) and covariance matrix 311 — 2122;21 o1

Proof: It can be found e.g. in [1].
U

Theorem 87. Let Xi,...,X, be independent identically distributed random variables with standard
Gaussian distribution N(0,1). Let h : R® — R be an arbitrary measurable scale-invariant function,
that is h(az1,...,ax,) = h(z1,...,z,) for every a > 0 and z1,...,x, € R. Then the random variables
H="h(X1,...,X,) and Q = X? + --- + X2 are independent.

Proof: Assume that there exists the moment generating function of the random variable H at some
neighbourhood U of zero. Then the moment generating function of the random vector (H, Q)T is

e 120 = (2 i /2/ eth(@rnan) g~ (1=262) 3 @7/2 d(zy,...,zy)
m)" n

1 n
B / etlh(yl 77777 yn)e_ Zi:l y?/2(1 - 2t2)7n/2 d(y17 oo 7yn)

= (1 —2ty) "2Ee" | t, €Uty < 1/2,

which is in the form of the product of two moment generating functions. Therefore, H and @ are
independent and @ has the y2-distribution with n degrees of freedom. If the moment generating function
of H does not exist, we have to use the characteristic function to reach the same conclusion.

O

6.2 Bessel functions
The Bessel function of the first kind of order v is defined as

e (—1)k 2N 2k+v
Mo =3 U e
(2) kZ:OkIF(k+u+1) 2 Z€
It is a solution of the Bessel differential equation
1 1 / V2
y+-y+(l-—)y=0.
z z

There exist two kinds of the modified Bessel functions. They are the solutions of the modified Bessel
equation

z
The modified Bessel function of the first kind of order v is

—v N — 1y 2 — - 1 z 2
L(z)=1"J,(z1) =e Jy(z1) = ;W (5)

1 2
w/’+—w/<1+y—2)w0.
z

+rv+1

and the modified Bessel function of the second kind of order v has the form

7 I_,(z)—1,(2)
Ky (z) = L. 228 = wlE)
(2) 2 sin v
In particular, for v = 1/2 we get

2
I o(2) = \/Esinhz, Ki)(2) = 1/ge_zz_1/2.
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6.3 Measure theory
Let E be a given set. We recall some basic definitions of families of certain subsets of F.

Definition 107. A collection R is called a ring, if it contains the empty set () and it is closed under
finite unions and set differences. If it additionally contains the whole space F, then it is called an algebra.

Definition 108. A collection P is a w-system if it is non-empty and closed under finite intersections
(AN B € P whenever A, B € P).

Definition 109. A collection D is called a Dynkin system or \-system if
(i) e D, E€D,
(il) Ae D= A° €D,
(iii) A1, Ag,... € D pairwise disjoint = U;A4; € D.
Remark 66. A o-algebra is both a 7-system and a Dynkin system. Conversely, a class that is both a
m-system and a Dynkin system is a o-algebra.

We often use the following result.

Theorem 88. (Dynkin) Let P be a m-system and D a Dynkin system such that P C D. Then oP C D.
Proof: See Theorem 1.1 in [9)].
Definition 110. We say that M is a monotone system if
(i) A CAC---eM= UA eM,
(ii) A1 DA D---e M= n;A € M.

Remark 67. A Dynkin system is a monotone system.

Theorem 89. (monotone class theorem) If R is a ring and M is a monotone system such that R C M,
then o R C M.

Proof: See 11.4 in [11].

Theorem 90. (uniqueness of measure extension) Let (E,E) be a measurable space and S C £ be a

m-system such that oS = £. If two o-finite measures u and v coincide on S, then u = v.
Proof: See Lemma 1.17 in [9] or Lemma 2.2 in [14].
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