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Abstract

The present thesis addresses two aspects of random fields: sample continuity and
the simulation of random fields.

In the first part of the thesis we formulate and prove a local and a global variant of
the Kolmogorov-Chentsov theorem in [70] for random fields on metric spaces. From
this we obtain a theorem for random fields on Riemannian manifolds that is easy to
apply and yields the existence of a modification which is locally uniformly sample
continuous or locally Holder sample continuous.

In the second part we present a model of a random field on a topological space
that unifies well-known models such as the Poisson hyperplane tessellation model,
the random token model, and the dead leaves model. In addition to generalizing
these submodels from R to other spaces such as the d-dimensional unit sphere S¢,
our construction also extends the classical models themselves, e.g. by replacing the
Poisson distribution by an arbitrary discrete distribution. Moreover, the method of
construction directly produces an exact and fast simulation procedure. By inves-
tigating the covariance structure of the general model we recover various explicit
correlation functions on R? and S? and obtain several new ones.

This second part also contains a proof of the spectral turning bands method on
S9, which has the same properties as its analogue in R?.

Zusammenfassung

In der vorliegenden Arbeit werden zwei Aspekte von Zufallsfeldern untersucht: Die
Stetigkeit der Realisationen und die Simulation von Zufallsfeldern.

Im ersten Teil der Arbeit formulieren und beweisen wir eine lokale und eine globale
Version des Kolmogorov-Chentsov Theorems in [70] fir Zufallsfelder auf metrischen
Réaumen. Dies fithrt uns zu einem Theorem fiir Zufallsfelder auf Riemannschen Man-
nigfaltigkeiten, welches einfach anzuwenden ist und die Existenz einer Modifikation
mit lokal gleichméfig stetigen oder lokal Holderstetigen Realisationen liefert.

Im zweiten Teil prasentieren wir ein Modell fiir Zufallsfelder auf topologischen
R&aumen, das bekannte Modelle wie das Poisson-Hyperplane-Tessellation-Modell, das
Random-Token-Modell und das Dead-Leaves-Modell vereint. Unser Modell verallge-
meinert diese Modelle von R? auf andere Raume wie zum Beispiel die d-dimensionale
Einheitssphire S?. AuBerdem erweitern wir die bekannten Modelle auch in R,
beispielsweise durch die Moglichkeit, allgemeine diskrete Verteilungen anstelle der
Poisson-Verteilung zu betrachten. Aus der Konstruktion unseres Modells ergibt sich
direkt eine schnelle und genaue Simulationsmethode. Indem wir die Kovarianzstruk-
tur unseres Modells untersuchen, erhalten wir viele bekannte und einige neue Kor-
relationsfunktionen auf R? und auf S

Schlielich beweisen wir im zweiten Teil der Arbeit noch die Spectral-Turning-
Bands-Methode auf S¢, die die selben Eigenschaften wie ihr Analogon in R? hat.
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Introduction

For any set M, a real-valued random field Z on M may be defined as a family of real-
valued random variables (Z(z),x € M) on a common probability space (2,27, P).
In the classical theory [2, 53, 20], the set M is usually assumed to be a subset
of R and the corresponding random field can be interpreted as a tool to model
spatial uncertainty. Many applications for example in geostatistics, cosmology, and
material sciences show that the choice M C R¢ may be inappropriate or even too
restrictive in general. This led to an increased interest in the study of random fields
on general spaces [3, 5, 39, 57, 59, 69, 70, 71] and it is the aim of the present thesis
to contribute to this development.

The assumptions on the space M will vary throughout the thesis depending on
the particular subject. However, one example that will accompany us all the way is
M = S?%. The reason for this is twofold. First, the sphere may be seen as the simplest
non-trivial example of a space with non-Euclidean geometry, which makes random
fields on the sphere interesting from a theoretical point of view. Second, random
fields on the two-dimensional sphere are of particular interest for applications. In
geosciences, spatial data collected by satellites or obtained as output from climate
models often cover a large portion of the globe. Examples for such data include sea
surface temperature [14], sea level pressure [4], and total column ozone levels [65].
The analysis of such data sets requires random fields and covariance models on S?,
as can be seen in [13, 36, 41, 44, 45, 47]. Furthermore, random fields on the sphere
have applications in material sciences [29], serve as radial functions of star-shaped
random sets [37], and can be used to model cosmic microwave background radiation
[15, 59].

The present thesis addresses two aspects of random fields on general domains:
sample continuity and the simulation of random fields.

Part I: Sample Continuity

One of the key theorems in the theory of stochastic processes is the Kolmogorov—
Chentsov theorem (the classical references are [82] and [17]), which establishes the
existence of a continuous modification of a given stochastic process based on tail
or moment estimates of its increments. The core of the method leading to this
theorem is the application of the Borel-Cantelli lemma in order to conclude from
statistical properties of the random field to continuity properties of its realizations.
The method has been generalized by a number of authors to the case of a random
field on RY, see [2, 6, 21, 46] and references therein. It can be seen from the proofs
that a crucial ingredient of this method is the existence of a dense subset with certain
properties. This dense subset is naturally available in R¢ by the (multivariate) dyadic
rationals, but there is no natural analogue in more general spaces.

In the article [70] the author identified and generalized the properties of this dense
subset which enable a proof of the method, resulting in a Kolmogorov-Chentsov type
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Introduction

theorem for random fields on metric spaces. This paper is the starting point for the
work that is presented in part I.

In an attempt to apply the results of [70] to the metric space (S?,ds2), where
ds> denotes the great circle metric on S?, we identified two obstacles that prevent a
direct application. These obstacles are explained in more detail in Section 1.2. In
summary, we found that there are two assumptions in [70] on a metric space that
are not compatible with the geometry of S?.

This problem led us to two different solutions, both of which are presented in
Chapter 2. The first one is presented in Section 2.4 and consists of a direct ge-
neralization of the method given in [70]. We formulate weakened assumptions on
the underlying space and show that the proof given in [70] can be retained in its
core and eventuates in a theorem that yields the existence of a uniformly continuous
modification under the classical condition on the random field. In Section 3.1, we
show that it is possible to apply this generalized theorem to (S?, ds2), resulting in a
criterion for the uniform sample continuity of a random field on the sphere.

The second approach, which we present first, is based on joint work with Annika
Lang, Jiirgen Potthoff, and Martin Schlather [51]. In this approach, we prove in a
first step a local variant of the Kolmogorov-Chentsov theorem in [70]. This local
formulation of the theorem reduces the validation of the assumptions in any appli-
cation from the whole space to local domains and is therefore less restrictive. On
each of these domains we then obtain a local modification by applying the theo-
rem in [70] and we show that it is possible to glue these modifications together in
order to obtain a global modification with the desired properties. We then apply
our theorem to the important case of M being a finite-dimensional Riemannian ma-
nifold. The key here is that by utilizing the structure of a Riemannian manifold
we are able to show that it is possible to construct a local coordinatization of the
underlying space which is such that we can apply the local Kolmogorov-Chentsov
theorem. In particular, our construction can be made for every finite-dimensional
Riemannian manifold in the same manner, such that for the theorem that we obtain
this way there are no additional assumptions on the underlying space of the random
field. Furthermore, the condition on the random field in the theorem is formulated
in terms of the topological metric of the Riemannian manifold and is in particular
independent of any choice of coordinatization of the manifold.

We then proceed and discuss the existence of modifications which are locally
sample Holder continuous and provide sufficient conditions on the moments or tails
of the increments. Additionally, we apply our findings to the special case of Gaussian
random fields.

The application of this second method to our example M = S? is trivial as there
are no further assumptions on the underlying space other than that M is a finite-
dimensional Riemannian manifold. In Section 3.2, we compare both approaches and
discuss their results.

Part 1l: Random Field Models and Simulations

For many of the applications mentioned above it is essential to have a simulation
procedure which generates samples of a random field. So far, many simulation
methods have been developed in R? (see [75] for an overview), while for any other
space M, e.g. the sphere, only few methods are available [22, 52, 56]. In the second

12



Introduction

part of this thesis we define and investigate two random field models that lead to
direct simulation procedures.

The first model, mosaic random fields, are piecewise constant random fields that
are build upon a random tessellation of the underlying space. These random fields
have applications for example in material sciences [29, 42, 84|, cosmology [23], and
geosciences [18, 19]. In Chapter 4, we present a general class of mosaic random fields
that unifies well-known models in R? and generalizes them to other spaces. The idea
behind the generalization is best explained by considering two classical models in
R?: the mosaic random field that is build from a Poisson hyperplane tessellation
(62, 63, 66] and the random token field [81, 20, 53].

Suppose we are given a Poisson point process II in Si‘l X R and that for each
point (z,7) of a realization of II a hyperplane with normal vector sgn(r)x pointing
from the origin to the hyperplane and distance |r| from the origin is drawn. The
polytopes that are delimited by this network of random hyperplanes form the Pois-
son hyperplane tessellation and a random field is obtained by the assignment of a
different random variable from an independent and identically distributed sequence
(U;,i € N) to each cell. For the random token field, bounded subsets or tokens
are placed at the points of a Poisson point process in R? and to each token B; a
random variable is associated from an independent and identically distributed se-
quence (U;,i € N). At each location = the random field is then defined as the sum
of all random variables U; that are associated to tokens containing x.

The first step that led to the construction in Section 4.2 is to distinguish between
the underlying mosaic and the procedure which assigns random variables to the
cells of the random mosaic. It is natural to think of both, the Poisson hyperplane
tessellation and the mosaic which is constructed from random tokens, as particular
examples of a mosaic which is build from the intersections of a random number of
general random closed sets. In more detail, if (By,..., By) are independent and
identically distributed random closed sets in M and N is an Ny-valued random
variable, then the family of cells (Cr,I C {1,..., N}) defined by

CI:<ﬂBi>ﬂ( N B;), IC{l,....N},

iel je{l,...N)\I

forms a partition of M. If we choose a Poisson distributed N and random half-spaces
for the random closed sets B;, then we obtain the Poisson hyperplane tessellation,
and if we take random tokens as random closed sets we obtain the mosaic of the
random token field.

Given such a generalized mosaic, we obtain an associated random field Z by
defining Z(x) = V; for all = that are contained in the cell C7 and V; is a real-valued
random variable that is associated with the cell C;. As a result, the random field
Z is constant on every cell. The random variables V7, I C {1,..., N}, neither have
to be independent nor identically distributed. In order to investigate the random
field Z, it is nonetheless of advantage to impose some restrictions on the random
variables V7. In the present thesis we assume that the random variables V; are given
as

V; = ZUgW, IC{1,...,N},

i€l
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Introduction

where (U, ;,4,j € N) is an independent and identically distributed sequence of real-
valued random variables, ¢ is a function mapping finite subsets of N to positive
integers, and (I;,7 C {1,...,N}) is a family of finite subsets of N. This way, our
model includes the examples from above, as can be seen by taking I; = {1} and
an injective function ¢ for the Poisson hyperplane tessellation model, and I; = I
and g = 1 for the random token model. There are many more examples of mosaic
random fields like the dead leaves random field [61] or mixtures of classical models
that are included in this class of mosaic random fields.

The advantages of this construction, apart from its unifying character, are twofold.
The most obvious advantage, which was also the motivation for this approach, is
that the formulation of the mosaic in terms of intersections of random closed sets
allows to formulate the model on topological spaces. In practice, whenever there is a
method available to simulate random closed sets in a topological space M, we obtain
through our construction a method to simulate a random field on M. To give an
example, in Section 4.5 we take random hemispheres and random spherical caps on
M = S? and obtain multiple explicit random field models on S by the combination
of different attributes of the general mosaic random field.

Additionally, our approach generalizes the present models in R? themselves. First,
our construction allows to combine any choice of random closed sets with different
assignment procedures of random variables to the cells, so that the general model in-
cludes for example a mosaic random field which combines the assignment procedure
of the Poisson hyperplane tessellation model with random closed balls. Second, our
approach allows to avoid the assumption of a Poisson distributed number of random
closed sets whenever the underlying space M C R? is bounded. This turns out to be
especially beneficial and results ultimately in a considerable number of covariance
models that are either new or have not been associated with mosaic random fields
yet.

Section 4.2 contains the formulation of the general mosaic random field. We show
that the formulation there allows obtaining a general formula for the mean and the
first mixed moment of the mosaic random field. From this, we obtain formulae for
the correlation functions of the most important submodels. In Sections 4.3, 4.5, and
4.7, we give examples of random closed sets in R, on S?, on a cylinder, and on the
torus, which lead to multiple explicit correlation functions of the mosaic random field
that are presented in Tables 4.1, 4.2, 4.3, and 4.4. The interested reader will find
the necessary information for simulating the mosaic random fields corresponding to
the correlation functions in these tables in Appendix B.1.

Our step-by-step analysis of the covariance structure can also be used to find
mosaic random fields that correspond to given correlation functions. This approach
is used for example in Section 4.9, where it is shown that the power correlation
function [40] is a correlation function on S¢ for all dimensions d € N.

The results of Chapter 4 are accompanied by many examples, which illustrate
the techniques that produce explicit models and explicit correlation functions. The
examples include visualizations in form of simulated realizations of mosaic random
fields and approximate Gaussian random fields that were built from mosaic random
fields.

The results of Chapter 4 are based on joint work with Martin Schlather and Jiirgen
Potthoff [78].

The second method, which is presented in Chapter 5, is the spectral turning bands
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Introduction

method on S¢. In 1938 and 1942, Schoenberg published two papers [76, 77] in which
he showed that every continuous, stationary, and isotropic covariance function C'
on R? or S? admits a spectral representation with a non-negative spectral measure.
From the representation in R?, a simulation method has emerged [58] that is known
as the spectral turning bands method. For S¢ however, to the best of the author’s
knowledge, a corresponding simulation method is missing.

In Section 5.1 we show by recalling the known method in R?, that the key for
the formulation of the spectral turning bands method on S? is to find a measurable
space (W, #) and a function f : M — W such that Schoenberg’s representation
becomes C(z,y) = (f(z), f(y)) 2w for all 2,y € S This representation readily
leads to a corresponding random field by a well-known result which is in the spirit
of Karhunen’s spectral representation of random fields [48, 10]. In Section 5.2, we
prove that Schoenberg’s representation on S? can indeed be reformulated in the
form C(x,y) = (f(x), f(y)) 2wy by utilizing a particular orthogonality property of
Gegenbauer polynomials.

For every continuous and isotropic covariance function on S%, the spectral turning
bands method produces a corresponding random field. When it comes to practice,
the method is subject to the same limitations as the method in R?. In order to
simulate the spectral turning bands random field one has to simulate a random
variable that is distributed according to the normalized spectral measure of the
covariance function, so that this spectral measure must be given in a form that
makes it possible to sample from it. In Section 5.3 we give examples on S? for which
the correspondence between covariance function and spectral measure is explicit and
for which the spectral turning bands method therefore is applicable. We illustrate
these examples with simulations.

15
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1. Motivation

1.1. Preliminaries

Throughout this thesis we assume that we are given a set M and a probability space
(Q, o7, P). In order to avoid trivialities, let us assume that M in non-empty here
and henceforth. We call a family of real-valued random variables (Z(z),z € M)
on (2,47, P) that is indexed by the elements of M a random field on M. When
there is no danger of confusion we denote the family (Z(z),z € M) simply by Z.
In the course of this thesis we will have different assumptions on the structure that
is given on the index set of the random field, depending on our particular purposes.
In this part of the thesis we assume M to be either a metric space or a Riemannian
manifold and we study the particular case of M being a two-dimensional sphere in
more detail.

Let us begin by briefly introducing the necessary terminology of Riemannian geo-
metry and the objects that are associated to Riemannian manifolds and in particular
to the sphere, setting up our notation at the same time. For further background the
interested reader is referred to the standard literature, e.g. [38, 43, 54, 68].

Assume that d € N and that (M, g) is a d-dimensional Riemannian manifold as
defined in [38]. That is, M is a connected, d-dimensional C'*°-manifold together
with a symmetric, strictly positive definite tensor field g of type (0,2). For each
x € M, the Riemannian metric g determines an inner product g,(+,-) on the tangent
space T, M at x:

)M x T, M — R,
9z - (X,Y) — (X, Y).
The corresponding norm on 71, M is given by
X = g.(X, X)"?, X €T, M.

Let 3 : [a,b] — M be a smooth curve in M. Then its derivative 5'(t) at t € (a,b)
belongs to T M, and the length of 3 is given by

L@ = [ gl

The Riemannian distance dy;(z,y) of two points x, y € M is defined as the infimum
of the lengths of curve segments joining x and y. Indeed, d,; is a metric on M and
it can be shown that under the given assumptions on M the metric space (M, dy;) is
separable, locally compact and connected [38, Proposition 1.9.6]. Furthermore, the
original topology and the topology defined by dj; coincide [38, Corollary 1.9.5].

As explained in the introduction we are particularly interested in random fields
that are indexed by the elements of S?, d € N. Here and henceforth let

S*={z e R""|(z,2) =1}
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1. Motivation

denote the d-dimensional unit sphere in R4, where (-, -) denotes the standard inner
product of R4T!. Sometimes it is also useful to consider the case d = 0, for which
the sphere S is just the set {—1,1}. If g denotes the standard Riemannian metric
on R4 je.

d+1

=) XiYi=(X)Y), zeR™ X)YeT,R",

then the inclusion ¢ : S¢ — R4 defines a Riemannian metric § on S? (for instance
[54, Example 13.16]), so that we may think of the sphere as a Riemannian manifold.
The Riemannian metric ¢ is called the round Riemannian metric or the standard
Riemmanian metric on S? (for instance [54]). Let us denote the induced distance
function on S¢ by dsa. On (S%, §) a shortest curve segment that joins two points is
a segment of a great circle (e.g. [68, Example 30]). Therefore, the distance dsa(z, )
between z,y € S? is given by the length of a shortest great circle segment that joins
x and y. Note that in case x and y are antipodal points, there are infinitely many
shortest great circle segments that join x and y, all of which have the same length.
Because we can identify each x € S? with a vector in R4™! and because the length
of a shortest great circle segment that starts in € S? and ends in y € S? is given
by the angle between x and y in radians, it follows that in Euclidean coordinates
the metric dg« admits the representation

dga(z,y) = arccos((z,y)), =,y € S™

The metric dga is called the geodesic or great circle metric.
Often it is convenient to work with spherical coordinates on S¢, which are given
by the map ¢g : [0,27) x [0, 7% — S? recursively defined by

1) = (cos(i), sin(¥)),
gbk(QO, 91, PN ,Hk_l) = (gbk_l(gp, 01, ce ,Qk_g) sin(&k_l), cos(&k_l)), k Z 2. (11)

In order for ¢4 to be one-to-one, the domain of ¢4 has to be restricted but this can
be neglected for our purposes.

Let (S?) be the o-algebra on S? that is generated by the topology of the metric
space (S? dsa). We denote the surface measure of S? by o,4. In spherical coordinates,
the surface measure o, admits the representation

27
/ / / ]lB (bd @,91,.. ed 1 HSID ek d@d 1- d@ld(p (12)

for every B € %(S?). For further reference we note that the total mass of o4 is given
by
27T(d+l)/2

78 = Fas /2

deN, (1.3)

and we let 54 = 2717~ (@ V/2['((d + 1) /2)0,4 denote the uniform probability measure
on S%.
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1.2. Motivation

1.2. Motivation

Suppose we are given a random field (Z(x),x € M) on some space M. If M is a
subset of R?, the question of the regularity of the samples of Z is a well-studied
subject. However, there are only few results that address this question in more
general settings [5, 39, 69, 70, 71]. In [70], a generalized Kolmogorov—Chentsov
theorem for random fields on metric spaces is proved, which supplies the existence
of a (Hélder) sample continuous modification of Z based on tail or moment estimates
of its increments. Because our results originated from the work in [70] and in order
to explain the necessity for further work on this topic, let us begin by stating the
main result of [70].

Let (M,dy) be a metric space and suppose that (D,,n € N) is an increasing
sequence of finite subsets of M. We may think of each set D,, as a grid in the space
M, where each grid D, is a refinement of the previous grid D,,_;. For each n € N,
the set D,, will be called n-grid henceforth. Given a sequence of grids, the sequence

(62, n € N) is defined by

50: mm{dM(%y)’%yEDmx?éy}, |Dn‘ 227
' +00, otherwise,

and we assume that we are given an associated sequence (0, n € N) of real numbers
such that 62 < d,, for all n € N. The object D = ((D,,d,),n € N) is called a scale of
(M, dy) in [70] and we adopt this terminology. Given such a scale, we call z,y € D,
neighbors in D,, if dy(x,y) < d,. Forn € Nand x € D,, let

Cu(z) ={y € Dyldp(z,y) < 6.}

The set C,(z) is called a clique of x in D,,. Furthermore, let 7, denote the set
consisting of all unordered pairs of neighbors in D,,. Using the notation (z, y),, for
an unordered pair of elements x,y € M,

Tn = {2, Y)up| 2,y € Dy, dy(z,y) <6,}, neN. (1.4)

Suppose ¢ is a positive constant and let us assume that we are given two mo-
notonically increasing functions r : [0,¢) — R4 and ¢ : [0,¢) — R, such that
r(0) = ¢(0) = 0. The second part of Theorem 2.8 in [70] may now be stated as
follows.

Theorem 1.2.1 (Potthoff, 2009). Suppose that (M, dys, ((Dy,0,),n € N)), r, g,
and the random field Z satisfy the following conditions:

(a) D = J,en Dn is dense in (M, dyy);
(b) limsup,, 6, /0% < +o0;

(¢) For almost all n € N and all x,y € D, there exist o',y € D,, such that
<x>$/>up7 <ya y/>up € Mnt1, and dM(x/a y/) < dM(fa y);

(d) ZnEN:§n<c |7Tn|q(6n) < +OO7'

(6) ZnEN:§n<cT(6n) < +00;
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1. Motivation

(f) For all x,y € M such that dy(x,y) < c the inequality

P(12) = Z(y)| > r(du(,9)) ) < a(du(z,y)) (1.5)
holds true.

Then Z has a modification which is uniformly sample continuous.

Let us now turn to our recurrent example (M, dys) = (S?,ds2). A natural choice
for the grids on S? is

ﬂ

m n— n
Dn:{m@ﬁjﬂﬁjﬂk:QLHWQ1J:QL”w2—1} neN. (L6)

Then clearly (D,,n € N) is increasing and since ¢, is continuous, D = (J, oy Dn
is dense in S%.. The next step is to define the sequence (5,,n € N). By definition
(1.4), the number of elements in the sets (m,,n € N) is determined by the choice of
the sequence (9,,,n € N). In view of Condition (d), it is desirable that (|m,|,n € N)
does not grow too fast to oco. This is because a rapid growth of (|m,|,n € N) must
be absorbed with a function ¢ that decreases fast to 0 as its argument decreases to
0 and such a choice of ¢ implies a restrictive bound on the right hand side in (1.5).
In consequence, we want J,, to be as small as possible. On the other hand, each 9,
must be in particular large enough such that Condition (c) holds true. From the
application of the Theorem 1.2.1 in [70] to M = R<, it can be seen that &, must be
at least as large as the distance of one grid point x € D,, to any of its adjacent grid
points in D,, in order for Condition (c) to be satisfied. It is easy to find examples
of grid points which show, that this is also true on S?, and from Lemma A.1.2 in
Appendix A we have therefore the restriction

”)) n €N, (1.7)

2n—1

0, > arccos <C082(

Furthermore, it follows from Lemma A.1.1 that

e arccos(sin2<2:_1> cos<2:_1> + 0032(2711)), n € N. (1.8)

In consequence, the combination of (1.7), (1.8), and the statement of Corollary A.1.4
show that Condition (b) is violated, so that we can not apply Theorem 1.2.1 to the
sphere S? directly in case the grids are (1.6).

At this point we may either try to find a suitable grid or adjust the assumptions
of Theorem 1.2.1 in such a way that the theorem is also applicable to (M, dy) =
(S?, ds2). Because we think that the application of Theorem 1.2.1 should not amount
to a creative construction of suitable grids, we seek to adjust the assumptions of
Theorem 1.2.1 such that it is applicable also to S?.

In what follows, we present two different approaches. The first one is based on the
idea, that we may exploit the manifold structure of S? in order to apply Theorem
1.2.1 locally. We prove a local variant of Theorem 1.2.1 and show, that this local
variant can be applied not only to S? but also to arbitrary Riemannian manifolds.
Despite the local approach, we show that Condition (f) can be retained, so that in
particular the condition on the random field is independent of any choice of coor-
dinatization. Our second approach in Section 2.4 consists of a direct generalization
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1.2. Motivation

of Theorem 1.2.1 which is motivated by the proof given in [70]. While retaining the
assertion of Theorem 1.2.1, we show that it is possible to weaken the assumptions
(b) and (c) in such a way that the new theorem is also applicable to S?. Section 3.2
consists of a discussion of both approaches.

Remark 1.2.2. Actually, the failure of Condition (b) does not constitute a serious
obstacle for the application of Theorem 1.2.1 to S?. It can be seen from the proof in
[70], that Condition (b) can be replaced with the weaker assumption of (J,,n € N)
being a null sequence. However, in this case (|m,|,n € N) may grow very fast. On
top of that, there are more delicate issues concerning the validity of Condition (c)
on S%. We choose to not go into detail at this point to not distract the reader from
the main results.
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2. A Kolmogorov-Chentsov Theorem
for Random Fields on Metric
Spaces and Riemannian Manifolds

2.1. A Local Kolmogorov—Chentsov Theorem for
Metric Spaces

In this section we give a variant of the Kolmogorov—Chentsov type theorem in [70],
which follows rather directly from it, and in some sense sharpens that result.

Suppose that (M, dyy) is a separable metric space, that (€2, &7, P) is a probability
space, and that Z = (Z (x),xeM ) is a real-valued random field on this probability
space indexed by M.

Assume furthermore that r and ¢ are two strictly increasing functions on an
interval [0, ¢), ¢ > 0, such that 7(0) = ¢(0) = 0. Throughout this section we suppose
that for all x, y € M with dy(x,y) < ¢, we have the bound

We make the following assumptions on the metric space (M, dyy):

Assumptions 2.1.1.

(a) There exists an at most countable open cover (U,, n € N) of M, and for every
n € N, there exists a metric d,, on U, so that «,, d,(z,y) < dy(z,y) < d.(z,y)
for all z, y € U, and some «,, € (0,1];

(b) for every n € N, (U,,d,,) is well-separable in the sense of [70], i.e.:

(i) there exists an increasing sequence (D, i, k € N) of finite subsets of
U, such that D, = |J, Dny is dense in (U,,d,), and for z € D, y, let
Coi(x) = {y € Dpi|du(z,y) < 0px}, where 0, denotes the minimal
distance of distinct points in D,, ; with respect to d,;

(ii) every z € U, has a neighborhood V' C U, so that for almost all ¥ € N and
all z, y € Dy 1 NV, there exist 2/, v/ € D, NV with 2’ € C, g41(2),
Y € Crps1(y), and dy(2',y') < dn(,y);

(c) for n, k € N, let m, be the set of all unordered pairs (z,y)up, T, ¥ € Dy
with d,(z,y) < 0nx, and let |m, x| denote the number of elements in this set,

then
> Ikl a(6nr) < +o0, (2.2)
keN:S,, p<c
Z 7(On k) < +00 (2.3)
keN:d, p<c
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2. A Kolmogorov-Chentsov Theorem

hold true.

We remark that due to the assumption on the metrics dy; and d,,, n € N, in (a)
above, the relative topology on U, generated by dj; coincides with the topology
generated by d,,.

For x, y € U, with dy(x,y) < anc, we can estimate as follows

P(\Z(x) ~Z| > r(dn(x,y)))
< P(\Z(g;) —Z(y)| > r(dM(x,y))>

< q(dM('Ta y))
S q(dn($, y))7

because r and ¢ are both increasing. Theorem 2.8 in [70] shows that from this
estimate, together with the assumptions (a), (b), and (c) above, it follows that
for every n € N, the restriction Z,, of Z to U, has a locally uniformly continuous
modification Zn which is such that Z,,, Zn, and Z coincide on D,,. In more detail we
have that for every n € N, there exists a random field Z, indexed by U, such that

(i) for every w € Q, the mapping Z,(-,w) : U, — R is locally uniformly continu-
ous;

(i) for every x € U,, there exists a P-null set NV, , so that Zn(a:,w) = Z(z,w)
for all w in the complement of N, ,, and if z € D,,, N, , can be chosen as the
empty set.

In order to get for x € M a universal P-null set N,, we set N, = J,, Ny, where
the union is over all n’ € N such that x € U,,. Since this is a countable union, N,
is indeed a P-null set.

From the modifications Z, of Z,, n € N, we construct a locally uniformly conti-
nuous modification Z of Z. We show

Lemma 2.1.2.
P(Zn(:z) = Zu(z), 2 € Uy N Uy, n,n’ € N) = 1.

Proof. Assume that z € U, N U,,. Since Zn and Zn/ are modifications of Z when
all these random fields are restricted to U, N Uy, we get Z,(z) = Zy(x) on the
complement of the P—null set N,. Since (M, dy,) is separable so is (U, N U, dy),
and letting = range over a countable dense subset £, and taking the union of
all associated P-null sets, we get the existence of a P-null set [V, ,  such that for
all z € E,,/, we have Zn(x) = Zn/(x) on the complement of N, . Z, and Z,
are continuous on U, N U,, and hence we obtain for all x € U,, N U, the equality
Zn(x) = Zn/(x) on the complement of N, , . Finally, we set N = Un,n, Ny S0
that we find for all n, n’, and all z € U, N U, the equality Z,(z) = Z,(x) on the
complement of the P-null set N. O

On the exceptional set N of the last lemma we define Z(z) = 0 for all z € M. On
its complement we set Z(x) = Z,(z) whenever z € U,, and the last lemma shows
that this makes Z well-defined. For z € M, define the P-null set N, = N, U N
where N, and N are the P-null sets defined above. We have x € U,, for some n € N,
and for all w in the complement of N, we find that Z(z,w) = Z,(z,w) = Z(z,w).
Thus Z is a modification of Z. We have proved the following
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2.2. A Kolmogorov—Chentsov Theorem for Riemannian Manifolds

Theorem 2.1.3. Under Condition (2.1) on the random field Z and under the above
assumptions 2.1.1 on (M,dy), v and q, Z has a locally uniformly continuous modi-
fication.

2.2. A Kolmogorov—Chentsov Theorem for
Riemannian Manifolds

Assume that d € N and that (M, g) is an d-dimensional Riemannian manifold as
defined in Section 1.1. We denote the open ball of radius R > 0 centered at x € M
relative to the metric dy; by B (z), while the ball of radius R in T, M with center
at X € T, M with respect to the norm || - || is denoted by Br(X).

With the Riemannian metric g there is canonically associated — via the notions
of parallel transport and geodesics — the exponential map (Exp,, z € M), which
for each x € M is a mapping from T, M into a neighborhood of x in M. It can
be shown that for each x € M, there exists a radius R(z) > 0 such that Exp,
maps Bp(,(0) diffeomorphically onto B%(x)(:r;) [38, Theorem 1.9.9, Proposition 1.9.4].
Moreover, for all Y, Z € Bpg(,(0) such that Exp,(Y') =y, Exp,(Z) = 2, the quotient
Y — Z||/da(y, z) converges to 1 as (y, z) — (x,z) [38, Proposition 1.9.10].

In view of Theorem 2.1.3 in Section 2.1, we construct a countable cover (U, n €
N) of M as follows. The separability of M (see above) allows us to fix a countable
dense subset {z,, |n € N} of M. For every n € N, choose R,, € (0,1/(2v/d)] in such
a way that:

1. the exponential map Exp, is a diffeomorphism from Bg,(0) C T, , M onto
BY (x,) € M,

2. forall X, Y € Bg, (0) such that Exp, (X) =z, Exp, (Y) =y, z,y € BY (z,),

27X — Y| < du(zy) < 21X - Y. (2.4)

The existence of a strictly positive R,, for each n € N with these properties follows
from the facts mentioned before.

The idea is now to use the exponential map in order to define a convenient coor-
dinatization of U, and to use inequality (2.4) for the definition of a suitable metric
d, on U,. To this end, we fix an orthonormal basis (X, 1,...,X4) of (T4, M, gs,)
so that every X € T, M can be written in a unique way as

d
X = Zaanﬂ;
i=1
with a = (a1,...,aq) € R%L Let us denote the so defined linear mapping from

R? onto T.,M by L,, . The orthonormality of (X, 1,...,X, ) entails that L, is
an isometric isomorphism if R? is equipped with the standard Euclidean metric.

In particular, the ball Bg, (0) is under L, in one-to-one correspondence with the
Euclidean ball B (0) in R%. Define

on(T) = L;nl o Exp;nl(x), T € B}]\{i(xn),

then ¢, is a C*°—coordinatization of B (z,) which maps this ball onto B§ (0) € R
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2. A Kolmogorov-Chentsov Theorem

For z, y € By (x,,), define

dn(z,y) = 2Vd max |}, (z) — &, ()], (2.5)

.....

where ¢ () denotes the i-th Cartesian coordinate of ¢, (). Set oy, = 1/(4V/d). If
| - || denotes the usual Euclidean norm on R%, we obtain from (2.4)

o d(x,y) = 27" max|],(z) — ¢,,(y)]
< 27 pu(z) = en)ll2
=271 ||Exp, ! (z) — Exp, (y)||
< dy(z,y)
< 2||Exp; ! (z) — Exp; ()|
= 2[[en(@) — en(y)ll2
< dn(z,y).

Consider the open hypercube Hg (0)

,,,,,

in R? of side length 2d~'/?R,, centered at the origin. Clearly we have H§ (0) C
BY (0). Set
so that (Uy,, n € N) is an open cover of M.

For each k € N, define the following subset G, of the hypercube Hj, (0)

d R, IR,
Gk {aER)a \/3+2k\/87

By construction, for each n € N, (G, %, k € N) is an increasing sequence of finite
subsets of Hf (0), and the union of these sets is dense in H§, (0). Next set D, ), =
0 (Ghk). Then for each n € N, (D, x, k € N) is an increasing sequence of subsets
of U,, its limit being dense in U,,. Moreover, it is easy to see that Condition (b.ii)
of Assumptions 2.1.1 holds true for the sequence (D, k € N), where for every
z € U,, we may choose the neighborhood V' in this condition as U, itself. (For an
explicit argument, see also [70].)

By construction we have (in terms of the notation of Section 2.1)

te 1,2 -1}

Ok = min {dn(x, y)|x,y € Dyg, v # y} =27 kIR .
Recall that for every n,k € N

Tk = {<xay>up | T,y € Dn,kadn(x;y> S 5n,k}
and Cn,k<$) = {y € Dn,k | dn(x7y) < 6n,k}a VIS Dn,k-

By definition of D, ; and the metric d,,

Cul@)] = [{2aly) € Gur | max 6 (y) — eifo)] <

28



2.3. Hoélder Continuity and Moment Conditions

so that |C,, x| is bounded by 3?. Concerning the number |, x| of unordered pairs in
ok (cf. Assumption 2.1.1.(c)), we can estimate as follows:

Tl < D Y Mo (y) < [Gugl 37 = (271 = 1)73¢ < K, 2% (2.6)

IEDn,k yeDn,k

for some constant Ky > 0.
Now let ¢ € (0, 1], and make the usual choices of the functions r, and ¢:

r(h) =logy(h™") ",
q(h) = K logy(h™") ™" 1,
for h € (0,¢), and 7(0) = ¢(0) = 0. Here K > 0 is an arbitrary constant, and «,

& > 1. Let us define K,, . = (log(R,) —log(c) +1og(2))/log(2), then Condition (2.3)

follows from

D (k) =log2)* Y ! neN.

kEN:D, x<c kEN:E> Ky o ((k —1)log(2) - log(Rn))a’

For the Condition (2.2) we may use (2.6) to get

a 1
S sl a(Gur) <log(2)"(2Ra)Ka Y .
keEN:6,, k<c keN:k> K, ((k —1)log(2) — 1Og(Rn))

for all n € N. Thus we can apply Theorem 2.1.3 and obtain

Theorem 2.2.1. Suppose that Z is a random field defined on a d—dimensional
Riemannian manifold (M, g) with topological metric dy; such that for all z, y € M
with dy(z,y) < c,

P(12() ~ 2)| > r(du(x.9))) < a(du(z.v))

holds true, where the functions r, q are defined as in (2.7), (2.8) for some constants
K>0,a, a>1andce (0,1). Then Z has a locally uniformly sample continuous
modification.

2.3. Holder Continuity and Moment Conditions

While a locally uniformly sample continuous modification was constructed in the
previous section, the goal here is to show higher regularity in terms of orders of
Holder continuity under additional assumptions.

Therefore, let (M, dys) be a metric space and Z be as in Section 2.1, Assumpti-
ons 2.1.1. For the sequences of minimal distances (d,x, k¥ € N) of distinct points in
the grids (D, x, k € N) and the function r, we make the stronger assumptions

29



2. A Kolmogorov-Chentsov Theorem

Assumptions 2.3.1.

(a) For every n € N, there exist constants 7, € (0,1), C,, > 0 such that for almost

all k € N,

1

holds true;
(b) there exist constants 7 € (0,1), K, > 0 so that for all A € [0, ¢), the inequality
r(h) < K,;h" (2.10)
is valid.

(Note that Assumption (b) on r above is stronger than the requirement of inequa-
lity (2.3).) Then, on every (U,,d,), we are in the situation of Theorem 2.9 in [70]
and get the existence of a modification Z, which is locally Holder continuous of
order 7, i.e., for every w € Q and every z € U,, there exists a neighborhood V(w)
of zin (U,,d,) and a constant a., such that

Zo(z,w) — Zp(y,w
sup (z,w) T(y ) <an.
z,yeV(w), z#y dn (.T, y)
Actually, the constant o, was explicitly calculated in [70] and is given by
C*

Qrn = T o
Again we can glue these modifications together to get a modification Z of Z on
(M, dypr) which is locally Hélder continuous of order 7.

Corollary 2.3.2. Assume that Condition (2.1) on the random field Z holds true.
Suppose furthermore that the assumptions 2.1.1 are valid, together with the addi-
tional stronger properties given in Assumptions 2.3.1. Then Z has a modification
which s locally Holder continuous of order T.

We return to the case where M is a d—dimensional Riemannian manifold with
topological metric dy;. Let the open cover ((U,,d,),n € N), and the sequences
of grids ((Dnk,6nk),k € N), n € N, be defined as in Section 2.2. Recall that
Onr = 27FR, and R, € (0,1/(2\/3)}, n,k € N. Set n, = 1/2, and choose
C, > 1/(2R,,). Then Condition (2.9) is fulfilled. As before let ¢ be in (0, 1]. Define
q as in (2.8), and

r(h) =" (2.11)
for some 7 € (0,1). Then Condition (2.10) is valid as well, and so we arrive at

Corollary 2.3.3. Let Z be a random field defined on a d—dimensional Riemannian
manifold (M, g), d € N, with topological metric dys, such that for all x, y € M with
dM (:L‘7 y) <,

P(|2() = 2(y)| > r(du(z.9))) < a(du(z.y))

holds true, where the functions r, q are defined as in (2.11), (2.8) for some constants
K >0 a>1, 7€ (0,1) and c € (0,1]. Then Z has a locally Hélder continuous
modification of order T.
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The standard application of Chebychev’s inequality yields sufficient conditions in
terms of moments:

Corollary 2.3.4. Suppose that Z is a random field defined on a d-dimensional
Riemannian manifold M, d € N, with topological metric dy;.

(a) If there exist c € (0,1],1>1, k>d, v >1+1, and K > 0 such that

E(1Z(z) — Z(y)|") < Klog,(du(z,y)™") "du(z,y)" (2.12)

for all x, y € M with dy(z,y) < ¢, then Z has a modification which is locally
uniformly sample continuous.

(b) If there are c € (0,1],1>1, 7€ (0,1), and a > 1 such that

E(|Z(z) — Z(y)|") < Klogy(du(z,y) ™) “das(z,y)*

for all x, y € M with dy(x,y) < ¢, the modification can be chosen to have
locally Holder continuous sample paths of order T.

Proof. Let r be the function
r(0) =0, 7(h)=logy(h™")™, he€(0,c),

defined in (2.7), where we can choose any o € (1, (v —1)/1). If x,y € M, x # y, are
such that dy/(z,y) < ¢, we have from Chebychev’s inequality and (2.12)

E(12(x) — Z(y)l)
T(dM<x7 y))
<K logQ (dM (LL’, y)) _(V_al)dM<x7 y)l-@
where ¢ is the function defined in (2.8) with & = v — al > 1. The assertion in (a)

thus follows from Theorem 2.2.1. For part (b) we use the function r defined in (2.11)
and Corollary 2.3.3 and proceed analogously. 0

P(12(@) = 2()| > r(du(e.y) ) <

In case of a Gaussian random field, Corollary 2.3.4 leads to a condition which can
be formulated in terms of the semivariogram of the random field:

Corollary 2.3.5. Assume that Z is a Gaussian random field defined on a d-
dimensional Riemannian manifold M, d € N, with topological metric dy; and se-
mivariogram y(z,y) = E((Z(z) — Z(y))?). If there ezist c € (0,1], n € (0,1), and
C > 0 such that

forallz, y € M with dy(x,y) < ¢, then Z has a modification which is locally Hélder
continuous of order T for all T < n/2.

Proof. Let ZAgx) = Z(x)—E(Z(x)), * € M, be the associated centered random field.
Because E((Z(z) — Z(y))?) < 7(z,y), we have for every n € N from (2.13)

E((Z(x) = 2w)™) = @n - DUE((2@) = 2)°))" < Kadas(w, )™
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2. A Kolmogorov-Chentsov Theorem

with K, = 2n—1)!'C™. Let a > 1, 7 € (0,1/2), and let n be larger than d/(n—27).
Then there is a constant C’ > 0 such that for all z,y € M with dy(x,y) < ¢ the
inequality

dar(z,y)™" < C'logy (dar(z,y) ") “dar(z, y) 27

holds true. It follows therefore from (b) in Corollary 2.3.4 that Z has a modification
Z which is locally Holder sample continuous of order 7 for all 7 € (0,7/2). On the
other hand, we have from (2.13)

E(Z(x) ~ BZW)| < (B((Z(x) - z<y>>2))”2 < O dyi(, )"

forall z,y € M with dy(z,y) < ¢, so that the function x + E(Z (7)) is locally Hélder
continuous of order 1/2. Therefore the random field Z(z) + E(Z(z)), x € M, is a
modification of Z which is locally Holder continuous of every order 7 € (0,7/2). O

2.4. A Global Kolmogorov-Chentsov Theorem for
Metric Spaces

Throughout this chapter we assume that (M, dy,) is a metric space, (2,47, P) is a
probability space, and Z = (Z(z),z € M) is a real-valued random field on M. Let
us assume again that we are given two monotonically increasing functions r and ¢ on
[0, ¢) with r(0) = ¢(0) = 0 and some ¢ > 0. In addition, we assume that (D,,n € N)
is an increasing sequence of finite subsets of M. The interpretation is again that
each set D,,, n € N, is a grid in M and the grids become finer as n increases.

In Section 1.2 we have seen that one problem with the application of Theorem
1.2.1 to S? is given by the assumption of a constant grid width d,, for the grids D,,.
On S2, the distance of neighboring grid points at the poles converges faster to 0 than
the distance of neighboring points at the equator. The idea for a generalization is
therefore to allow the grid width to vary over M. For the following theorem we
go one step further and do not assume at all, that the notion of neighborhood in
the grids D,, is determined by some condition involving the distance of grid points.
That is, we will think of z,y € D, as neighbors if their unordered pair (x,y),
belongs to the set m,, where we do not specify the sets 7, and just assume that
T C {{(@, Y)up | x,y € D,}. In any application we can therefore define which grid
points we want to identify as neighbors, for example by using a more convenient
metric than the given one. With this abstract notion of neighborhood, we define A,
to be the maximal distance of neighboring points in D,, i.e.

A, = max dy(z,y), néeN,

<m7y>u17€7rn

As we have mentioned in Remark 1.2.2; Condition (c) in Theorem 1.2.1 causes also
problems in the application to S?. We replace this condition therefore with the
following neighborhood condition:

(NC) For almost all n € N there exists 0, > 0 such that for all m > n and all
x,y € Dy, with dy(z,y) < 9, there are 1,91 € Dy1, ..+, Tipny Ymn € Dy
such that

<fL‘, xl)upa <y7 y1>up € Ty - ooy <xm—n—1a :I"m—n>upa <ym—n—17 ym—n>up S Tn+1,

and  (Zp—n;s Ym—n)up € Tn-
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The interpretation of Condition (NC) is that grid points which are sufficiently
close can be iteratively connected through the transition to neighbors. In case
the sets m, are defined as in (1.4), Condition (c¢) of Theorem 1.2.1 entails the
validity of Condition (NC). Indeed, let us define 6, = 0,, where 4, is the grid
width which defines m, in (1.4). Let n € N be sufficiently large and pick arbi-
trary m > n and z,y € D,, with dy(x,y) < 6,. Then applying (c) of Theo-
rem 1.2.1 iteratively results in grid points x1,41 € D1, s Tm—nsYm-n € Dn
such that (z,21)up, (U, Y1)up € Tms - (Tmen—1, Tm—n)ups Ym-n—1, Ym-n)up € Tnt1-
Furthermore, we have dy/(Tm—n,Ym—n) < -+ < dy(z,y) < 6,, which implies
(Tm—n, Ym—n)up € Ty by definition of m,. The important difference between the con-
ditions is that under Condition (c¢) in Theorem 1.2.1 the distance is monotonically
decreasing throughout the iteration, while we do not assume such a monotonicity in
Condition (NC).

Theorem 2.4.1. Suppose that (M,dy, ((Dy,m),n € N)), r, q, and the random
field Z satisfy the following:

(a) D =, ey Dn is dense in (M, dyy);
(b) (An,n €N) is a null sequence;
(¢) Condition (NC) is valid;

(@ 3 Imala(An) < +oo;

neN:A, <c

() D r(An) < too;

neN:A,<c

(f) For all x,y € M with dy(x,y) < c it is true that
P(12(2) = Z(y)| > r(du(z.9))) < a(dulz,y)).

Then Z has a modification which is uniformly sample continuous.

The proof of Theorem 2.4.1 follows the lines of the corresponding proof given in
[70] with subtle adjustments. The first lemma shows that it is sufficient to show
uniform continuity on the dense subset D in case Z is continuous in probability.

Lemma 2.4.2. Suppose that the random field Z is continuous in probability and
that almost surely the restriction of Z to D 1is uniformly sample continuous, i.e.,
there exists a P-null set N € o such that for every w € N¢ the mapping Z(-,w)|p
1s uniformly continuous. Then Z has a modification Z which is uniformly sample

continuous and furthermore Z(x,w) = Z(z,w) for every (w,z) € N¢ x D.

Proof. Let Z be defined as follows: For every (w,z) € N x M we define Z(z,w) =
0, and if (w,z) € N¢x D we let Z(z,w) = Z(z,w). If w € N¢ and = € D,
we choose a sequence (x,,n € N) in D which converges to x. Since Z(-,w)|p is
uniformly continuous for every w € N¢ and (x,,n € N) is a Cauchy sequence, the
sequence (Z(x,w),n € N) is Cauchy, thus convergent. Hence we can define Z(x,w) =
lim,, o0 Z(2p,w) for w € N¢ and z € D¢ and have now defined the random field 7z
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2. A Kolmogorov-Chentsov Theorem

entirely. A standard e/3-argument shows that Z is uniformly sample continuous.
In order to show that Z is a modification of Z, let € M and let (x,,n € N) be
a sequence in D converging to x. By construction, the sequence (Z(z,),n € N)
converges almost surely to Z(x). On the other hand, (Z(x,),n € N) converges in
probability to Z(z) because Z is continuous in probability by assumption. Hence

P(Z(z)=Z(z)) = 1. O

Lemma 2.4.3. The assumptions of Theorem 2.4.1 entail the continuity in probabi-
lity of Z.

Proof. By Assumption (a) D is dense in (M, d);) and because we have excluded the
case M = (), D can not be empty. Since (D,,n € N) is an increasing sequence, D,
has at least one element for almost all n € N. Furthermore, for almost all n € N,
there exists a 4, > 0 such that Condition (NC) is true. We choose an n € N which
is large enough such that b, exists and D, # (). Then there is an z € D,, and it
is true that dy(z,z) < 9, so that Assumption (NC) implies that (x,z),, € , for
almost all n € N. In consequence, we have |m,| > 1 for almost all n € N and in
view of Assumption (d) the sequence (¢(A,),n € N) has to be a null sequence. The
monotonicity of ¢ and Assumption (b) imply lim,,_, ¢(a,) = 0 for any null sequence
(an,n € N) in [0, ¢). The same holds true with similar arguments for the function 7.

Now let z € M. In case z is isolated, there is nothing to show. Thus let (z,,n € N)
be a sequence converging to . Then there exists an ny € N, such that dy(z,x,) < ¢
for all n > ngy. Since (7" (dM(x,a:n)),n > ng) is converging to 0, we can find for all
e > 0 an n; > ng such that r(dM(a;,:cn)) < ¢ for all n > ny. With the inequality
given in Assumption (f) it follows that

P(|Z(z) = Z(z,)| > €) < P(\Z(x) — Z(x,)| > r(dM(x,a:n))) < q(dy(z, z,))

for all n > n;. Because (q (dM(x, xn)),n € N) converges to 0, the lemma is proven.

t

The next lemma uses the Borel-Cantelli lemma and shows that Assumptions (d)
to (f) entail a continuity property of Z which is the first step in showing that the
assumptions of Lemma 2.4.2 are satisfied.

Lemma 2.4.4. Under the assumptions of Theorem 2.4.1 there exists a P-null set
N € o such that for every w € N°¢ there exists an n(w) € N with

max |Z(z,w)— Z(y,w)| < r(A,) (2.14)

<$,y>up€7Tn
for alln > n(w).

Proof. The sequence (A,,n € N) is a null sequence by Assumption (b) so that there
exists an ng € N with A,, < ¢ for all n > ny. By the arguments given in Lemma 2.4.3
there is an n; € N such that 7, is not empty for all n > ny. Let n > max{ng,ns}
and (x,y)y, € T,, then by Assumption (f) we find

P(1Z(x) = Z(y)| > r(An) < P(12(2) = Z(y)] > r(du(z,v))

< Q(An)a
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where we have used the monotonicity of r and ¢ and the fact that (x,y),, € 7,
implies dy/(z,y) < A,. Consequently,

P(@’g{i)é’rn 12(@) = 2W)] > (A > (<x yLu;J;enn{’Z o=, )})
= P Z(y)| > r(An))
(€,Y)upEmn
<
(z, y>up€7rn

= |ma| g(A).

Hence Assumption (d) entails that

> p(, max |z(@) - Z(y)] > r(A)
<m7y>up€7rn
n>max{ng,n1}

converges, so that by the Borel-Cantelli lemma

P( lim sup { max |Z(x)— Z(y)| > r(An)}> = 0.
n>max{no,n1} (T,y)upEmn

If we denote this P-null set by N, then w € N¢ implies the existence of n(w) € N
such that for all n > n(w) inequality (2.14) is true. O

Now let us take Condition (NC) into account.

Lemma 2.4.5. Under the assumptions of Theorem 2.4.1 there exists a P-null set
N € & and for every w € N€ there ezists n(w) € N such that the following statement
is true for all n > n(w): There ezists a Sn > 0 such that for all m > n and all
x,y € Dy, with dy(x,y) < 5, we have

|Z(@,w) = Z(yw) <23 r(A). (2.15)

Proof. Let N, w, and n(w) be as in Lemma 2.4.4. Because the statement of Lemma
2.4.4 is true for all n > n(w), we may without loss of generality assume that n(w) is
large enough such that for all n > n(w) we are in the situation of Assumption (NC).
In particular, n > n(w) implies that A,, < ¢ (see Lemma 2.4.4) so that the bound in
(2.15) is well-defined. Let us now pick an arbitrary n > n(w) and consider the case
m = n first. In that case Assumption (NC) implies the existence of a 4, such that
for all z,y € D,, with dy(z,y) < 5, we have (,Y)up € m,. Thus by Lemma 2.4.4
we have

|Z(z,w) — Z(y,w)| < max |Z(z,w)— Z(y,w)| <r(A,) < ZZT(A

(T,Y)upE€Emn

and (2.15) is true in case m = n. If m > n, Assumption (NC) entails the existence
of z1,91 € D1y, Ton—ns Ym—n € D,, such that

<IL‘, xl)um <y7 y1>up € MTmyee ey <l‘m—n—1a mm—n>upa <ym—n—17 ym—n>up € Tn+1

and (Zm—n, Ym—n)up € Tn.
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2. A Kolmogorov-Chentsov Theorem

Let us define zg = x and yo = y, then we can estimate with Lemma 2.4.4 as follows:

m—n—1

Z(0w) = 2@ < Y (1200) = Z(@i,w)] +12(,w) = Z(,0)])

i=0
+ | Z(xm-n, W) — Z(Ym—n,w)|

m—n—1

<r(A,)+ Z 2r(Ai)

1=0

S 2 T(Am—i>

This concludes the proof. O

The statement of Lemma 2.4.5 can now be utilized to show that the assumptions
of Lemma 2.4.2 are satisfied.

Corollary 2.4.6. Under the assumptions of Theorem 2.4.1 there exists a P-null set
N € o such that for every w € N¢ the mapping Z(-,w)|p is uniformly continuous.

Proof. Let N, w € N¢ and n(w) be as in Lemma 2.4.5 and fix an arbitrary ¢ > 0.
Because of Assumption (e) there exists an ng € N, such that Y .~ r(A;) < ¢e/2 for
all n > ng. Choose

5((*}) = 6max{n0,n(w)} .

If x,y € D, then there is an m € N such that z,y € D,, because (D,,n € N)
is increasing and furthermore we may assume that m > max{ng, n(w)}. For any
x,y € D with dy(z,y) < §(w) we have therefore by Lemma 2.4.5

Z(z,w) = Z(yw)| <2 > r(A)<2) r(A)<e
i=max{nog,n(w)} i=ng

The proof of Theorem 2.4.1 follows now from the preceding statements.

Proof of Theorem 2.4.1. Lemma 2.4.3 shows, that Z is continuous in probability
under the given assumptions. Corollary 2.4.6 provides the continuity property that
is presumed in Lemma 2.4.2. The assertion then follows by Lemma 2.4.2. U

Remark 2.4.7. 1t is tempting to follow [70] and formulate a variant of Theorem 2.4.1
which yields higher regularity in terms of orders of Holder continuity under the more
restrictive assumptions

1
- <A, <an", neNa>0ne(0,1),
a

r(0) =0, r(h)<h™, he(0,c¢),7, K, >0.
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In order to transfer the proof given in [70] to our scenario we have to assume that
the quantities 8, of Assumption (NC) and A,, are equal (5n < A, is not sufficient).
However, the application of Theorem 2.4.1 to S? in the coming chapter shows that
such an assumption would not be reasonable. As there seems to be no apparent
workaround, the author considers the formulation and the proof of a variant of
Theorem 2.4.1 which yields a Holder continuous modification as an open problem.
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3. Application and Comparison

3.1. Application to S?

Let us begin by showing that both Theorem 2.1.3 and Theorem 2.4.1 can be applied
to the metric space (S?,ds2). We start with the global version of Section 2.4.

As it was done in Section 1.2, we choose the spherical coordinate grids D,,, n € N,
defined by

{@( S e 1>‘k:_0,1,...,2”‘1,l:0,1,...,2"—1}, neN,

so that the continuity of ¢, entails Condition (a) of Theorem 2.4.1.

In what follows we will work with polar coordinates 6,, ¢, associated to x € S
For any =z € S? which is neither the North Pole nor the South Pole, there are
unique 0, € (0,7), ¢, € [0,27) such that ¢(0,,¢,) = z. In case x = (0,0,1) or
x = (0,0,—1), 6, is either 0 or 7 and we can pick an arbitrary ¢, € [0,27) such
that ¢9(0,, ) = = holds true. Every statement that we make here and henceforth
is independent of this particular choice of the azimuthal angle ¢,, and therefore -
with a slight abuse of language - we will speak of (0,,p.) as the polar coordinates
of z € S

From the examples in [70] it can be seen that it is convenient to work with the
maximum metric in the grids in R?. Since we have transformed such grids to S? with
the help of the spherical coordinate map ¢», it is therefore natural to define a similar
maximum metric on S?. The idea in the following definition of a maximum metric
ds on S? is that whenever one of the points z,y is a pole the distance dy(x,y) is
independent of the azimuthal angles ¢,, ¢,. Furthermore, one has to pay attention
with the identification of points for which the azimuthal angle is at the boundaries
of [0,27). We define

doo(,y) = min{di,(z, y), d5 (v, y)} (3.1)
with  di(z,y) = max{|0, — 0,], min{|p. — ¢/, 27 — [0, — ¢, [} }

and d2 (z,y) = min{6, + 0,27 — (6, +0,)}.

Note that if  is either the North Pole or the South Pole, we have do(x,y) = d* (z, y)
for all y € S? so that the distance d..(z,y) is independent of the choice of the
azimuthal angle ¢, in case 0, € {0, 7}.

With a little effort it can be shown that (3.1) does indeed define a metric on S?,
but this statement is not necessary for our purposes. Let us now define the sets 7,
which define the notion of neighborhood in the grids D,, by

T
Ty = {<x,y>up]:c,y € Dy, doo(z,y) < T }, n € N. (3.2)
It follows now from Lemma A.1.2 that
A, = max dg(x,y)= arccos <cosz( i >>, n > 2, (3.3)
<x7y>up€7rn 271—1
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and we see that (A,,n € N) is a null sequence, so that Condition (b) of Theorem
2.4.1 is also satisfied. Let us turn to Condition (NC) of Theorem 2.4.1. For almost
all n € N, we have to find a critical distance 6, > 0 such that all grid points x,y in
finer grids D,,, m > n, which satisfy dg(z,y) < 6, can be connected through the
transition to neighbors. The following lemma shows, that we can find such a 4 if we
would haven taken the metric d., instead of dse.

Lemma 3.1.1. Letn >3, m >n, and x,y € D,,. Then do(x,y) < 7/2"! implies
the existence of x1,y1 € Dym_1,. .. Tmn,Ymn € D, such that

<:L‘7 xl)upa (?J, y1>up € Ty -y <xm—n—1; mm—n>upa <ym—n—17 ym—n>up S Tn+1,
and  (Tm—n: Ym—n)up € Tn-

The proof of this lemma can be found in Appendix A.2. The next lemma shows,
that there is a sufficient condition in terms of ds2 such that do(z,y) < 7/2"! holds
true. The proof is also deferred to Appendix A.2.

Lemma 3.1.2. Letn > 2, m >n, and x,y € D,,. Then

dsz(x,y) < arccos(siﬁ(%) cog(QZT_l) n COSz(%))

implies doo(x,y) < 7/2"7 L,

Hence if we choose

bn = arccos.(s.in2 <27T—n> COS<2:-_1> + 0082(21”», n €N,

it follows from Lemmas 3.1.1 and 3.1.2 that Condition (NC) in Theorem 2.4.1 is
satisfied.

Remark 3.1.3. The formulation in Lemma 3.1.2 is tailored to fit our purposes. Ho-
wever, a glance at the proof in Appendix A.2 shows, that although we have used
the representation & = ¢o(k,m/2™ 1 l,m /2™ ) and y = ¢o(kym /2™, 1,7 /2™ 1) for
x,y € Dy, the proof does not require k,, k,,l,,l, to be integer-valued. From this
we conclude that the statement of Lemma 3.1.2 holds true for all z,y € M rather
than just for grid points z,y € D,,. Let us furthermore observe, that the sequences
(Sn,n € N) and (7/2""!,n € N) are null sequences. Then it is easy to see that
Lemma 3.1.2 implies the following statement:

For all z € M and for all € > 0 there exists § > 0 such that for all y € M
ds2(z,y) < § implies do(z,y) < €.

With other words, for each x € M and every € > 0 there exists a 6 > 0 such that
an open dgz-ball with radius ¢ and centered at = is contained in an open d..-ball
with radius € and centered at x. Therefore, every subset of M that is open in the
topology induced by d., is also open in the topology induced by ds2. With similar
arguments as in the proof of Lemma 3.1.2 it can be shown that the reverse statement
is also true, and it follows that ds2 and d, are topologically equivalent (for instance
[11]). Note that this property is weaker than the conventional equivalence of metrics.

Indeed, for n € N let x,, = ¢2(1/n,1/n) and y,, = ¢2(1/n,0), then
dg2(x,,y,)  arccos(sin®(1/n) cos(1/n) + cos?(1/n))
arccos(sin®(1/n) cos(1/n) + cos®(1/n))

B arccos(cos(1/n))

9
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and an application of inequality (A.11) just as in Corollary A.1.4 shows that the
sequence (dsz(Zy, Yn)/doo(Tn, yn),n € N) converges to 0. Therefore there can not be
constants ¢, C' > 0 such that

Cdoo(SC,y> < d82<x7y) < Cdoo(ﬂf,y)

for all z,y € S%

At this point one may think of applying Theorem 2.4.1 to the metric space (S?, d,)
instead of (S?,ds:2), since it is easier then to validate Conditions (b) and (NC) of
Theorem 2.4.1. We chose not do so because in this case the condition on the random
field (f) in Theorem 2.4.1 must be formulated also in terms of d.,, and we believe
that on S? it is more natural to have a condition which is stated in terms of the
great circle metric dsz.

In view of Condition (d) of Theorem 2.4.1 we estimate the number of elements in
the sets m,, n € N. As in Section 1.2, let C,,(x) = {y € D, | (z,y)up € ™.} be the
clique of a grid point x € D,,, then again

|| < Z Z L@ (1Y)

T€D, yGDn

If z is either the North Pole or the South Pole, its clique C,(z) contains the pole
itself and any grid point on the nearest circle of latitude. The cliques of grid points
on the first and last circle of latitude contain 7 grid points, and any other clique
contains 32 grid points. Hence it is true that

[mn] <2(2"+1) +22"7+ (2" 1 —3)2"3% < K, 2"

with KQ = 32.
Let ¢ € (0,7/2] and define the function s by
1
s(h) = Dy arccos(y/cos(h)), h € [0,c), (3.4)
m

then we get from (3.3)
s(A,) =27" (3.5)

for all n € N such that A, < c¢. Let us now choose r and ¢ as in Section 2.2, i.e.,
for h € (0, arccos(y/cos(c))/(2m)) and some constants K > 0, o, & > 1 we define

r(h) =logy(h™) ™", q(h) = Klogy(h™")*h?,
and for h = 0 we let 7(0) = ¢(0) = 0. If we now define
r=ros, (=gqos, (3.6)
then it follows from (3.5) and the arguments given in Section 2.2 that Conditions

(d) and (e) of Theorem 2.4.1 are satisfied for 7 and g. We can thus apply Theorem
2.4.1 to (S?,ds2) and obtain the following
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Corollary 3.1.4. Suppose Z is a random field on S* such that for all x,y € S* with
ds2(z,y) < c the inequality

P(12(x) = Z)| > 7(ds:(2.9)) ) < (dee(.))

holds true, where the functions 7 and § are defined as in (3.6) for some constants
K >0, a,a>1and c € (0,7/2]. Then Z has a modification which is uniformly
sample continuous.

For the application of Theorem 2.1.3 to (S?, ds2) we have done all the work already
in Section 2.2 in showing that Theorem 2.1.3 can be applied to any Riemannian
manifold. Hence the choice (M, g) = (S? g) in Theorem 2.2.1 and Corollary 2.3.2
yields immediately the following corollaries:

Corollary 3.1.5. Suppose Z is a random field on S* such that for all x,y € S* with
ds2(z,y) < c the inequality

P(12(2) = Z()| > r(ds2(2,9)) ) < a(dee(, 1)

holds true, where the functions r and q are defined as in (2.7) and (2.8) for some
constants K > 0, a,& > 1 and ¢ € (0,1]. Then Z has a modification which is locally
uniformly sample continuous.

Corollary 3.1.6. Suppose Z is a random field on S? such that for all x,y € S* with
ds2(x,y) < ¢ we have the inequality

P(12(x) = Z(9)] > r(dsa(2,)) ) < a(doa ().

where the functions r and q are defined as in (2.10) and (2.8) for some constants
K >0, aa>1,7¢€(0,1) and ¢ € (0,1]. Then Z has a locally Hélder sample
continuous modification of order T.

3.2. Comparison

From the application of Theorems 2.1.3 and 2.4.1 it is evident, that the major
difference between the approaches of Sections 2.1 and 2.4 lies in their applicability.
The local approach in Section 2.1 is tailored to produce an easy to validate criterion
for the existence of a continuous modification of random fields on any Riemannian
manifold. The application of Theorem 2.4.1 in Section 3.1 required the definition of
a suitable grid on the sphere, the identification of neighboring grid points, and in
order to validate Conditions (b) and (NC) of Theorem 2.4.1 we had to compare and
compute distances in the grids and find the necessary techniques that enable us to
do so. An application to a different Riemannian manifold than S? is immediate from
Theorem 2.2.1, but we can not hope that any of the constructions made in Section
3.1 transfer to different examples and a thorough understanding of the underlying
geometry would be necessary in order to apply Theorem 2.4.1. Therefore it is
evident that from a practical point of view the local approach of Section 2.1 should
be preferred.
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Thus let us discuss the results that both approaches provide. In theory, Theorem
2.4.1 may provide the existence of a uniformly sample continuous modification of a
random field while Theorem 2.1.3 can provide the existence of a locally uniformly
sample continuous modification. However, in our example M = S? this dispa-
rity vanished because the sphere is compact and any locally uniformly continuous
function thereon is also uniformly continuous. Furthermore, as in both approaches
the continuity-0 is non-explicit because it is constructed from an index n(w) which
comes from the Borel-Cantelli lemma, the difference between local uniform con-
tinuity and uniform continuity is only of theoretical nature. Nonetheless it would be
interesting to know whether there is actually a non-trivial example of a Riemannian
manifold for which the application of Theorem 2.4.1 produces a uniformly sample
continuous modification while the modification provided in Theorem 2.2.1 is only
locally uniformly sample continuous. This may be an area of further research.

A significant drawback of the approach given in Section 2.4 is its non-compatibility
with the conventional techniques that produce a criterion for Holder continuity. This
non-compatibility suggests that the generalization of the assumptions in [70] to that
in Theorem 2.4.1 may not be the most natural one.

Finally, let us discuss the different conditions on the random field in case M = S
The functions r and ¢ in Corollary 3.1.5 and the functions 7 and ¢ in Corollary 3.1.4
have been chosen such that the series

Z T(én,k) and Z |7Tn,k| Q(én,k)

keN:d, p<c keN:d, p<c

and

Z r(A,) and Z 0] g(A,)

neN:A,<c neN:A,<c

have the same convergence behaviour. The different conditions on the random field
are therefore comparable. It is easy to see that the function s defined in (3.4) is
strictly smaller than the identity for all sufficiently small arguments. Therefore we
have for all sufficiently small h > 0 the inequalities 7#(h) < r(h) and ¢(h) < q(h), so
that

| /\

P(12@) = 2()| > r(de(2.1)) ) < P(12(2) = Z()] > 7(dee (.1)) )
(d

9))
(dsz (. 9))-

This shows that the condition on the random field which is formulated in Corollary
3.1.4 is more restrictive than the condition in Corollary 3.1.5.

Altogether we conclude, that the local approach in Section 2.1 should be preferred
to the approach given in Section 2.4.

q
q
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4. A General Class of Mosaic
Random Fields

4.1. Preliminaries

4.1.1. Covariance Functions

Let M be a non-empty set. It is well-known that a function C' : M x M — R is
symmetric and positive definite, i.e.

C(x,y) =Cy,z), z,y€ M, (4.1)

and o C(xi, ;) >0, neNA{xy,...,z,} S M, ay,...,a, €R, (4.2
j j

1,j=1

if and only if there is a probability space (€2, 47, P) and a real-valued random field
Z = (Z(z),x € M) thereon such that C is the covariance function of Z. If a
covariance function C satisfies C'(z,z) = 1 for all x € M, the covariance function
and the correlation function of the corresponding random field coincide. We use this
characterization as a definition.

Definition 4.1.1. 1. A function C' : M x M — R which is symmetric and
positive definite is called a real-valued covariance function on M.

2. A real-valued covariance function p on M which satisfies p(x,z) = 1 for all
x € M is called a real-valued correlation function on M.

3. A real-valued covariance function (correlation function) on M is called strictly
positive definite, if the inequality in (4.2) is strict whenever at least one of the
aq, . ..,q, does not vanish.

Because only real-valued covariance functions are considered in this thesis, we will
omit the prefix real-valued henceforth.

From [7, page 69] we have the inequality |C(z,y)|* < C(z,x)C(y,y), v,y € M,
which is valid for any covariance function on M. Therefore the range of a correlation
function is contained in [—1,1]. The set of all covariance functions (correlation
functions) on M has the following closure properties (e.g. [7, Chapter 3, §1]).

Lemma 4.1.2. 1. If C7 and Cs are covariance functions on M and o, > 0,
then o Cy + B Cy is a covariance function on M.

2. If p1 and ps are correlation functions on M and X\ € [0,1], then the function
Ap1+ (L= X) p2 is a correlation function on M.

3. If Cy and Cy are covariance functions (correlation functions) on M, then Cy-Cs
is a covariance function (correlation function) on M.
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4. A General Class of Mosaic Random Fields

4. If (Cnym € N) is a sequence of covariance functions (correlation functions)
on M which converges pointwise to a function C' on M x M, then C is a
covariance function (correlation function) on M.

A function C : R? x R — R is called stationary if
C(z,y) =C(x+h,y+h), z,yhecR? (4.3)
and it is called isotropic if
C(z,y) = C(Rx,Ry), z,y €RYR €SO(d). (4.4)
Here SO(d) denotes the special orthogonal group in dimension d, i.e.
SO(d) = {R € R™* | R'R = I,det(R) = 1},

and the group operation is matrix multiplication. Note that SO(d) acts also on S%~!
and that this action is transitive, i.e., for all z,y € S¥! there exists an R € SO(d)
such that Rz = y.

If C:R? x RY — R is stationary and isotropic, =,y € R%, & # y, and if we take
h = —y in (4.3) and the rotation R, which maps (z —y)/|lz — y|| € S*! to the
unit vector e; = (0,...,0,1) in (4.4), then

Cla,y) = C(z —y,0) = C(||lz — yllea, 0).

If = y we have already after the translation C(z,z) = C(0,0) = C(||z — z|eq, 0).
Hence a stationary and isotropic covariance function is a function of the distance of
2 and y only. If on the other hand there is a function C : [0,00) — R such that for
C:RIxRY =R

C(z,y) =C(llz —yll), xyeR (4.5)

is true, then C'is clearly stationary and isotropic. Therefore in R¢ Condition (4.5)
is true if and only if both Conditions (4.3) and (4.4) are satisfied.

On an arbitrary set M stationarity or isotropy may not be well-defined. However,
we can use (4.5) as a definition for stationary and isotropic functions on a metric
space (M, dyr). Recall that the diameter of a metric space (M, dy) is defined by

diam M = sup{dpy(x,y) | z,y € M}.

Definition 4.1.3. Let (M, d),) be a metric space and define

I [0,diam M), diam M = oo,
M [0,diam M], diam M < oo.

1. A function C': M x M — R is called stationary and isotropic if there is a
function C' : I3y — R such that

C(z,y) = Cdu(z,y)), w,y€ M.
2. A function C' : Iy — R is said to be a (strictly positive definite) covariance
function on M, if the stationary and isotropic function C' : M x M — R

defined by C(z,y) = C(da(z,y)) is a (strictly positive definite) covariance
function on M.
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The metric space (S?, dga) is somewhat special. Because SO(d + 1) acts on S%, we
may call a function C : S x S* — R in analogy to (4.4) isotropic if

C(z,y) = C(Rx,Ry), z,y€S" R cSO(d+1). (4.6)

This definition is in line with the definition of weakly isotropic random fields on S?
in [59, 52] and that of homogeneous random fields on homogeneous spaces in [87]. It
follows from the definition of the metric dga that a function C' : S% x S* — R which is
stationary and isotropic in the sense of Definition 4.1.3, is also isotropic in the sense
of (4.6). The reverse implication is also true but not as obvious. For convenience of
the reader a proof is given in Appendix B.2. Because of this equivalence, we call a
function C' : S% x S* — R which is stationary and isotropic in the sense of Definition
4.1.3 simply isotropic.

4.1.2. Spectral Representation of Stationary and Isotropic
Covariance Functions on R? and S?

Let M = R? d > 1. In this chapter we denote the Euclidean inner product on R?
by (-,-) and the corresponding norm is denoted by || - ||. For any subset A of R? we
write Z%(A) for the trace o-algebra of A in Z(R?) where Z(R?) denotes the Borel
o-algebra over R?. The Lebesgue-measure on (Rd, B (Rd)) is denoted by .

The following characterization of continuous, stationary, and isotropic covariance
functions on R? due to Schoenberg [76] is based on Bochner’s characterization of
characteristic functions [12]. The Bessel function of the first kind J, is defined by
(for instance [35, Section 8.4])

v Z2n

J(2) = — Z (_1)n22"n!F(y r—— veC,largz| <. (4.7)

neNy

Theorem 4.1.4 (Schoenberg, 1938). Every continuous, stationary, and isotropic
covariance function C' : RY x R? — R is of the form

Cla,y) = /[ el =yl du), oy <R (48)
0,00

where p is a uniquely determined finite measure on ([0, 00), 2" ([0,00))) and for all

deN

r2 rd 76
Q =1- - o >0
olr) 2d+2~4-d(d+2) 2~4~6-d(d+2)(d+4)+ (r=0)
dN 72\ (d=2)/2
= <§> (;) Jia-2)/2(r). (r>0)
If p is a correlation function we have p(z,z) = 1 = ,u([O, oo)) from (4.8) for

the corresponding measure p, therefore the measure p associated with a correlation
function is a probability measure. The set consisting of all continuous correlation
functions g : [0,00) — [—1,1] on R? is denoted by ®4. In view of Definition 4.1.3 we
may identify ®; with the class of all continuous, stationary, and isotropic correlation
functions p : R? x RY — [—1,1] on R? and Theorem 4.1.4 shows that this set is
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4. A General Class of Mosaic Random Fields

parametrized by the set of all probability measures on [0, 00). It can be shown (see
[33] and references therein) that

(I)lD(I)QD"'D(I)oo:ﬂ(I)d,

with the inclusions being strict.

In 1942, Schoenberg published a paper [77] in which an analogous result was
given for the sphere M = S?. The base functions on the sphere are the Gegenbauer
polynomials C;, which are defined by the expansion (e.g., [26, Formula 18.12.4])

1
Z CMz)2" = ., n€Ng,A>0,re[-1,1] 2] <L (4.9)
eNo (1— 22z + 2?)

For A = 0 the functions C? are defined in [77] as
Cp(cos(8)) = cos(nb), 6 € [0,7], (4.10)

and we adopt this definition. Note that for A = 1/2 the generating function in
(4.9) is the generating function of the classical Legendre polynomials P, so that

1/2 . . . . . .
C’n/ = P,. The representation of continuous and isotropic covariance functions on
the sphere is as follows.

Theorem 4.1.5 (Schoenberg, 1942). Every continuous and isotropic covariance
function C : S% x S* — R is of the form

Cla,y) = Y anaCl Y (cos(dga(,y))), @,y €S, (4.11)

n€eNp

with non-negative, uniquely determined coefficients (an 4, n € No) such that the series
Cn.d 07(111—1)/2 1) converges.
ZHENO ’ g

From Theorem 4.1.5 it follows that every continuous and isotropic correlation
function p on the sphere S¢ admits the representation

L2 (cos (dga(z, y)
p(x,9) = > bna ng”(”?i) ) ), z,y € S, (4.12)

n€eNg

with a uniquely determined sequence (b, 4,n € Npy) of probabilities b, € [0,1],
ZneNO bna = 1. In analogy to the case M = R? the set consisting of all continuous
correlation functions g : [0, 7] — [—1,1] on S is denoted by ¥, and the sets ¥, are
non-increasing in d (see [33])

\1’13\1123"'3\?00:0\1/(1
deN

with the inclusions being strict. Theorem 4.1.5 in the form (4.12) shows that ¥,
is parametrized by the set of all probability distributions on Ny. The coefficients
bn.a are referred to in the literature [33, 88, 24] as d-Schoenberg coefficients and we
adopt this terminology.
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The Gegenbauer polynomials are orthogonal on [—1, 1] with respect to the weight
function w(x) = (1 — 22)*~/2 (for instance [26, Table 18.3.1]), in detail:

21-22 7 (n + 2X)

1
/<x@xa@xyﬂﬂkvwx:% n,m € No, A > 0,
—1

m(n + )\)(F(A))va
/0 Cp(cos(9))Cy (cos(6)) db = 5n,mm, n,m € Np.

Because for all n € Ny it is true that (e.g. [26, Formula 18.6.1])

I'(n+2))

Co(1) = TT(2))

A>0, CY1) =1, (4.13)

it follows from the orthogonality of the Gegenbauer polynomials that the Schoenberg-
coefficients in the expansion (4.12) are given by

n+d-—1 F
23—dg

fordZQandneNOandmcasedzl

bn,d =

= /2 / cld= /2 (cos(6)) sin~"(0)5(0) df (4.14)

1,2
by = M/ cos(nf)p(0)dh, n € N, (4.15)

where p : [0,7] — [—1,1] is the function associated to p : S¢ x S¢ — [-1,1]
via Definition 4.1.3. Theorem 4.1.5 may also be used to check whether a given
continuous function g : [0, 7] — [—1,1] is a correlation function on S% since p is a
correlation function on S? if and only if its d-Schoenberg coefficients (4.14) are non-
negative and sum up to 1. To give an example, it is well-known that the spherical
correlation function

3dM(‘r7y) dM(I7y)3
p(x,y) = (1 - 2% + 203 )]ldM(xay)Sav z,y €M, (4.16)
is a valid correlation function on (M, dy;) = (R%, || - — - ||) for d < 3 (e.g., [20]). In

[40], the authors used sine expansions of Legendre polynomials to obtain the follo-
wing representation of the 2-Schoenberg coefficients (b, 2,n € Np) of the spherical
correlation function (4.16), which we state here for later reference:

2n + 1 «—
bn,2 - 9 kz_% Cn,kan,ku n e NO7 (417)
4 20! (2k — ! 1)--- k
with € — 22 P (ntl)--(n4k) n,k € No,

T2n+ 1) K (2n+3)---2n+2k+ 1)
and a, ; = / p(0)sin((n + 2k + 1)0) sin(6) df, n,k € Ny.
0

Using this representation (4 17), the authors of [40] were able to show that b,» > 0
for all n € Ny and ZneN n2 = 1 hold true, implying the validity of the spherical
correlation function (4.16) on (M, dy) = (S? dg2). Gneiting [33] used a different
method and showed that (4.16) is a correlation function on the sphere S? for all
d < 3.

Another interesting result, which connects the Schoenberg-coefficients with strict
positive definiteness, is the following one [16]:
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4. A General Class of Mosaic Random Fields

Theorem 4.1.6 (Chen, Menegatto, Sun, 2003). A function p: [0,7] — [-1,1] is a
strictly positive definite correlation function on S¢, d > 2, if and only if b,q > 0 for
infinitely many even and infinitely many odd n € Ny.

4.1.3. Miscellaneous

Definition 4.1.7. A function ¢ : [-1,1] — [—1, 1] of the form
WY(t) = Z put™,  pn €1[0,1], Z pn=1, te[-1,1], (4.18)
neNg neNp

is called a probability generating function. If N is a Ny-valued random variable on
some probability space (2,2, P), the probability generating function of N 1y is
defined as

vn(t) =E(Y), tel-1,1].

If v is a probability measure on (NO,P(NO)), the probability generating function of
v 1, is defined as

Uo(t) =Y v({n})t", tel-11].
neNp

It is evident from the definitions that the probability generating function of a
random variable and its distribution coincide so that there is no reason to distin-
guish between them. Because the coefficients in the series above are non-negative
and because their sum is 1, the series above are well-defined. Probability generating
functions possess many useful properties. We state their stability under compositi-
ons as a lemma for later reference. The proof of the lemma is evident.

Lemma 4.1.8. Suppose L, K1, Ks,... are independent and Ny-valued random va-
riables. If the random wvariables (K;,l € N) are identically distributed, then the
Ny-valued random variable

L
zvz§:m
=1

has the probability generating function ¥y, o VY, .

Here and henceforth, we make the convention that an empty sum equals 0 and an
empty product equals 1.

Since there are two geometric distributions and because we are using both, let us
also mention that the abbreviation Geoy(p) stands for the distribution

Zp<1 - p)n71€n7 p € (07 1]7
neN

counting the number of independent and identically distributed Bernoulli trials nee-
ded to get a success and the distribution which counts the number of failures until
a Success 0Ccurs,

> p(1—p)en, pe(0,1],

n€eNy

is denoted by Geoy,(p).
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4.2. The Model

We consider a random field Z = (Z(z),z € M) on a second countable locally
compact Hausdorftf space M equipped with its Borel o-algebra. Let N be an Nj-
valued random variable, not almost surely equal to zero, and (U, ;,4,j € N) a doubly
indexed i.i.d. sequence of real-valued random variables with finite variances. Let
(Bn,n € N) be an i.i.d. sequence of random closed sets in M [63]. We assume
that the family formed by N, (U;;,4,j € N), and (B,,n € N) is independent. The
random variables U and B refer to a generic member of the sequences (U; ;, i, € N)
and (B,,n € N), respectively.

Let P,, denote the power set of {1,...,n}. For every n € N we define the family
(Cy, I € P,) of disjoint random subsets of M by

Cr = (ﬂB,-) N ( N B;).
iel FE{1,mI\T
If n =0 we define (Cy,I € Py) = (Cp) by Cyp = M. We call C; a random cell of M.
Let P*(N) denote the set consisting of all finite subsets of N and let a function
g : P*(N) — N be given. Suppose (I;,I € P,), n € Ny, are families of elements of
P*(N). We generalize the Poisson hyperplane tessellation model, the random token
model, and the dead leaves model as follows:

= > (Z Ug(l),j) laec,, € M. (4.19)

I1ePn “Mjelf

We call the random field Z simple mosaic random field and we write Z,; instead
of Z, when g is an injection of P*(N) and I; = {1} for all I € P*(N). In this case
there exists an i.i.d. sequence (UI, I eP* (N)) such that we have

Zy(x) £ Y Urleec,, €M, (4.20)

IePN

where the equality is in the sense of distribution. If M = R? the sets B, are
half-spaces determined by random hyperplanes in R¢, and N is taken to be Poisson
distributed, then Z,, is the Poisson hyperplane tessellation model in R

The choices I; = I, I € P*(N), and g = 1 in (4.19) lead to the field

Zrr(z) £ Y (ZU) vecr, T €M, (4.21)

IePn Niel

where in this case (U;,7 € N) is an i.i.d. sequence. Here each random closed set B,
is associated with a random variable and to each point x € M we assign the sum
of all random variables associated to random closed sets containing x. The random
field Zgy is called random token field if M = R¢ and we keep the name for general
M as above.

In a third example, we take g from the simple mosaic random field and (I;, I € P,),
n € Ny, from the random token field and get

Zyrr =Y (ZU ) weCys T € M. (4.22)

IePn Niel
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4. A General Class of Mosaic Random Fields

Figure 4.1.: From left to right: simple Mosaic with random half-spaces on [—1,1]?,

random token with random balls on the sphere, dead leaves with random
balls on the torus.

Figure 4.2.: Weighted sum of n = 10,100, and 200 realizations of a random token
field on the sphere.

We call Zy g mizture random field.

In the dead leaves model [61] the random sets (B,,n € N) are placed sequenti-
ally in M, partially overlapping previously placed random sets. The corresponding
random field Zpy, is defined at each « € M as Zpr(z) = U for the random variable
U associated to the latest random set covering x. In our setup, this random field
corresponds to the choices Iy = {1} and ¢g(I) = 1;zpmax [ for all I € P*(N), such
that

ZDL<m) i Z Ug([) ]]-:UGCU YIS Ma (423)

I€EPN

for an i.i.d. sequence (U;,i € Np).

Realizations of different mosaic random fields on [—1, 1], on the sphere, and on
the torus are illustrated in Figure 4.1. Figure 4.2 displays the weighted sum of
n = 10, 100, and 200 realizations of a mosaic random field on the sphere.

In order to get reasonable analytic formulae for the covariance function of Z, we
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4.2. The Model

assume that there exist functions f, : N2 — Ny, n € Ny, such that for all n € N
LN = fu(INJL LA J|) forall I,J € Py, (4.24)

holds, where /A denotes the symmetric difference of two sets. In the following we
present a class of functions f, for which we can construct families (I;,I € P,),
n € Ny, such that (4.24) holds. The functions corresponding to Zys, Zrr, Zymrr,
and Zpy, above are given by f,(i,7) = 1, and f,(i,j) = i, respectively, and they are
included in the following class.

Lemma 4.2.1. Suppose that (a,,n € Ny), (b,,n € Ny), and (c,,n € Ny) are
sequences such that for everyn € Ny, a, € Z, by, ¢, € Ny holds. Assume furthermore
that for alln € Ny, a, > —by, ¢, > nb, holds true, and set f,(i,j) = ani—byj + cn,
i,j € Ng. Then there are families (I;,1 € P,,), n € Ny, such that (4.24) holds true.

Proof. Fixn € Ny. Let A and B;,C;, i = 1,...,n, be disjoint subsets of N such that
|A| = ¢, — nby,, and |B;| = b, |C;| = a, + b, holds true for i = 1,...,n. Set

=AlJ (ZG{HH}\[ ) U (]LGJI Cj), I€P,,

then we get for all I,.J € P,

U U ®nB)

te{l,...,n}\I je{1,...n}\J
~ A+ (n = LU ) B + 1IN TIGi] = £, (201111 2 ),

I NIy = |A] +

+ U @incy)

el jeJ

and the lemma is proved. O
For z,y € M and n € Ny, let
ps =P(x e B) and p,, = P(z,y € B),
and let
Vigw = (V2 V2 Y3yt

Ty,n’ T xy,n’ T xyn’ L xy,n

be a multinomial distributed random vector with parameters n, p,y, Pz —Dey: Py—Pay,
and 1 — p, — py + pgy. In the case n = 0, the vector V,,,, equals the zero vector
almost surely.

Theorem 4.2.2. Suppose that there are functions (fn,,n € Npy) such that (4.24)
holds true for the families (I;,I € Py), n € Ny, of the random field (Z(x),x € M)
defined in (4.19). Then for all x,y € M it is true that

E(Z(x)) = E(U)E(fn(Vyyn,0)) (4.25)
and
E(Z(x)Z(y)) :Var(U)E(f (VyNavxyN szN))
+E(U>2E(f (VyN+ s 0) N (Y, yN+‘/:c3yN7 )) — Gy Var(U)
(4.26)
with
ny:E( Z P(x6CI,yGC’J)fN(|]ﬂJ|,|IAJ|)) (427)
1,JEPN
g(D)#g(J)
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4. A General Class of Mosaic Random Fields

Proof. By definition of the cells, independence and identity of the distributions of
the B;, i € N, we have for every n € Ny, I € P,, and every x € M

PxeC)=[[PwxeB) ][ Pl¢B)=p'1-p) "

iel je{1,...n}\I

Using this we get

=Y P(N=n) E(Z (Z Ugu),J) 111601)

neNg 1ePy, jEHI
=Y P(N=n)> PlxeC)) ElUyu.
neNp IePy, i€l
U) > POV =mn) > o1 =pa)" L.

By assumption |I;| = f,(|I|,0), and as there are (}) subsets of {1,...,n} with k
elements, we find

B(2(0) = B() 3 PO =) 3 () )okl0 - p£ulk0)

n€eNg k=0

U) Y PN =n)E(fu(Vips 0[N = n) = E(U) E(fn(Vie: 0)),

n€Ng

proving formula (4.25). Regarding the mixed moment, we have

> E(UniUgy) =EOP (LI = L 0L+ Y E(UymUy.)

i€lr,jely i€lrNly

for all 7, J € P*(N). Since the second indices of the random variables in the last sum
are equal, the last sum equals E(U?)[I; N1;| in case g(I) = g(J) and E(U)?[I; N1,
otherwise. Hence

D D E(Ugw)ilUsays) = EW)? [I]|Ly] + Var(U) [I; N 1| Tgy=g(s)-

i€lly jely

This yields

E(Z(2)Z(y)) =) P(N=n) Y PleCLyeCy) ) > EUynUy.,)

neNy 1,JePy, i€l jely

=Var(U) Y P(N=n) Y PlxeCryecCy) LNl

nE€Ng 1,JePn

+E(WU)* Y P(N=n) Y P(zeCrycCy)LILl

nENp 1,JePn
— Var(U) G,y
Furthermore, for n € Ny,
P(I‘ S Clay € CJ)
= P(z,y € B)IIOJ\P(x €B,y¢ B)\I\le(g; ¢ B,y e B)IJ\I|P<x’y ¢ B)n—ou|

\IﬂJl(pw _ pxy)II\JI( n—|10J]

= Pxy Dy — pwy)lJ\[‘(l — Pz — Py + Day)
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4.2. The Model

With the assumptions on (I, I € P,), n € Ny, and the multinomial distribution we
get

Z P(ZL’GC[,yGCJ) |]I]ﬂHJ|
1,JePy,

— n k1 B ko B ke
Z <k17 k27 kg, k4)pmy (px pipy) (py pxy)

k1,k2,k3,ks€No
k1+ko+kz+ka=n

X (1 — Pz — py +p:cy)k4fn(k51> k2 + kS)

= E(fo (Vi Viyu + Vi

TY,nr T xY,n TY,n

)|IN =n). (4.28)

Similarly, the sum >, ;o P(x € Cr,y € Cy) [I1|[1;] reduces to the expression (4.28)
where f, (Vxlyvn, V2t ny,n) is replaced by fn(va;ly,n + V20 0) fx (Vxlyn + Viymo 0),
yielding formula (4.26). O

Remark 4.2.3. As the proof of Theorem 4.2.2 shows, the restriction to mosaic random
fields for which the associated sets (I;,I € P,), n € Ny, satisfy Condition (4.24)
allows us to utilize combinatorial arguments in order to obtain a rather simple
formula for the mean and the first mixed moment of the mosaic random field. Lemma
4.2.1 gives a class of functions (f,,n € Ny) such that there are always associated
sets (I, I € Py,), n € Ny. In general, there are functions (f,,,n € Ny) such that there
can not exist sets (I;,I € P,), n € Ny, for which (4.24) is satisfied. An example is
given by f,(i,7) = j for all n,i,j € Ny. Indeed, if there would exist associated sets
(I;,I € P,), n € Ny, then n =2, [ =) and J = {1, 2} results in

|I[I m]IJ| = f2<07 2) > f2<070> = |]II|7

which can not be true. On the other hand, there are sets (I;,I € P,), n € Ny, for
which there can not exist function (f,,n € Ny) such that (4.24) holds true. This
can be seen from the example I; = I U {1} for all I € P, and n € Ny, which yields
forn=>51=1{1,2,3}, and J = {1,2,4}

£5(2,2) = [I; N1I,| = 2,
and for I = {2,3,4} and J = {3,4,5} Condition (4.24) implies
f5(2,2) = ’]Ifﬂ]lj‘ = 3.

For sets (I, I € P,), n € Ny, that do not satisfy Condition (4.24), the expectation
E(Z(z)) and the first mixed moment E(Z(z)Z(y)) of the corresponding mosaic
random field can not be computed as in Theorem 4.2.2, but there can be of course
similar arguments that lead to similar formulae. The author considers the formu-
lation of a more general conditions than (4.24) and a proof of Theorem 4.2.2 with
such a condition as an area of further research.

We write p;, i = M, RT, M RT, and DL, for the correlation function of Z;. Fur-
thermore, recall that ¥y denotes the probability generating function of the Ny-valued
random variable V.

o7



4. A General Class of Mosaic Random Fields

Corollary 4.2.4. Let U, N, and B be such that Var(U) > 0, E(N) >0, and p, > 0
for all x € M. Then for all x,y € M

pM(xay) :¢N(1 +2p9€y — Dz _py)’ (4'29)
aPzy + Opapy
prr(T,Y) = (4.30)
V(@ +bp,)(a+ bp,)p.p,
with a = E(U?)E(N) and b = E(U)?*(Var(N) — E(N)),
,OMRT(-TJ y) _ Dy (C¢§v(1 + 2pa:y — Pz _py) - d) n pRT(Q; y) (431)
’ V(a+bp,)(a+bpy)p.p, ’
with ¢ = Var(U) and d = Var(U) E(N), and
_9 1—p. —
pDL($7 y) _ pmy + (px + py pzy)¢N( Dz py + pxy) (432)

Pz + py - pxy
hold true.

Proof. For the simple mosaic random field (4.20) we have I; = {1} for all I € P*(N),
hence the functions f,, in (4.24) can by taken to be identically 1. Consequently, we
get

E(Zu(z)) =E(U) (4.33)

for all x € M from (4.25). Since g is injective for this field, we have for all z,y € M
for the variable G, from (4.27) with the same reasoning as in the proof of Theorem
4.2.2

Goy= Y P(N=n)) PxeCryeCy)

n€Ng I1#J

=1-Y P(N=n))Y Px,ycC)

neNg IeP,
=1 _wN(l +2pmy — Dz _py>‘

Thus formula (4.26) yields

From this we can compute the variance of Z;(z), the covariance of Zy(z) and
Zn(y), and then (4.29) follows. In case of the random token field (4.21), we have
I; = I for all I € P*(N), and we can choose f, to be the projection on the first
coordinate. Therefore

E(Znr(x)) = E(U)E(V, x) = E(U) E(N)p, (435)

by Theorem 4.2.2. The function ¢ is identically 1 in case of the random token field,
hence G, = 0 and

E(Zrr(2)Zrr(y)) = Var(U) E(Vyy ) + E(U)? E((Vayw + Vayw) (Vayn + Vay n))
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4.2. The Model

by (4.26). The covariance of the components of a multinomial distributed random
vector is well-known and a straightforward computation yields

E(Zrr(2)Zrr(y)) = E(U*)E(N)pay + E(U)*(E(N?) — E(N))pap,
= APgy + bpxpy + E(ZRT(:E))]E(ZRT(:{/))? (436)
which implies (4.30). Now consider the mixture random field (4.22). Again, we have
I; = I for all I € P*(N) and we can choose the same f, as above. Consequently,

E(Zyprr(x)) = E(Zgr(z)). But in contrast to the random token field, g is injective
for the mixture random field. Reasoning as in the proof of Theorem 4.2.2 we obtain

Goy= Y P(N=n) > PxeCLycCylInl|

nENp 1,J€Pn
- Z P(N =n) Z P(z,y € C))|I|
pxy Z P + 2pxy Dx — py>n_1 npxy
n€Ng

E(N)pxy pxywﬁv(l + 2pxy — Pz — py)
and then with (4.26) and (4.36)
E(ZMRT< )ZMRT(y))
= E(ZRT( )ZRT( )) — ny Var(U)
= Cpxzﬂ%\f(l + 2pxy — Pz — py) + ((Z - d)pry + bpa:py + E(ZMRT(x))E(ZMRT(y))

This shows (4.31). For the dead leaves model (4.23) we have f,, =1 for all n € Ny
and hence E(Zp(z)) = E(U). In order to compute G, we let

A, = Z Pz e Cr,y e Cy), neN.

1,JePy,
g(I)=g(J)

Writing P13 = P, U{IU{n+1}|I € P,} and using g(I) = 1, max [ we get the
recurrence relation
A1 =P(z,y ¢ B)A, + P(z,y € B), n €Ny,
which leads to
P(m,yEB) P(xe B,y¢ B)+ P(x ¢ B,y € B)
for all n € Ny, and then with (4.27)
Goy=1- )Y P(N=n)4,

n€eNg

_ PlxeB,y¢B)+P(x¢ B,yc B)
- 1—P(z,y ¢ B)

Collecting terms we get with (4.26)

A_

P(z,y ¢ B)"

(1 —4n(Plx,y ¢ B))).

Dz + py - 2pxy
Dz + py - pmy
and then (4.32) follows. O

E(ZpL(x)Zpr(y)) = E(U?) = Var(U) (1 — n(1 — ps — Py + Pay))
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4. A General Class of Mosaic Random Fields

Remark 4.2.5. Let us consider the special case where N is a Poisson random variable.
In this case we write p}, i = M, RT, and M RT for the correlation function of Z;.
Plugging in the moments and the probability generating function of the Poisson
distribution into formulae (4.29), (4.30), and (4.31), yields the relation

Var(U)
E(U?)

pyirr = APrr Py + (1= A) ppr with A = € (0,1].

In view of the simulations in Sections 4.4 and 4.6 the absolute third moment
E(|Z(x)[*) appearing in the Berry-Esseen Theorem (4.55) is also of interest. The
next proposition provides bounds for this absolute third moment for the general
mosaic random field and its submodels.

Proposition 4.2.6. Under the assumptions of Theorem 4.2.2 we have for the mo-
saic random field Z in (4.19)

E(|Z()) < E(UP)E(fn (VL. 0)%). o€ M. (437)

If the mosaic random field is a simple mosaic random field (4.20) or a dead leaves
random field (4.23) we have

E(|1Zu(2)]*) = E(|ZpL(z)’) = E(|U]*), =z € M. (4.38)
In case we have a random token field (4.21) or a mizture random field (4.22),

E(|Zrr(2)]*) = E(|Zypr(2))
< pE(|U)) (PZE(N?) + 3p,(1 — po)E(N?) + (1 — 2p,)(1 — p.)E(N))  (4.39)

holds true for all x € M.

Proof. Let x € M and let Z be the general mosaic random field (4.19). By disjoin-
tedness of the cells (C, I € P,,) for every n € Ny we have

B(|2)F) ~E( ¥ S Uy 1 o))

IEPN 16]1[

=Y P(N=n)> PlxeC)k (

n€eNp IePy,

Z Ug(nyi

i€l

) . (4.40)

In case Z is a simple mosaic random field or a dead leaves random field we have
I; = {1} for all I € P*(N). Since the random variables U, ;, i, j € N, are identically
distributed, the equality (4.38) follows from (4.40).

In the general case, for every choice of the functions g, for each n € Ny, and
all I € P,, the sum Zze]l o(1),i 18 just a sum of |I;| = f,(]7|,0) independent and
identically distributed random variables. Minkowski’s inequality yields

E(ZUQ(D,f) (S ”3> — (L OVE(UT),

iGH[ ZEHI
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4.3. Random Closed Sets in R

so that with the random variables V\, , ~ Bin(n,p,), n € No, x € M, of Theorem
4.2.2, we get from (4.40)

E(|Z(@)’) <E(|UP) Y P(N =n) Y P(z € C;)fu(|1],0)°

neNp IePy,
=E(U’) Y P(N=n))_ (Z)P(x e BY*P(x ¢ B)" *f,(k,0)°
n€eNy k=0

=E(|UP)E(fv(Vern,0)),

i.e. the bound in (4.37) for the general mosaic random field holds true.
The bound in (4.39) follows from (4.40), f,.(i,7) =i for all i,5 € N,n € Ny, and

E((V;lzn)i%) = Dy (pin?’ + 3pe(1 — pe)n® + (1 — 2p,) (1 — pz)n), n € Ng,z € M,

since V.., . ~ Bin(n, p,). O

TN

4.3. Random Closed Sets in R?

The formulae in Corollary 4.2.4 depend on the law of the random closed set B
through the probabilities p, = P(x € B) and p,, = P(x,y € B). Observe that for
every + € M we have p, = p,, so that it suffices to compute p,, for all z,y € M.
In what follows we give examples for B and compute these probabilities to obtain
explicit correlation functions in the next section. In order to get reasonable formulae
we require that the random sets are in some sense uniformly placed in R?. In the
pertinent literature this is typically done by placing the random sets at the points of
a Poisson point process. The drawback of this method is that the number of random
sets N must follow a Poisson distribution. As the formulae in Theorem 4.2.2 and
Corollary 4.2.4 indicate, different distributions for N may lead to different types of
correlation functions, depending on the concrete choices determining a submodel. In
the sequel we let M be a bounded subset of R?, and it is convenient - and without
any serious loss of generality - to assume furthermore that M is closed or open.
In this way it is possible to place the random sets uniformly on M and have an
arbitrary distribution on Ny for the number of random sets.

As a first example we take a half-space delimited by random hyperplanes for the
random closed set B. A hyperplane P(z,r) in R?, given in normal form, is the set
of all z € R? with (z,z) = r, where x € S*!, r € R, and rx is the vector from the
origin perpendicular to P(x,r). The hyperplane P(z,r) divides R? into two half-
spaces, consider the half-space that is given by H(z,r) = {z € R?|(z,2) > r}. Let
(Xn,n € N) be an independent sequence of uniformly distributed random variables
on S (e.g., [67, 60]) and let (R,,,n € N) be an independent sequence of uniformly
distributed random variables on the interval [—C)s, Cy] for a constant Cpy > 0
large enough such that M is contained in a closed ball with radius C'; centered at
the origin. Furthermore, let (X,,,n € N) and (R,,,n € N) be independent. Then
(H,,n € N) defined by

Hy,=H(X,,R)NM=1{z€M|(z,X,) > R,}, neN,

is a sequence of random closed sets in M.
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4. A General Class of Mosaic Random Fields

For the second example we fix a > 0 and let (Y,,n € N) be an independent
sequence of random variables, uniformly distributed on the ball B¢, 14/2(0) of radius
Chr + a/2 centered at the origin. Furthermore, let (D,,,n € N) be an i.i.d. sequence
of [0, a]-valued random variables, independent of (Y,,n € N). Then (B,,n € N)
defined by

D

B, = Bp, s(Ya) N M = {z c M‘ 1z = Y| < 7"} neN,

is an i.i.d. sequence of random closed sets in M. Since Y is uniformly distributed
and independent of the diameter D, we have

E(Ad(BD s2(x) N Bp/z(y)))

P(x,y € Bpps(Y)) = P(Y € Bpa(x) N Bpja(y)) = M (Bey+a/2(0))

(4.41)

for all x,y € M. If for example D is taken to be deterministic, this reduces to a
normalized geometric covariogram of a ball (e.g., [53]).

The intersection of two balls in R¢ can be represented as the union of two equally
sized hyperspherical caps. Hence, if D is equal to some 0 < t < a it follows from
(4.41) and [55] that

P(a:,y € Bt/z(Y)) =

P fden
ﬁ(QCM + a)dF((d + 1)/2) 1-dZ, /t? 2 7’9 day<t»
(4.42)

where we define d,, = ||z — y|| and
B.(a,b) = / (1 — ) tat, x€[0,1],a,b >0,
0

is the incomplete Beta function (for instance [26, Section 8.17]). For example in
dimension 2, we can use [26, Formula 8.17.20] and [35, Formulae 8.391 and 9.121.26]
to obtain for d,, <t

31 1 11 d, d% \1/2
Bi-az, 2 (5’ 5) - §Bl‘d3y/t2(§’ 5) - Ty( - t_2y)
d? \1/2 113 d? 1
_ Ty . zy 2 2 \1/2
(=) (L LSy e
( t2> 2127979 £2 £2 v )
. Az, N2y 1
:arcsm(( _t_2y> > t—QdIy(t?—alfcy)l/2
day 1 2 2 \1/2
= arccos <T> —t—2dxy(t —dg,) " (4.43)

Here , Iy is the hypergeometric function which is formally defined by

oo, oo 0 By, By 2) = k%\;() (B (By)k k!

with (a)o=1, (a)y=ala+1)---(a+k—1), keN,
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4.3. Random Closed Sets in R

see [35, Section 9.14] and [26, Section 16.2] for more information.
From (4.42) and (4.43) it follows for d = 2 that

2 d, S ——
P(l’, Yy € BUQ(Y)) = m (tz arccos<7y> — dxy t2 — d?z:y) ]ldzygt'

If the diameter D is chosen to be a continuously distributed random variable, equa-
tion (4.42) has to be integrated with respect to the distribution of D. Sironvalle
showed in [81], that for d = 2 the choice

1
F(l’) - —(CL -V a® — I2)10<a}<a + ]lac>a7 HARS R, (444)
a <z<

for the distribution function of the diameter D results in P(x,y € B) being propor-
tional to the spherical correlation function

3d,, d
p(z,y) = (1 - 2—ay + 27:;)) 14,,<a- (4.45)

In Proposition 4.3.1 below we consider the case of uniformly distributed diameter.
An example for random sets which lead to a stationary but anisotropic correlation
function is given by hyperrectangles of the form

E,=EZ)NM={zeM||zy—Z}| <ay,....|2a— 2% <aq}, neEN,

for ay,...,aq > 0 and an i.i.d. sequence (Z,,n € N) such that Z = (Zl, - Zd) is
uniformly distributed on [[¢_, [ (R + ax), Ry, + ax] where R = [[¢_, [~ Ry, Ry is a
hyperrectangle large enough such that M C R.

Proposition 4.3.1. Suppose that M C R? is as above, fix v,y € M, and let d,, =
lz —yl|. Then for H= H(X,R)NM

P(z,y€ H) = %(1 — ¢y iy ) (4.46)

holds with cq = T'(d/2)/(v/7L((d 4+ 1)/2)). For B = Bp;(Y) N M with D being

uniformly distributed on [0, a] the following formula holds true

_ d+1 1\ dit d+1 d
P(ﬂ% ye B) =Cq (adB1—dgy/a2 <T’ 5) - ay Bl—dgy/a2 (T’ —§>)]1dzyga,
(4.47)

where dg;lBl,diy/az ((d+1)/2,—d/2) is defined as zero for dy, = 0, and the constant
is ¢a =T(d/2+1)/((d+ 1)/7(2Cy + a)T((d + 1)/2)). For E=E(Z)NM

1

P(z,y € E) :Hm(

k=1

2ay, — | — yil) (4.48)

holds true.
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4. A General Class of Mosaic Random Fields

Proof. The point (z,7) € S¥~! xR defines the same hyperplane as the point (—z, —r),
but due to the opposite direction of the normal vector x we have the relation
H(z,r)\ P(x,r) = H(—xz,—r)¢ for the half-spaces. By construction, X and R
have the same distribution as —X and — R, respectively. Thus
P(z € H(X,R)) = P(x € H(—X,—R))
=P(z € H(-X,—R)\ P(—X,-R)) = P(z ¢ H(X,R)),

which implies P(z € H) = P(x ¢ H) = 1/2 for all z € M. Now let x # y and
d > 2, then
Plxe Hyy¢ H)=P((X,y) < R< (X,z))

—1 —
- /Sdl ZCM (<Z7 .17) B <Z’ y>)]l<sz>><z»y> dOd_1<Z)

dzy xr—y
E<<X >)]1 .
2CM dzy <X7( y)/dzy>>0

Let R be a rotation which maps (z — y)/dy, € S*! to the point (0, ..., 0, 1), then
(X, (r—y)/dyy) = <RX, (O, ..., 0, 1)> Since RX and X have the same distribution,
we have using (1.1) and (1.2)

2w

T —y 1 . 1

for d =2 and for d > 3

T—y
E<<X 7d—>)1<x,<xfy>/dzy>>o

Ty

(d/2)
- 27Td//2 / / / cos(fg—2 Hsm (0r) Leos(0y_2)>0 d0d—2 - . . dO1dp

)
2yal((d+1)/2)
where we used [35, Formulae 3.621.1, 3.621.5, 8.384.1, and 8.335.1]. For d = 1,
one can do the same computation without spherical coordinates since the uniform
distribution on S° is just the two-point distribution on {—1,1} which assigns both
values probability 1/2. For = = y, the probability P(x € H,y ¢ H) is zero. Hence,
we have for all z,;y € M and d > 1

1 d
PreHy¢H) =cy= 2
([EG 7y¢ ) Cd220M

and formula (4.46) is then obtained from
Pz,ye H)=Px e H)—P(xe Hyy¢ H).
In the case of the random set Bp/o(Y) N M, it follows from (4.41) and (4.42) that

]]' Ty G “ d+1 ]_
P(x,yEBD/Q(Y)ﬂM) :da—c;/ (d+1)t"B,_ d2y/t2< 5 )dt
d

CLCd

]ld < 1-d2, /t?
T2t / / (d+1)t?s94D/2 (1 - 5)"Y2dsat.
day
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4.3. Random Closed Sets in R

An application of Fubini’s theorem yields for the integral

1— dzy/ 2 a
/ S(dfl)/Q(l . 8)71/2 / (d + 1) t4 dt ds
0

dey/V1—s

d+1 1 1=dy /o
_ d+l d+1 (d—1)/2 —(d+2)/2
= Q Bl*d%y/aQ (T, 5) —/Ov d;ty S( )/ (1 — 3) ( )/ dS.
The last integral is 0 if d,,, = 0, and we can write it as dg;lBl_dgy/ag ((d+1)/2,—d/2)
if 0 < d,y < a. Collecting terms we obtain (4.47).

Regarding (4.48), the components of Z = (Z*, ..., Z?) are independent and uni-
formly distributed on [—(Ry + ax), Ri + ai) and (4.48) follows from

d
xyEE :HP \xk—Zk\gak,|yk—Zk]§ak)
k=1

and

1
P(lax — Z% < ap, |y — ZF| < ) = )(2ak—|$k—yk|)+

2(Rk+ak
fork=1,...,d. O

Remark 4.3.2. The correlation functions in Corollary 4.2.4 depend on x and y only
through the probabilities p,, = P(z,y € B). Proposition 4.3.1 and equation (4.42)
show, that the functions (z,y) — p,, are stationary and isotropic on M if the
random set B is a random half-space H (X, R) or a random closed ball Bp/»(Y").
Therefore, the correlation functions that we get from the combination of Corollary
4.2.4, Proposition 4.3.1, and equation (4.42), will be stationary and isotropic. To
get less regular correlation functions, more general random closed sets B have to be
considered.

A very simple choice for the distribution of the random variable N in (4.29) on
page 58 is N = 1. This leads to the correlation function

p(x,y) = P(x,y € B)+ P(z,y ¢ B), z,y€ M, (4.49)

for the simple mosaic random field which is build from one random closed set. Taking
random half-spaces H as random closed sets B, we obtain with (4.46)

Plr,ye H)=PlxeH)-Ply¢ H)+ P(x,y¢ H) = P(x,y ¢ H),

and therefore (4.49) becomes with (4.46)

plz,y) =1—cq QdC; v,y € M,

with the constant ¢; = T'(d/2)/(v/7T((d + 1)/2)). This base correlation will be
used hereafter to produce more evolved correlation functions. Before doing so, let
us take a closer look at the behaviour of the constant c; which governs the decay
of the base correlation (4.49). For d = 1,2, and 3 the factor ¢; equals 1,2/m, and
1/2, respectively. Figure 4.3 suggests, that ¢y is strictly decreasing as the dimension
increases to co. The following lemma shows, that this is indeed true and that cq4
converges to 0.
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4. A General Class of Mosaic Random Fields

Cq o5

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

d

Figure 4.3.: The factor ¢4 ford =1, ..., 20.

Lemma 4.3.3. The sequence (cq,d € N) is strictly decreasing to 0 as d increases to
00.

Proof. From [50] we have the following inequality for the quotient of gamma functi-
ons:

ca-vveey  TEED aoveeny o0y e 0.1), (4.50)
['(z+ )

Here U(z) = % log(I'(x)), > 0, denotes the digamma function (e.g., [26, Formula
5.5.2]). Using (4.50) with A = 1/2, we have for all x > 1/2

I'(z) I'(z+1) S e 1/2W(e+1/2) 1/29(2+1/2) _ |
I'(z+1/2)T(x+1/2) ’

hence
I(z) D(z+1/2) 1

> >
Jil(@+1/2)  Vallz+1) "~ 2
implying ¢4 > c44q for all d > 1. For d = 1 this inequality is also true so that
(cq,d € N) is strictly decreasing. From [26, Formula 5.15.1] we have

o0

V(z) = Zm x>0,

k=0
so that WU is strictly increasing. The mean value theorem entails that for all x > 0
log(D(z + 1)) —log(I'(z)) = ¥(xo)
for some ¢ € (x,x 4+ 1). Since V¥ is strictly increasing we get

10g<f‘(x—+1)> =logx < ¥(x+1)

()
so that ¥ increases to co as x — co. Another application of (4.50) yields
['(z) 1 —1/2%(z) 1
< —= > =
Vrl(z +1/2) \/Ee Ty
which implies that (¢4, d € N) converges to 0. O
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4.4. Explicit Correlation Functions on Bounded Subsets of R¢

4.4. Explicit Correlation Functions on Bounded
Subsets of R

In this section we give examples of correlation functions on bounded subsets M of
R? which can be obtained for the mosaic random field (4.19) by the combination of
Proposition 4.3.1 and Corollary 4.2.4.

Before we begin with the examples, let us mention a lesser-known probability
distribution and its probability generating function which we will use frequently in
the following. In [80] it was shown, that for every a € (0, 1),

al'(n —a)

= 4.51

defines a probability distribution >°, _ pngn on (N, P(N)). This distribution can be
extended to a € (0,1] by letting p; = 1 and p, = 0, n > 2, in case @ = 1. In the
following, this distribution will be called Sibuya(a) distribution after [80]. By the
functional equation of the gamma function we have for every o € (0, 1)
I'(n—«a)
n=——=, e N.
b ['(—a)n! "

Using this and [73, Formula 7.3.1.27] we have for the probability generating function
¥ of the Sibuya(«a) distribution

W(t) :ant":1—z%%:1—(1—t)a, te[-1,1],a € (0,1).

(4.52)

Since 1 — (1 — ¢)* is also the probability generating function of the Sibuya(«) dis-
tribution in case v = 1, the result of (4.52) holds true for all o € (0, 1].

L |||\|w\
R EEEEEEEEEEREIE) 0 1 2 3 4 5 6 7 8 8§ b o o2 B o# B

n n

(a) a=0.8. (b) a =0.4.
Figure 4.4.: The probabilities py, ..., pgo in (4.51).
Figure 4.4 displays the probabilities py,...,py for different a. The Sibuya(a)
distribution is heavy-tailed for o € (0,1). To see this, we write (4.51) as

a 'n+1-—a)
I'l—a)in—a) TI'(n+1)

Pn = , n € N.

67



4. A General Class of Mosaic Random Fields

An application of Gautschi’s inequality [26, Formula 5.6.4] for the quotient of gamma
functions yields the bounds

Tl—a)m—a)nt e "= Ta=a)m—ame’

neNaec(0,1). (4.53)

From this it follows that

« 1
annZ F(l——a)zﬁj

neN neN

and we conclude that the Sibuya(«) distribution does not have a finite mean if
a € (0,1).

For the simulation of Sibuya(«) distributed random numbers for o € (0,1) we
use the following result which is taken from [80] (see also [25]): If X; ~ Exp(1),
Xy ~ Gamma(l — o, 1), and X5 ~ Gamma(a, 1) are independent random variables
and N is Poisson distributed with random parameter A\ = (X;X5)/X3, then

1+ N ~ Sibuya(a).

In case a = 1, we have by definition Sibuya(a) = ¢;.

The next lemma is used for our simulations of approximate Gaussian random
fields below. It is a direct consequence of the multivariate central limit theorem
(e.g., [6, Satz 30.3]).

Lemma 4.4.1. Let M be a set, let Z = (Z(x),x € M) be a real-valued and square-
integrable random field on M with correlation function p, and let (Z;,i € N) be a
sequence of independent copies of Z. Let the sequence of random fields (S,,n € N)

on M be defined by

n

S(x) = 1 S Zifw) - nIE(Z(x))), neNzeM  (454)

nVar(Z(z)) “im1

IfY = (Y(z),z € M) is a centered Gaussian random field with the covariance
function p, then for each m € N and any zy,...,x, € M, the random vector
(Sn(;vl), . ,Sn(a:m)) converges in distribution to (Y(a:l), . ,Y(xm)) as n — 0o.

Henceforth, the random field (4.54) will be called an approzimate Gaussian random
field. If we can simulate the random field Z in Lemma 4.4.1, then we can simulate
an approximate Gaussian random field with the correlation function p of Z as its
covariance function by means of (4.54).

There are many approaches which have been developed in order to decide from
which number n of superpositions in (4.54) onwards, (4.54) can be considered as
a Gaussian random field for practical purposes (for an overview see [53, Section
15.2.5]). One of these approaches is given by considering the Kolmogorov distance

sup [P(S,(2) <y) — @(y)|, =€ M,

yeR

between the marginal distribution of S,, and the standard normal distribution (here
® denotes the distribution function of the standard normal distribution). We may
then think of (S, (z),z € M) as an adequate approximation to a Gaussian random
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4.4. Explicit Correlation Functions on Bounded Subsets of R?

field if this distance is small. The Berry—Esseen theorem [9, 27| provides an upper
bound for this distance:

CeeE(|Z(x)])
su Sp(x) <y)— < )
yeﬂliuj( (z) <y)—(y)| < Var(Z(x))g/Q\/ﬁ

z € M. (4.55)

The constant Cgg in the bound is valid for any distribution of the random variable
Z(x) defining the sum S, (x). In the original work [27], the value of Cgp was given
as 7.59. It has been lowered successively over the years up to a value of 0.4784 in
[49] more recently. For simplicity we assume Cpr = 1/2 henceforth.

This criterion is certainly not the best possible, since (4.55) does only involve
the marginal distributions and the convergence that we aim for is the convergence
in the sense of the finite-dimensional distributions. However, the advantage of this
approach is that the information that is necessary in order to apply the criterion
is available for the random fields that are considered in this thesis (see Proposition
4.2.6 for the mosaic random field and Proposition 5.2.4 on page 110 for the spectral
turning bands random field on S¢ that is presented in Chapter 5). Therefore, we
stick to this criterion and keep in mind that the bound on n that is obtained from
(4.55) will be too small in general.

All simulations in the present thesis have been performed with the Scilab software
package [79, Version 6.0.1].

Ezample 4.4.2. The generalized Cauchy correlation function [32, 34] in R? is of the
form

p(z,y) = (1 + (%)a> _B/a, z,y € M. (4.56)

c
Here ¢ > 0 is a scale parameter and a € (0,2], § > 0, are shape parameters.
Suppose M is a bounded and closed subset of R? then a mosaic random field
having the correlation function (4.56) can be obtained as follows. The negative
binomial distribution NegBin(r, p) with parameter r > 0, p € (0,1), is defined by
the probability mass function
L(n+r)
= ———p" (1 —p)", € No.
= gy P e
The probability generating function ¢; of the negative binomial distribution is of
the form
1 1—pN—
bi(t) = <———t> . te[-1,1].
PR [—11]
Composing this probability generating function with the probability generating
function 1y of a Sibuya(a) distribution (4.52) yields

(Wrov)(t) = (1+ %(1 —07), tel-11. (4.57)

At this point we have to make the restriction a € (0, 1], otherwise (4.51) would
not define a probability distribution (this can be seen by considering the first pro-
bability p;). Concerning this restriction, see also Remark 4.6.2 in Section 4.6. If
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4. A General Class of Mosaic Random Fields

now L is an NegBin(r, p) distributed random variable and if (Kj,l € N) are inde-
pendent Sibuya(«a) distributed random variables, independent of L, then by Lemma
4.1.8 N = Y}, K; has the probability generating function (4.57). By (4.29), Corol-
lary 4.2.4, the correlation function of a simple mosaic random field for which the
underlying mosaic is build from N random sets has the correlation function

1—p -r
p(%y)z<1+T(px+py—2pxy)“> . x,y € M.

Let us now choose for this simple mosaic random field random half-spaces H (X, R)
as random sets. Here X ~ U(S* 1), R ~ U([—Chr, Cur]), and Cyy > 0 is a constant
large enough such that M C Bg,,(0) C R%. From (4.46) in Proposition 4.3.1 we get

plx,y) = (1 + %(cd

dacy a\ —r
M.
2OM) ) » TYE

For any a € (0, 1] and all > 0 the choice r = #/« is a valid choice for the parameter
r of the negative binomial distribution. Furthermore, for all a € (0, 1], ¢ > 0, any
constant C; > 0, and all d € N,

20\ >\ 1
p=(1+ (%))
CqC
is a valid choice for the parameter p of the negative binomial distribution. With

these values of r and p, the correlation function of the simple mosaic random field
becomes

p(z,y) = (1 + (ﬁf) e, B> 0aye M. (458)

c

The generalized Cauchy correlation function, realizations of the corresponding
simple mosaic random field, and realizations of an approximate Gaussian random
field are given in Figure 4.5. For the simulation we have chosen M = [—1,1]%, Cyy =
V2, ¢ = 2¢/2, and standard normally distributed marginals Ui ;,i,7 € N. By (4.33)
and (4.34) we have E(Zy(z)) = E(U) = 0 and Var(Z(z)) = Var(U) = 1. Hence
(4.38) in Proposition 4.2.6 yields the bound Cgg E(|U3|)/v/n on the Kolmogorov
distance between the marginal distribution of the approximate Gaussian random
field and a standard normal distribution. The absolute third moment of a standard
normal distribution can be found from integration by parts and it is equal to 4/+/2.
With Cgg = 1/2 the bound in (4.55) equals /2/(nm) and n = 300 superpositions
yields a bound lower than a critical value of 0.05. Figure 4.5d (4.5e) presents a
realization of an approximate Gaussian random field which is build from from n =
300 (n = 1000) realizations of a simple mosaic random field with the generalized
Cauchy correlation function (4.58).

Example 4.4.3. In this example we consider a random token field on a bounded
closed set M C R?. We assume that the number of random closed sets N defining
the underlying mosaic of the random token field is Poisson distributed, so that
Var(N) = E(N) and we get from (4.30) in Corollary 4.2.4 the correlation function

p(xay) = T,y € [_171]2

N
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4.4. Explicit Correlation Functions on Bounded Subsets of R?

1
0 \

N

0
0 0102 03 04 05 06 07 08 09 1 11 12 13 14 15 16 17 18 19 2 21 22 23 24 25 26 27 28

day

(a) Correlation function (4.58) for different c, 8. The scale parameter is ¢ = 2/2.

N

=25

(b) Simple mosaic random field with (c) Simple mosaic random field with

a=0.8,8=6,c=2V2. a=0.8, 5=20,c=2/2.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with a = 0.8, 8 = 6, ¢ = field with a« = 0.8, 8 = 6, ¢ =
2v/2, n = 300. 2v/2, n = 1000.

Figure 4.5.: Simple mosaic random field with the Cauchy correlation function (4.58).
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4. A General Class of Mosaic Random Fields

Hence the choice of the distribution of the marginals (U; ;,4,j € N) and the parame-
ter of the Poisson distribution for N has no impact on the correlation function, as
long as Var(U) > 0. As random closed sets we take random balls (B,,,n € N) defined
by B, = Bp, /2(Yn,) M, where the Y,, are uniformly distributed on Bc,,44/2(0) € R?
and D,, ~ U([0,a]). Here a > 0 is a cutoff-parameter and Cy; > 0 is a constant
depending on the set M. Then we are in the situation of (4.47) in Proposition 4.3.1
with d = 2 and get

2 ) 31\ & 3
= (B () - (B e
Pry = 30200 + a)? <a day/a* 97 9 a %9 Gy =

for x,y € M. An explicit form for the first incomplete Beta function has been given
in (4.43). For the second incomplete Beta function we can use [35, Formula 8.391]
and [73, Formula 7.3.2.210] such that for d,, < a

3 232 3.5 &,
basel§o) = (-5 G- )

a?

(-2 (- (- ) e (- 2))).

The probability p,, then becomes

2 9 (dxy)
oy = ———=— | a® arccos( — | — 2d,,\/a® — d?
Pay 37T(2\/§+ a)? ( a Y Y

d3 d2 \1/2
4 Joy artanh(( - —j) ))11dw<a, vy M. (4.59)
a a -

From this we also get p, = a?/(3(2Cx +a)?), so that the correlation function of the
random token field is

2 d, 4
p(z,y) = (; arccos(f) — @d:cy [a2 — @2,
2

2 oy \ 1/2
b 2 wtan((1-2) ") e (a0
for x,y € M.

Figure 4.6 displays this correlation function, realizations of the random token
field, and realizations of the corresponding approximate Gaussian random field. For
the simulations we have chosen M = [—1,1]? (Cyy = v/2), A = 50 for the Poisson
distribution, and standard normally distributed marginals U; ;, 7,7 € N. For the
approximate Gaussian random field we took the cutoff parameter a = /2. By
formulae (4.35) and (4.36) the variance of a random token field is given by

Var(Zpr(z)) = E(U*)E(N)p, + E(U)*( Var(N) — E(N))p2, =z € M,

and for the absolute third moment we have from (4.39) in Proposition 4.2.6 the
bound

E<|ZRT(‘7:)|3> < px]E(|U|3> (pi]E(Ng) + Spm(l - px)E(N2> + (1 - 2px)(1 - px)E(N))
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0
0 0102 03 04 05 06 07 08 09 1 11 12 13 14 15 16 17 18 19 2 21 22 23 24 25 26 27 28

day

(a) Correlation function (4.60) for different a.

66 5

(b) Random token field with A = (c) Random token field with A = 50,
50, a = /2. a=2v2.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with A = 50, a = V2, n = field with A = 50, a = V2,
500. n = 14000.

Figure 4.6.: Random token field with correlation function (4.60).
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4. A General Class of Mosaic Random Fields

Plugging in the corresponding values in (4.55), we get an upper bound on the Kolmo-
gorov distance which is smaller than 5.86/+/n. We choose n = 14000 superpositions
in the approximate Gaussian random field such that this bound is smaller than 0.05.
Figure 4.6e displays the result of the simulation. Figure 4.6d displays a simulation
with n = 500 superpositions.

Example 4.4.4. Let Z be a dead leaves random field on a bounded subset M of R%.
We take random half-spaces H(X, R) as random sets, such that formulae (4.46) and
(4.32) yield the correlation function

1/2(1 = €aduy/(2C01)) + caday/ (2Ch)1on (1/2(1 py dxy/(sz)))
1/2(1 + cqgdyy/(2Ch))

for z,y € M. The probability generating function of the Geoy(p) distribution is
given by

p(r,y) =

pt

)= ——— 0,1),t e |—1,1].
Taking this distribution for the number N of random half-spaces, we obtain after

some manipulations the correlation function

- 1 —cq dxy/(QCM)
1+ (1=p)/(14p) cadey/(2Cu)’

If ¢ > 2Cy/cq, we may choose p = (ccg — 2Ch)/(ccq + 2Cyy) as the success proba-
bility for the geometric distribution and obtain the correlation function
1-— Cq dzy/<20M> 2CM

e M,c> . 4.61
1+dxy/C y LY , C cq ( )

p(z,y) z,y € M.

p(r,y) =

Figure 4.7 displays this correlation function on M = [—1,1]? for different c¢. Simu-
lations of the dead leaves random field and the corresponding approximate Gaussian
random field are depicted in Figure 4.7. For the simulations we took M = [—1,1]%
Cu = V2, and standard normally distributed marginals. In Figure 4.7b there are
N = 3 simulated half-spaces, while in Figure 4.7c there are N = 13. However, in
both figures only 3 half-spaces are visible because in Figure 4.7c earlier simulated
half-spaces are hidden under later simulated ones. This also explains the minor in-
fluence of the parameter ¢ on the correlation function (4.61), which can be observed
in Figure 4.7a. Concerning the approximation to a Gaussian random field, we have
by (4.38) the same bound on the Kolmogorov distance as in Example 4.4.2. Figure
4.7d displays a simulation of the approximate Gaussian random field with n = 300
simulated dead leaves random fields and in Figure 4.7e we have chosen n = 5000.

More correlation functions on bounded subsets of R? for which there are associated
mosaic random fields are given in Tables 4.1 and 4.2. The objects which determine
the respective mosaic random fields are given in Appendix B.1 .

4.5. Random Closed Sets on S*

In this section we let M = S? be the d-dimensional unit sphere, o4 the surface
measure on S? defined in (1.2), and ¢4 the spherical coordinate map defined in (1.1).
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c=8Cyfcy

09 c=4Cy/es

c=21Cy/cy
08
07
06
pl,y) os
04
03
02
0.1

0 0102 03 04 05 06 07 08 09 1 11 12 13 14 15 16 17 18 19 2 21 22 23 24 25 26 27 28
dyy

(a) Correlation function (4.61) for different c.

15 24

A

(b) Dead leaves field with ¢ = (c) Dead leaves field with ¢ =
40]\/[/62. 2.1CM/CQ.

-25

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with ¢ = 2.1Cp/c2, n = field with ¢ = 2.1Cy /¢, n =
300. 5000.

Figure 4.7.: Dead leaves random field with correlation function (4.61).
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4. A General Class of Mosaic Random Fields

Correlation function Parameter Lit.
L play) = (14 (f)®) /e €(0,1], B,c>0 32, 34]
2. plo,y) = e (/)" ac (0,1, ¢>0 20, 53]
3. plryy)=1-— (%)’8 a,8€(0,1],¢>0 [7]
4 pley) =1— (W=D o 5 (0,1], 7,¢> 0
5. plr,y) = (1—(%22)%)" a€(0,1],¢>%u neNy [75]*
6. plo,y) = (1—cozgt)"e /9 ae(0,1],c>0,neN,  [20, 53
T pla,y) = el CC0» a € (0,1]
8. p(x,y):% a€ (0,1],¢>0
9. p(m,y):%% a€ (0,1],¢c>0
10. p(z,y)=(1+8— 56_(11‘”/6)&)77 € (0,1], B,7,¢>0
1. plz,y) = e~ Fdn/O"/(+d/ON o € (0,1], 8¢ > 0
12 pla,y) = Frais €(0,1,8>1,¢>0
13. p(z,y) = ) a € (0,1], B,¢>0
14. p(m,y)zl—(M)[3 a,B€(0,1,7y>0,c>0

14+ (147)(day /)

Table 4.1.: Correlation functions of simple mosaic random fields on bounded subsets
of R%. A "' at the reference indicates that the given correlation function
is new, but can be obtained as convex combinations or products of known
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Correlation function Parameter Lit.
Lo p(r,y) =M1 —cazel) +1- A A€ (0,2) 20, 53]
2. plz,y) = Bl*ﬁg{;i(l(;;lf//;’l/ e a>0 20, 53]
3. palzy) = (2 arccos(%)
—2,d, —2,)14,,<a a>0 [20, 53]
4 poyslmy) = (1— 3= 4 Syg, a>0 [81]
s o - (P
gy,
6. paz,y) = (2 arccos( L) — 25d, \/7
+—= d3 artanh (( 1/2 >]ldmy§a a>0
T pley) = el ¢ > 2
8.  plx,y) = )\(1 — Cd%)e_dw/c
+(1 = M) (1 — cazzt) ¢>0,A€(0,1) [20,53]*
9. play) =1 -2 € 0.1
10, pla,y) = Lo loud: a,...,a;>0  [20, 53]*

2d Hk_l ag

Table 4.2.: Correlation functions of random token, dead leaves, and mixture random

fields on bounded subsets of R?.

Correlation functions 3. and 6. are

correlation functions on M C R2, 4. is valid on M C R? with d = 2 or
d = 3. A" at the reference indicates that the given correlation function
is new, but can be obtained as convex combinations or products of known

correlation functions.
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4. A General Class of Mosaic Random Fields

Furthermore, we denote the great circle metric on S¢ by dga(x,y) = arccos((x, y)),
z,y €S9

Let B,(z) = {2z € S%|dga(x,z) < r} denote a closed ball or spherical cap on S¢,
centered at z € S* and with radius r € [0,7]. Let (X,,,n € N) be an independent
sequence of random variables uniformly distributed on S (e.g., [67, 60]) and let
(Rn,n € N) be an i.i.d. sequence of random variables with values in [0, 7], inde-
pendent of (X,,,n € N). Then B,, = Bg, (X,) defines an i.i.d. sequence of random
closed sets in S?. As in the previous section, we have

%E <0d (Br(z) N BR(?J))>7

P(z,y € B) =
i.e. P(z,y € B) is proportional to the mean surface volume of the intersection of
two spherical caps with random but equal radius.
For a deterministic radius R = r € [0,7] and d = 1, an elementary geometric
consideration yields

T 21

P(z,y € B(X)) = (f _ ML, z,y €S

Tovchigrechko and Vakser [85] used spherical trigonometry to obtain a formula for
04(B:(z) N B,(y)) in case d = 2, which results in

P(x,y € BT(X)) = (2i arccos<cosz(r) _ COS(dSQ(x’y))>

T Sin2(r)
B cos(r) AFCCOS cos(r)(l — cos(dgz(, y)))
7T ( sin(r) sin(dgz2(x, y)) )]ldgz (x,y)S(Zr o

for all z # y € S* and r € (0,7/2]. For higher dimension, Estrade and Istas [28]
provide the recursive formula

sinr

04(Br(z) N B,(y)) = / (1—a®)“" 226, (Byay(2") N Bray(¥/)) da (4.63)

—sinr

for all d > 2, z,y € S, and r € [0,7/2], where r(a) = arccos(cos(r)/v/1 — a?), and
',y are arbitrary points in S satisfying dga(,y) = dga-1(2',y’) (there appears to
be a misprint in [28] regarding formula (4.63)). This recursion is particularly useful
if the balls are hemispheres, i.e. r = w/2, yielding for all d > 1

1 dga(z,
P(z,y € Brpa(X)) = i % z,y € S% (4.64)

From these formulae it is possible to compute P(x,y € B) for a discretely distri-
buted radius R, although the formulae become quickly lengthy. In what follows we
consider a family of continuous distributions for R which results in rather simple
formulae for P(x,y € B). A hyperplane in R4"! that intersects S¢ divides S¢ into

two spherical caps. If € [0, 7] is the radius of one such spherical cap, the distance
of the hyperplane to the origin is given by the absolute value of cos(r). We assume
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4.5. Random Closed Sets on S¢

henceforth, that cos(R) is continuously distributed with a distribution function of
the form

Q
1
= (5 + qu t2q+1) 1[_1,1] (t) + ]1(1700) (t)’ t e ]R’ (465)
q=0

for @ € Ny and py, ...,pg € R} with Zquopq =1/2. If @ =0 and py = 1/2, this is
the distribution function of the uniform distribution on [—1, 1].

Proposition 4.5.1. Assume that cos(R) is continuously distributed with the distri-
bution function Fg given in (4.65) and set dy, = dsa(x,y). Then for all d > 1 and
all x,y € S¢

1 & 20—1 d 2 d
e (g—1+1) [ Gy
P(z,y € B) = 5 ;lzlpq l,d S < 5 )cos ( 5 ) (4.66)
with
B I'2¢+2)T((d+1)/2)
C, g =2 GatD 4.67
abd T((2041)/2)0(q — 1+ 2)T((2q + d + 2)/2) (4.67)
holds true.

Proof. The distribution function Fy in (4.65) fulfills F(t) + Fo(—t) = 1 for all

t € R, which is equivalent to cos(R) < _ cos(R) or R £ r — R. With the symmetry
of X and the definition of dga this gives for all z € S¢

P(dga(z, X) < R) = P(dsa(z,—X) < R)

and consequently P(xz € B) = 1/2. Thus
1 1
P(z,y € B) = 5~ P(x€B,y¢ B) = 5~ P(dsa(z,X) < R < dsa(y,X)). (4.68)

The surface measure (1.2) is rotational invariant and we can therefore replace z and
y in (4.68) by any points z,,z_ € S, which satisfy dga(zy,2_) = d,,. A convenient
choice is

xi—qﬁd<7rZF72T ;T . g d2 ) - (0,1@(%),0,...,o,cos(%)). (4.69)

By independence of X and R we have
P(dgi(z4+,X) < R < dsa(z_, X))

= /d P(dgd(ﬂ?+, Z) <R< de(CL'_7 Z))]ldgd(x+72)§dsd(x—,z) d&d(z)
S

= /SdP(<x,z> < cos(R) < (a:+,z>)ll<x+_x,,z>zo doa(z)
Q

=Y p [ (2 = o ) oo o).
q=0 S
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4. A General Class of Mosaic Random Fields

Passing to spherical coordinates (1.1), the difference (z, z)** —(z_, 2)24*1 becomes
2g+1 d—1
2 1 d, ) . d, _
Z ( ql—i— ) (1—(-1)") sin’ (73/) sin'(¢p) Hsml(@-) cog?? 1! (73/) cos 1B, )
g+1
2 +1 dey\ .

=2 Z <2(llj 1> sin?~! (73/) sin? ()

d—1 J

y in2-1(p, 2(q—1+1) <ﬂ> 2141 (g )

illsm (6;) cos 5 ) CoS (04-1)
Besides, the condition (x, —x_,z) > 0 becomes in spherical coordinates ¢ € [0, 7],
and this in fact explains the choice of x4 in (4.69). Altogether we obtain

P(dsa(z1, X) < R < dga(z_, X))
_ XQI & D(d+1)/2) (2q + 1) an 1 dry ) costa-1sn day )

Po—@ne \91—1 2 2

></ sin2l1(g0)d<pH/ sin? 1 (6;) do;

0 1 Jo

X / sin?*42(0,;_1) cos® 1Y (0,_1) dfy_+.
0

For the last integral we can use [35, Formulae 3.621.5 and 8.384.1] because the
exponent of the cosine is even. The other integrals can be evaluated with [35,
Formulae 3.621.1, 8.384.1, and 8.335.1]. We obtain

P(d§d<$+,X) <R< dgd(.%',,X))

Q q+1
B 2+ 1\ I'((d+1)/2)T'(DHT((2g — 21 + 3)/2)
=2 pq<2z—1) (¢ + d+2)/2)

x sin? ! (%) cog2(a=1+1) <%) :
2 2

Writing the binomial coefficient in terms of the gamma function and applying [35,
Formula 8.335.1] two times we find formula (4.66). O

Remark 4.5.2. Remark 4.3.2 applies also here. The correlation functions that result
from the combination of Corollary 4.2.4, Proposition 4.5.1, and equations (4.62),
(4.64), are isotropic functions on S%.

Remark 4.5.3. Suppose Z is a random token field on S? which is build from a
Poisson distributed number N of random hemispheres B;»(X). Then it follows
from Corollary 4.2.4 and (4.64) that the correlation function of Z is given by

d
p(l’,y) :1_M7 .T,yESQ. (470)
T
This correlation function is an example of a positive definite function on S? that

is not strictly positive definite, and there are at least two ways to see this. First,
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4.6. Explicit Correlation Functions on S%

it follows from (4.14) that the even Schoenberg-coefficients by, 2, n € N, of this
correlation function satisfy

4n2+ T0onz = /07r Py, (cos(6)) sin(@)(l _ g) do
= [ (3 - =y e

- [ (52 [ e

The first integral in the last line vanishes because P, is even and the function
x +— 1/2—arccos(x) /7 is odd and the second integral equals zero by the orthogonality
of the Legendre polynomials. Therefore it follows from Theorem 4.1.6 on page 52
that the correlation function (4.70) is not strictly positive definite.

Another way to see this is to consider the random token field Z corresponding to
the correlation function (4.70). Let z and y be arbitrary points in S? and let x4
and y4 denote their antipodal points, respectively. Because the random closed sets
B are hemispheres, we have z € B if and only if 4 ¢ B and y € B if and only
if ya ¢ B. It follows therefore from the definition of the random token field (4.21)
that

Z(2) + Z(x4) = Z(y) + Z(ya) = ZUM,

which implies
Z(x) + Z(za) — (Z(y) + Z(ya)) =0.

We have thus found a linear combination of random variables in (Z(z),z € S?)
which has a variance of 0, implying that (4.70) is not strictly positive definite.

4.6. Explicit Correlation Functions on S?

Ezample 4.6.1. The Dagum correlation function [33, 8] on M = S is of the form

(dey/c)* \P d

plx,y) =1 (W) , x,y €S (4.71)
(There appears to be a misprinted bracket in [33] concerning (4.71)). It is shown
n [33], that ¢ > 0, a € (0,1], and 8 € (0,1) are sufficient such that (4.71) is a
valid correlation function on S% for any d € N. In fact, the case 3 = 1 can be
included since the Dagum correlation function with 8 = 1 equals the generalized
Cauchy correlation function with 5 = a. The construction of a mosaic random field
Z having (4.71) as its correlation function is similar to the construction made for
the Cauchy correlation function in Example 4.4.2 as we will show now.

Let 15 be the probability generating function of the Sibuya(«) distributed random
variable in Example 4.4.2 and let v; be the probability generating function of the
NegBin(r, p) distributed random variable in Example 4.4.2. This time, we take
r = 1, hence a geometric distribution on Ny, so that

1—0p o\ 71 _
(wrow)() = (1+—Fa-0) " tel-11]
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4. A General Class of Mosaic Random Fields

Putting additionally a Sibuya(/) probability generating function in front, we obtain

(-1 -p)fp
w0 =1 (- aeopp) © (EELD

as the probability generating function of the compound random variable

M Ly,

V=SS K

m=1 [=1

for independent random variables M ~ Sibuya(8), L,, ~ Geoy,(p), m € N, and
K, ~ Sibuya(a), I,m € N (see Lemma 4.1.8). If we take random hemispheres
Bra(X), X ~U(S?), as random sets, we have by (4.64) and (4.29)

L e/ —p)fp |
o) = 1= (Tt i e pyp) © © €M

as the correlation function of the corresponding simple mosaic random field. Choo-
sing p = (1+ (W/C)a)_l, ¢ >0, € (0,1], as the success probability for the geometric
distribution, we arrive at (4.71).

For the simulations we choose d = 2 and standard normally distributed marginals
(Ui;,1,5 € N). Figure 4.8a displays the Dagum correlation function on the sphere
for a scale of ¢ = 7/2 and different shape parameter o and . Simulations of the
associated simple mosaic random field are given in Figures 4.8b and 4.8c. The
bound on the Kolmogorov distance of the marginal distribution of Z and a standard
normal distribution is again equal to CpgE(|U[*)/v/n = /2/(n7) and we have
chosen n = 300 superpositions of simple mosaic random field in Figure 4.8d and
n = 1000 in Figure 4.8e.

Remark 4.6.2. Example 4.6.1 illustrates, that the correlation function of a mosaic
random field is widely independent of the particular choice of the index set M of the
mosaic random field. This independence can also be used to explain the restriction to
a € (0,1] in Example 4.4.2 concerning the generalized Cauchy correlation function.

Suppose Z is a simple mosaic random field on M = [—~1,1]¢ for d > 2 with random
half-spaces as random sets and let us assume for the moment, that we can find a
distribution for the number N of random sets such that for the correlation function
pof Z

gy

plx,y) = (1 + <T>a> 75/6!, z,y € [-1,1]% (4.72)

holds true also for a € (1,2]. Let us now choose a simple mosaic random field Z on
S? with random hemispheres as random sets and a compound number N of random
sets of the form

N
N=> A,
n=1

where N is the number of random sets for the simple mosaic random field on [—1, 1]¢
from above and (A4,,n € N) is an independent sequence of Bernoulli random varia-
bles with success probability p = (cq7)/(2v/d), which we assume to be independent

82
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a=10=1
a=08,5=1
a=08,3=08
a=03,3=03

o
©

0
0 01020304 0506070809 1 111213 14 15 16 1.7 18 19 2 21 22 23 24 25 26 27 28 29 3 3.1

day

(a) Dagum Correlation function (4.71) for different «, 8. The scale parameter is ¢ = /2.

(b) Simple mosaic random field with (c) Simple mosaic random field with
a=08,=1,c=m7/2 a=p=08c=m/2

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with o = 8 =0.8, ¢ = /2, field with o = 8 = 0.8, ¢ = /2,
n = 300. n = 1000.

Figure 4.8.: Simple mosaic random field with the Dagum correlation function (4.71).
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4. A General Class of Mosaic Random Fields

of N. For all d > 2 we have p € (0,1) since ¢; = 2/7 and ¢, is strictly decreasing
by Lemma 4.3.3. The probability generating function ¥4 of a Bernoulli random
variable A is

Yalt)=1—p+pt, tel[-1,1].

Using (4.29), Lemma 4.1.8, and (4.64), we see that the correlation function j of Z
Is

plz,y) = (YN O@/JA)(l - w) = T/)N<1 - de>, z,y € ST

™

Our assumption (4.72) implies

on(i-t) = (o ()

for all 0 € [O, 2\/3] Because ¢y = 1¥n 014 is a power series, we have with the
identity theorem for power series (e.g. [30, Theorem I11.3.2]) that

0 O\ o\ —B/e
vs(1-2) = (1+ ()
holds true for all & € [0,7]. In other words, the generalized Cauchy correlation
function with « € (1, 2] is the correlation function of the hypothetical random field
Z on S that we have constructed. But [33, Example 3] shows that the generalized
Cauchy correlation function with o € (1,2] is not a covariance function on S%. We
conclude that there can not be a simple mosaic random field on [—1,1]%, d > 2,
with half-spaces as random sets, such that the correlation function of this mosaic
random field is given by the Cauchy correlation function for a € (1,2]. A similar
construction for the powered exponential correlation function (2. in Table 4.1) and

[33, Example 1] shows that the same holds true for the powered exponential function
and a € (1,2].

Example 4.6.3. In this example we want to illustrate the application of formula
(4.66) in Proposition 4.5.1.

Suppose Z is a random token field on S? with random closed balls Br(X) as
random sets and X ~ U(S?). Let cos(R) be distributed according to the distribution
function Fy in (4.65). In case @) = 0 and py = 1/2, the function Fy, is the distribution
function of a uniform distribution on [—1, 1]. Accordingly, the density ¢g of R is

or(r) = %sin(r)n[o,ﬂ (r), reR. (4.73)

The density @5 of a radius R such that cos(R) is distributed according to the
distribution function Fy with Q =2, po = p1 =0, and py = %, is

op(r) = gsin(r) Cos4(r)]l[07ﬂ] (r), reR. (4.74)

Both densities and simulations of random token fields with random balls Br(X) and
Bi(X), respectively, are displayed in Figure 4.9. For the simulations in Figures 4.9¢
and 4.9d we took the same simulated values for the number of random sets N, the
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”

(a) Density ¢p in (4.73). (b) Density ¢z in (4.74).

(c) Random token field with (d) Random token field with
random balls Br(X). random balls B (X).

Figure 4.9.: Comparison of random token fields with different distributions of the
radius R.

centers of the balls X,,, and the marginals U; ;. Figure 4.9 illustrates, how the choice
of  and that of the probabilities py, ..., pg, determines the size of the random balls
which are visible in the simulations. While R is likely to attain values near /2,
therefore realizing random balls Br(X) which are nearly as large as hemispheres,
the realizations of the random variable R are small or large, resulting in random
balls B;(X) which are either small or very large (larger than hemispheres).

By formulae (4.66) and (4.67) in Proposition 4.5.1 we have

P(z,y € Br(X)) = % — 1001615111(%)
1 d 1)/2 . (dyy
- 5( \/‘r ;L 2)/)2) Sm(_))
= %(1 — Cay1 sm( ;y))7 z,y € SY, (4.75)
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4. A General Class of Mosaic Random Fields

and
Pl 30) = 5 (1 Conasin(52) ot () = o () ()
oy sm5<%)>, 2,y € S (4.76)

The appearance of the factor ¢4 of Lemma 4.3.3 in (4.75) is no coincidence. Because
of dsa(z,y) = arccos((z,y)) we have

P(z,y € Br(X)) = P(dga(z, X) < R, dsa(y, X) < R)
= P({z, X) > cos(R), (y, X) > cos(R))
= P(J:,y € H(X, COS(R)))

with random half-spaces H (X, cos(R)) in R, Since cos(R) ~ U ([—1, 1]) we have
by (4.46)

1 _
P(ry € Ba(X) = 1 (1 - e 70,

Basis trigonometry shows that the chordal distance ||z — y|| of two points x,y € S¢
is related to the great circle distance dga(x,y) by

(dgd (;f, y))

lz = y|| = 2sin ., wyest,
so that (4.75) also follows from (4.46).

If p denotes the correlation function of a random token field with radius R and
p the correlation function in case the radius is R, plugging in formulae (4.75) and
(4.76) into formula (4.30) for the correlation function of a random token field yields

p(z,y) = )\<1 P sin(%» +1-) azyest (4.77)
and
) =3 (1 - Coramn(12) ' (22) - ot () ()
~ Chaa sin5(%>) Y1-A ayest (4.78)
with
A= #‘2/2 o =E(UY)E(N), b=E(U)*(Var(N)—E(N)).

We observe that the correlation function of the random token field is a linear
combination of the correlation function pi(z,y) = 2P(z,y € Br(X)) (p1(z,y) =
2P (z,y € Bi(X)), respectively) and the degenerate correlation function ps = 1. To
see that p; and p; are indeed correlation functions on S, one can proceed similarly
as in (4.49).
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4.6. Explicit Correlation Functions on S%

The coefficient A\ is determined by the moments of N and U, which we have
not specified yet. If A € (0, 1] the validity of the correlation functions (4.77) and
(4.78) would also follow from Lemma 4.1.2. Therefore it is somewhat surprising that
we can pick A even from the interval (0,2), which we show now. If N is Geoy(p)
distributed and if the marginals U, ;, 7,7 € N, follow a N (p,0?) distribution, the
factor A\ becomes

p(*+0?)

AZm’ M6R70->07p6(071).

This A can attain any value in (0,2), as can be seen from the parametrization

This representation of the parametrization is also useful for picking the correspon-
ding parameter in the simulation. Figure 4.10 visualizes the functions A — o(\)
and A — p(\).

\

0 0
0 010203 04 0506 070809 1 111213 14 15 16 1.7 18 19 2 0 01020304 0506070809 1 111213 14 15 16 1.7 18 19 2

A A

Figure 4.10.: The functions A — o(A) and A — p(A).

The correlation function (4.77) on S? (recall that c3 = 1/2) is depicted in Figure
4.11a. Realizations of the associated random token field on S? are given in Figures
4.11b and 4.11c. The big difference in the number of realized random sets and in
the range of the random fields in Figures 4.11b and 4.11c is due to the particular
dependence of the success probability p and the variance o2 on A, cf. Figure 4.10.

Concerning the simulation of an approximate Gaussian random field, some com-
putations show that the absolute third moment of a A(u,0?) distributed random
variable Y is given by

3\ _ 2 2 K 2 2y 2 —p2/(202)
E(Y|") = p(p” + 30 )(1+2<I>( 0)) +o(p” + 20 )—me :

Plugging in the corresponding values in (4.55) we obtain the bounds 127.72//n in
case A = 1/2 and 73.07/y/n if A = 3/2. However our simulations in Figures 4.11d
and 4.11e show, that already n = 10000 yields acceptable results in the sense that
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4. A General Class of Mosaic Random Fields

none of the simulated balls on S? is visible anymore. This is not surprising as our
bound in (4.39) is not sharp.

Figure 4.12 displays the analogous simulations for the random token field with
the radius R and the correlation function (4.78).

More correlation functions on S% for which there are associated mosaic random
fields are given in Tables 4.3 and 4.4. Most of these correlation functions did already
appear in Tables 4.1 and 4.2, except that some of the constants are different on the
sphere. We refer the reader to Appendix B.1 for details.

4.7. Cylinder and Torus

In this section we give a short excursion to two more exotic spaces, cylinder and
torus. Let O = S! x [0, h] be an open cylinder with radius 1 and height » > 0. Let
dsi (z1,y1) = arccos((xl, yl)), x1,y1 € SY, be the great circle metric on S*. Then

do ((z1, 22), (y1,42)) = \/dél(fﬁbyl) + |22 — yal?, 1,41 €S', @9, 40 € [0, A),

defines a metric on O. Fix a € (0, 7], and let (D,,,n € N) be a sequence of [0, al-
valued random variables, let (U,,n € N) be a sequence of uniformly distributed
random variables on [0, 27), and let (V,,,n € N) be a sequence of uniformly distri-
buted random variables on [—a/2, h+ a/2]. Suppose all random variables above are
independent. Let F(u,v) = (cosu,sinu,v), u € [0,27), v € [—a/2,h+a/2], and let
us define (X,,,n € N) by X,, = F(U,,V,), n € N. Then

D,
By = Bo,2(Xa) = {z € 0] do(z X.) < T}

defines an i.i.d. sequence (B,,n € N) of random closed balls on O. Let D be equal
to some constant ¢ € (0, al, such that a single ball does not intersect itself. Then

P(z,y € B) = P(X € Byja(z) N Bt/Q(y)) — A (F_ (i:z}(flzfm(y)))

holds for all z,y € O. The set F~(By2(x) N By/2(y)) is the intersection of two balls
By2(Z) and Bijo(y) in R? with z,y € [—t/2,2r+1/2) x [0, h] and ||Z —g|| = do(z, y),
where a part of this intersection which possibly exceeds the left or right boundary
of [0,27) x [—a/2,h + a/2] is reflected to the opposite side. The volume of the
intersection of the balls does not change by this reflection and hence we can use
(4.42) and (4.43) to get

1 d
P(z,y € B) = ) <t2 arccos( o(??/)) — do(x,y)\/t2 — d5(x, y))lldo(:c,y)gt.

Ar(h +a
(4.80)

Just as in Section 4.3 this formula can be integrated with respect to the distribution
of D in order to obtain P(x,y € B) for a random diameter of the ball B and the
resulting expressions are up to the normalization constant equal to (4.45) and (4.47)
with d,, = do(z,y). Using for example the distribution function (4.44) of Sironvalle

88



4.7. Cylinder and Torus
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(a) Correlation function (4.77) for different A.

12

0.074

(b) Random token field with A =
1/2.

(c) Random token field with A =
3/2.

(e) Approximate Gaussian random
field with A = 3/2, n = 10000.

(d) Approximate Gaussian random
field with A = 1/2, n = 10000.

Figure 4.11.: Random token field with the correlation function (4.77) and the radius
R.
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(a) Correlation function (4.78) for different A.

0.32

(b) Random token field with A = (c) Random token field with A\ =
1/2. 3/2.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with A = 1/2, n = 10000. field with A = 3/2, n = 10000.

Figure 4.12.: Random token field with the correlation function (4.78) and the radius
R.
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4.7. Cylinder and Torus

Correlation function Parameter Lit.
L pla,y) = (14 ()™ ~P/e € (0,1], B¢ >0 [33]
2. plz,y) = e (de/)® a€(0,1],¢>0 [33]
_ (dzy/0)* \B
3. plry) =1- (13 75%) a,B€ (0,1, ¢>0 [33]
_ (14 (day /0)*)T =1\ 5
4 play) =1- (s ) a,f€(0,1],7,¢>0
5. plz,y)=(1- (d%)a)n ae (0,1, c>mneNy [40/*
6. p(r,y) = (1— Z2) e (das/e) ae(0,1,¢>0,neN, [33]*
—(dgy /7)*
T play) = Fn a e (0,1]
_e*(dzy/c)a
8. p([E,y)ZW (1/6(0,1],0>O
9. pla,y) = EHGyAD) a€(0,1],¢>0
10. p(z,y) = (1+ B — Be~(av/*) 7 € (0,1], B,7,¢>0
11, p(z,y) = e Bldey/e)*/ (Ut (day/c)) a€(0,1,8,¢>0
14-(dgy /)™
12, plx,y) = Fams €(0,1,>1,¢>0
13. pla,y) = e PO € (0,1], B, >0
14, plr,y) =1— (p 2% )7 o 8e(0,1],7y>0,c>0
’ ’ 14+ (1+47) (day /) ’ rab b=
15, p(z,y) = e~ Ginldzy/2)/e) a€(0,1],¢>0 (33, 86]
16. p(z,y) = (1+ (Lsin(Z))) " ae(0,1], B,c>0 (33, 86]
17. plz,y) =1— (cap sin(d”’Ty))a a € (0,1] (33, 86]

Table 4.3.: Correlation functions of simple mosaic random fields on S?. A ™' at the
reference indicates that the given correlation function is new, but can
be obtained as convex combinations or products of known correlation

functions.
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4. A General Class of Mosaic Random Fields

Correlation function Parameter Lit.
L plr,y) = A1 — %) 41—\ A e (0,2) [33]
cos?(r)—cos(dg

2. pQ(CC, y) = ]ldxy:() + m(arccos(W)
—2cos(r) arccos(%ﬁ&ﬁy))))]lkdwgr r e (0,5] 85]
1—dyy/m

3. plz,y) = 1+dzy//c c>T

4. p(r,y) = A1 — Lx)eden/c 4 (1 N)(1 — %) c>0, A€ (0,1) [33]*

_ - dmy/7T
6. p(x,y) = A1 — caprsin(2r)) +1 - A€ (0,2) [33]

7. plzy)=1-— Cd+1ﬁ32 Sin(d?’) COSZ(%)

e it (%)

Table 4.4.: Correlation functions of random token, dead leaves, and mixture random
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4.8. Simple Mosaic Random Fields Revisited

for the diameter of the balls, we get for the corresponding random token field (4.21)
with Poisson distributed number of balls the correlation function

3V d% (21, y1) + |22 — ya?
=(1- —
P(xay) ( 2a
(3 (21, 91) + |2 — ya]*)*?
_|_ ]1 2 2 N
2a3 V& @y Hee—ye?<a

The two-dimensional torus T? = S! x S! can be treated in a similar way. A
convenient choice for the random closed ball is

D
B = Bp;(X) = {z € T2 dpe (2, X) < 5}

with dpz(2,y) = \/d2 (21, y1) + d2 (22, y2), x,y € T2 Here, we let X = F(U,V)
with the parametrization F(u,v) = (cosu,sinu, cosv,sinv), u,v € [0,27), the
random variables U and V' are uniformly distributed on [0,27), the diameter D
is a [0, a]-valued random variable for a cutoff a € [0, 7], and all random variables
are assumed to be independent. For example, if the diameter D is equal to some
constant ¢ € (0, a], then the probability P(z,y € B) for x,y € T? is given by

1 drz(x,
P(z,y € B) = o) <t2 arccos(M) — dp2(z, y)\/t2 — dp2(z, y)2> Ly (ay)<t-

As an example, a simple mosaic random field Z with Poi()) distributed N and this
random closed sets has then by virtue of Corollary 4.2.4 the correlation function

plz,y) = 67/\(152/(%)71/(4772)(,52 arccos(dy2 (2,y)/t)—dp2 (,y) tLdTg(x,y)2)1dT2(m,y)gt) (4.81)

for all #,y € T?. This correlation function and simulations of the associated simple
mosaic random field are depicted in Figure 4.13. For the simulations we have chosen
standard normally distributed marginals.

4.8. Simple Mosaic Random Fields Revisited

If p is a correlation function on some set M and v defined by

()= pat", pu>=0,> pu=1te[-11]

neNy neNy

is a probability generating function, then it follows from Lemma 4.1.2 on page 47,
that 1) o p is a correlation function on M. Lemma 4.8.1 gives an alternative proof of
this well-known result, which reveals a possibility to simulate a random field having
the correlation function 1 o p given that we can simulate a random field with the
correlation function p.

Lemma 4.8.1. Suppose p is a real-valued correlation function on M and v is a
probability generating function. Then v o p is a correlation function on M.
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0 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42 44

dyy

(a) Correlation function (4.81) for different ¢ and A.

(b) Simple mosaic random field with (c) Simple mosaic random field with
t=m/2, A\ =10. t=m, \A=10.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with t = 7, A = 10, n = field with t = 7w, A = 10, n =
300. 1000.

Figure 4.13.: Simple mosaic random field on T? with the correlation function (4.81).
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4.8. Simple Mosaic Random Fields Revisited

Proof. Since p is a correlation function, its range is contained in [—1, 1] which in
turn is contained in the region of convergence of any probability generating function.
Hence the composition is well-defined. The assumptions imply the existence of a
probability space (2,47, P) on which there are defined an Ny-valued random va-
riable N having the probability generating function v, a real-valued random vari-
able U with E(U) = 0 and E(U?) = 1, and centered random fields (Z,,n € N),
Zn = (Zy(x),x € M), such that Cov(Z,(x), Z,(y)) = p(x,y) for all n € N. Fur-
thermore, we may assume that N, U, and the random fields Z,,, n € N, are inde-
pendent. More precisely, the family formed by N, U, and the sequence of random
vectors ((Zy(21),. .., Zy(2m)),n € N) is independent for any choice of m € N and
{z1,...2,} € M. Consider the random field

Y(2) =U]] Zu(x), z€M (4.82)

By independence

E(Y(z)) = Y PN =n)EU) [[E(Zk(x)) =0

n€Ng

and since furthermore E(U?) = 1 and E(Z,(2)Z,(y)) = p(z,y) for all n € N,

Cov(Y(x),Y(y)) = ]E(Y(x)Y(y))
= 3" PV = n)EWU?) [[E(Zu(x) Z(y))
= > PN =n)(p(z,y))" = (o p)(x,y) (4.83)

for all z,y € M. Setting y = x in (4.83) we get Var(Y(z)) = 1 for all z € M
and the claim follows because 1 o p is the correlation function of the random field
(4.82). 0

Remark 4.8.2. A construction of the form (4.82) with Poisson distributed N has
been used by Matheron in [64] in order to show that e~ is positive definite for any
t > 0 if v is a conditionally negative definite kernel.

Let us now assume that M is as in Section 4.2 and let Z be a simple mosaic
random field with N = 1 random sets, such that Z may be written as

Z(l’) =V, + W]II¢B, x € M, (4.84)

for a random set B in M and real-valued random variables V' and W. We assume
that B,V, and W are independent and furthermore, that the random variables V'
and W are centered and normalized, i.e.

E(V)=EW)=0 and E(V?) =EW?) =1.
Then E(Z(z)) =0 and Var(Z(z)) = 1 and we get either directly or with (4.29)

pZ('ray) :P(nyeB)+P(‘r7y¢B) :1+2pmy_p2_py7 xay€M7
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4. A General Class of Mosaic Random Fields

for the correlation function pz of Z. Applying Lemma 4.8.1 to this correlation
function and a probability generating function ¢ of some Ny-valued random vari-
able N, we get for the correlation function of the random field Y in (4.82)

P(%?/):@ZJN(l‘Fpry—px—py)a x,yGM,

which is exactly the correlation function (4.29) of the simple mosaic random field in
section 4.2. To clarify the connection between the simple mosaic random field and
Y, we use the following formula.

Lemma 4.8.3. Let (a,, € N), (b,,n € N) be sequences in R, then for any n € Ny

ﬁ(ai +b) =) <H a ] bj)- (4.85)

i=1 1€P, Niel  je{l,...n)\I

Proof. Formula (4.85) is true for n = 0, since both sides equal 1 by definition of the
empty product and because Py = {0}. Suppose (4.85) holds true for some n € N,
then

Moo= (X (e T 5) )b

i=1 1€P, Niel  jefl,...n}\I

> (I e I ow)+x (e I v

IeP, Mielu{n+1}  je{l,..n}\I I1eP, el je{l,..n+1}\I

- ) (H a ] bj) + ) (H a ] bj).

Je{Iu{n+1}|IeP,} Nied  je{l,..n+1}\J IeP, Miel  je{l,..n+1}\I

Because the summands of the two sums in the last line are equal and because P,, 11
may be written as

Poir={IU{n+1} |1 € P} WP,
the assertion in the lemma follows by induction. U

Since the random field Z in (4.84) is centered and normalized, the associated
random field Y in (4.84) may be taken to be

N
Y(2) = U] (Viloen, + Wilsgp,), =€ M, (4.86)

=1

with identically distributed sequences (V;,i € N) and (W;,7 € N) of centered and
normalized random variables, and an identically distributed sequence (B;,i € N) of
random closed sets, such that the family formed by N, (V;,i € N), (W}, € N), and
(B;,i € N) is independent. The simple mosaic random field Z,; in (4.20) is of the
form

Zy(x) = Z Urliec;, z €M,

I€PN
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4.8. Simple Mosaic Random Fields Revisited

with

CI:<ﬂBZ-)m( N B;), I € P, neN,

il

and identically distributed sequences (Uy, I € P,), n € N, and (B;,i € N), such that
the family formed by N, (U, I € P*(N)), and (B;,i € N) is independent.
Because of

H Lae, H Logn; = Lae(n,e, Bi)N(Njeq,..npn1 Bf) — Liec,
i€l je{l,..m}\I

for all z € M, I € P,, and n € Ny, an application of (4.85) yields for every z € M
the pointwise equality

Y() =Y U, with U=U][Vi J] W, I€PuneN.

IePy el je{l,...,n}\I

Hence Y in (4.86) and Z), are of the same form, except that the random variables
(Ur, I € P,), n € Ny, are not independent but uncorrelated: If n € Ny and I, J € P,
then the assumptions on the random variables U, V;, and WW; imply

)L 1=,

o, IT#J
It is of course irrelevant for the correlation function of a mosaic random field whether
the marginals are independent as for Z,; or uncorrelated as for Y. In fact, we could
have also assumed uncorrelated marginals in Theorem 4.2.2 and the proof would
have followed the same lines. We may therefore think of ¥ in (4.86) as a simplified
representation of the simple mosaic random field.

As an application of this new representation, we now impose a modest correlation
structure on the marginals by assuming

E(VW)=1-k, k€]0,2],

instead of independence for the random variables V' and W in (4.84). Lemma 4.8.1
is still applicable, so that we obtain

p(ﬂc,y) = (¢N Opn)($7y)v T,y € Ma (487)

as the correlation function of Y in (4.86) and p, is the correlation function of the
random field Z in (4.84) under correlated marginals V' and W. A direct calculation
in the spirit of Theorem 4.2.2 shows

pr(z,y) = E(V?)P(z,y € B) + E(VW) (P(x €B,y¢ B)+ Plx ¢ B,y € B))
+E(W?)P(z,y ¢ B)
=1—k(ps + 0y — 2psy), ,y € M. (4.88)
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4. A General Class of Mosaic Random Fields

If M is a bounded subset of R? and if we take random half-spaces H (X, R) as random
sets for our mosaic random field, the combination of (4.87) and (4.88) result in the
correlation function

plx,y) = ¢N(1 — Kcg day ), z,y € M,k €[0,2].
2Cy

For k = 1 we recover our former correlation function. Through the new parameter k,

we may now for example weaken the constraint ¢ > 2C),/c, for the scale parameter ¢

of the correlation function 5. in Table 4.1. Taking x = 2 and a compound distribution

for N, consisting of a Bin(n, (Cys/cqc)®) distribution and a Sibuya(a) distribution,

we obtain the correlation function

plz,y) = <1 - <%>a>n, ac (0,1],¢c> C—M,n € Ny. (57)

C Cdq
The same can be done for the analogous correlation function on the sphere, as is
shown in the next section.

Note that it is not possible to get rid of the dimension-depending constant c,
in the bound on the scale factor ¢ in (5") with the help of probability generating
functions. An application of the identity theorem for power series as in Remark
4.6.2 shows that there can not exist a probability generating function ¢n such that

on(1=nage) = (1= (%))

holds true for all x,y € M if ¢ < Cyr/cqy.

4.9. Power Covariance Function on S

The power covariance function on S?

d e
Cley) =a— (B ayes, (4.89)
c

was introduced in [40]. It was shown there, that for the associated coefficients a,, 2
in (4.11) the inequalities

an2 >0 and Z an2CY?(1) < 00 (4.90)

n€Ng

hold true, which by Theorem 4.1.5 is equivalent to (4.89) being a continuous and
isotropic covariance function on S%2. The parameter constraints that were given in
[40] are a € (0, 1], ¢ > 0, and

o > / (Q)a sin(8) do. (4.91)
0 \cC

To the best of the authors knowledge, the validity of (4.89) on spheres of arbitrary
dimension has not been shown so far. A generalization of the proof in [40] is not
straightforward as the proof relies on sine expansions of Legendre polynomials, which
are the Gegenbauer polynomials C\'~"/% in case d = 2 (see section 4.1.2).
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4.9. Power Covariance Function on S%

In what follows we given a proof of the validity of (4.89) using the simplified
representation of a mosaic random field with correlated marginals in Section 4.8.
Our proof shows the validity of (4.89) on spheres S of arbitrary dimension d € N.
In doing so, we obtain a lower bound for ¢y, which is smaller than the lower bound
given in [40] in case d = 2 (cf. Remark 4.9.2 below). In case a = 1 our bound is also
necessary for the validity of (4.89).

Proposition 4.9.1. The power covariance function (4.89) is a covariance function
on S if a € (0,1], ¢ > 0, and

™

w2 (5)" (4.92)

In case o = 1, the condition (4.92) is also necessary in order for (4.89) being a
covariance function on S for all ¢ > 0.

Proof. Consider a mosaic random field Z on S¢ of the form
Z(QJ) = U]leB + vnajéBv VS Sd7

with centered and normalized random variables U and V such that E(UV) = —1.
Let

B = Bea(X) = {z €8 dsu(2,X) < T}, X ~uU(SY),

be a random hemisphere on S¢. We may assume that X is independent of U and
V. From (4.88) and (4.64) we get for the correlation function p of Z

_ dsa(z,y
p(z,y) =1 —2(ps + py — 2pgy) = 1 — % z,y € S% (4.93)
From Lemma 4.8.1 it follows that
p(z,y) = (pop)(z,y), =zyeS, (4.94)

is a correlation function on S for any probability generating function . Let
1 = 14 o g, where 14 is the probability generating function of a Bernoulli dis-
tribution with success probability p and g is the probability generating function of
a Sibuya(a) distribution, so that

P(t)=1-p(1-1)% ac(0,1,pel0,1],te[-11]. (4.95)
Combining (4.94) and (4.95) we have that

dgd(.’lf,y) d
= 1 —_ _—
p(z,y) j2 o z,y €87,

is a correlation function on S%. Let us now take

1 /7

= (2_C>°‘ (4.96)
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4. A General Class of Mosaic Random Fields

then our assumption on ¢y implies that p € [0, 1] for all & € (0,1] and all ¢ > 0.
With this p, the correlation function p becomes

B 1 /dga(z,y)\« d

from which it follows that

is a covariance function on S%.
To prove necessity in case a = 1, we consider the first Schoenberg coefficient by 4

of (4.97). If d = 1, we have by (4.15)

1 [ 16 1
b(]’l:—/ <1———>d9:1——1,
T Jo Cp C Cp 2c

which is negative if ¢y < 7/(2¢). If d > 2, equation (4.14) yields

Gt T [ L) 0 .

Co C

bO,d

Since C3 =1 for all A > 0, the assumption ¢y < 7/(2¢) and integration by substi-
tution lead to

BRI P
b — 0 0)do = 0.
0,d < 227d7-‘-2 F(d — 1) 77r/2 COs ( ) O

Therefore Theorem 4.1.5 implies that ¢y > 7/(2c¢) is also necessary in case o = 1
and ¢ > 0. 4

Simulations of the mosaic random field that is constructed in the proof of Propo-
sition 4.9.1 are given in Example 5.3.6 in Chapter 5.
Remark 4.9.2. From

™

/0“<§>a sin(0) df = /07r/2 <§>a sin(0) do + /7r/2 <§>a sin(#) do

™

T\ O\
s (T AN
> <20> +/7r/2<0> sin(6) df
2c
for all & € (0,1] and all ¢ > 0, it follows that the bound on ¢y given in Proposition

4.9.1 for d = 2 is lower than the bound given in [40]. However, a closer look at the
proof given in [40] suggests that it might be possible to work with the constraint

co > % /O ﬂ(g)asm(e) do (4.98)

C

there. Figure 4.14 compares this new bound with the bound given in Proposition
4.9.1 and indicates, that the bound in (4.98) is slightly smaller (the integration
for the plot of av — 271 [7(6/c)*sin(f) df was done numerically). Note that the
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4.9. Power Covariance Function on S%

0.951 TSR — - A (8/c)™ sin 626

vel S —— a7/
=

0.85 -

0.8 ~ T

0.754 T T

0.7 T

0.651 T

0.6 T

0.55 =

Figure 4.14.: Comparison of the bounds in Remark 4.9.2 for ¢ = 7.

condition (4.98) is not compatible with the proof of Proposition 4.9.1, because for
any co smaller than the bound given in Proposition 4.9.1 the probability p of the
Bernoulli distribution in (4.96) is not well-defined. However, the validity of (4.98)
is not guaranteed, as the details of a modified version of the proof given in [40] still
need to be worked out. Also, as mentioned before, the proof in [40] is valid only in
d=2.
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5. Spectral Turning Bands on the
Sphere

5.1. The Spectral Turning Bands Method

The spectral turning bands method is a simulation method for random fields on R?
which is based on the Schoenberg’s spectral representation (Theorem 4.1.4 on page
49) of covariance functions. In this section we motivate the method in a way that
allows us to apply it to the sphere in the next section.

We begin with Karhunen’s theorem on the spectral representation of second-order
random fields (the classical reference is [48]), in its general form given in [10].

Let (€2, .27, P) be a probability space, (W, #’) a measurable space, and ¢ a o-finite
measure on (W, #"). The set consisting of all elements B € #  such that o(B) < 0o
is denoted by #4. A mapping & : # — L*(Q, o, P; C) is called random orthogonal
measure with structure function o if

1. &(AUB) =¢£(A) +£(B) for all disjoint A, B € #,
2. E({(A)@) =o(ANDB) forall A, B e #,.

Theorem 5.1.1 (Karhunen, 1946; Berschneider, Sasvari, 2012). Let M be a set
and suppose that Z : M — LQ(Q,JZ@(C) 15 a second-order random field on M.
Let furthermore C(z,y) = E(Z(2)Z(y)), =,y € M, and assume that C' can be
represented as

Clay) = /W f(x,2) T, 2) do(z), 2.y € M, (5.1)

where
1. o is a o-finite meaure on the measurable space (W, #'),
2. f: M x W — C is such that f(z,-) € L*(W,# ,0;C) for allx € M,
3. span{f(z,-) |z € M} is dense in L* (W, # ,0;C).

Then there exists a uniquely determined random orthogonal measure & with structure
function o such that

Z(oc)—/wf(x,z)df(z), x € M. (5.2)

Additionally, setting H(Z) = span{Z(x) |z € M} and H(§) = span{{(A) | A € #},
it is true that H(Z) = H ().
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5. Spectral Turning Bands on the Sphere

Let a function C' with a representation of the form (5.1) be given. Note that (5.1)
implies the positive definiteness of C' (cf. Remark 5.1.3 below). Then theoretically,
Theorem 5.1.1 yields a random field Z such that E(Z(x)m) = C(x,y), if the
sufficient conditions can be shown to be satisfied. However, if we wish to simulate
Z, there are two drawbacks concerning this approach. First, Condition 3 is quite
technical and hard to verify in general (see [10] for a discussion of this condition).
Second, the random orthogonal measure £ is obtained as a limit and might not be
given explicitly, implying that the representation (5.2) is not explicit.

On the other hand the statement of Theorem 5.2 is quite strong, as it gives a
representation of the random field Z in L*(Q, o, P;C). If our goal is only to find
a random field such that E(Z(z)Z(y)) = C(z,y) holds true, we can hope for a
statement with less restrictive assumptions.

If the measure o of Theorem 5.1.1 is finite and if S : @ — W is a measurable
mapping such that Ps = o/o(W), then a very simple orthogonal measure with
structure function o is given by £(B) = eg(B), B € #,. Equation (5.2) with this
orthogonal measure becomes

Z(a:):/Wf(m,z)df(z):f(x,S), x € M.

Passing over to a real-valued, centered, and normalized version of the random field
Z, we arrive at the following weaker variant of Theorem 5.1.1.

Lemma 5.1.2. Let M be a set, let (Q, o/, P) be a probability space, suppose that
(W, # o) is a finite measure space, and assume that f : M x W — R is such that
flz,) € LW, # ,0;R) for all x € M. Suppose that a function C : M x M — R
can be represented as

C(z,y) = /Wf(x,z)f(y, 2)do(z), z,y € M. (5.3)

If S:Q —= W and U : Q — R are independent measurable mappings such that
Ps=0/c(W), E(U) =0, and E(U?) = 1, then the random field Z defined by

Z(x) = /oW Uf(z,S), =M,
has C' as its covariance function.

Proof. By independence, we have

E(Z(z)) = /o(W)EU)E(f(z,5)) =0, =€ M,

and therefore

I
=
8
&
=
&
&
N8
Q
—~
&
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5.1. The Spectral Turning Bands Method

Remark 5.1.3. Neither the statement of Lemma 5.1.2 nor the implicated positive
definiteness of functions C' which can be represented in the form (5.3) are new. In
fact, for any Hilbert space (7, (-, )») and any function f : M — it follows
from the properties of an inner product, that C(z,y) = (f(z), f(y))wr, v,y € M,
is positive definite (for instance |75, Section 2.2]). For our purposes, it suffices to
consider the special case # = L*(Q, «, P;R).

Let us now turn to the spectral turning bands method on M = R? (see [58, 75]).
By Theorem 4.1.4 on page 49, any continuous, stationary, and isotropic covariance
function C' can be represented as

Cla,y) = /[ ulrle ) du(), .y <R (5.4)
0,00

with a uniquely determined finite measure p on ([0, m),%1<[0, oo))) A random
field Z having the covariance function (5.4) is given by

Z(x) = 1/2u(]0,00)) cos (R{z, X) + V), xR (5.5)

where R, X, and V are independent random variables such that R ~ u/u(]0,00)),
X ~U(S¥1), and V ~ U([0,27)). This follows from Lemma 5.1.2, as we will show
now. Recall that

Qur) = r(%l) (%)(‘HV Jamp(r), >0,

where J, is the Bessel function of the first kind (4.7). By [35, Formula 8.411.5] and
the definition of the normalized surface measure 54_; on S ! (cf. equations (1.2)
and (1.3) on page 20), we have

I'(d/2)

0l ~yl) = g =iy J, <o (e —ulleos(®) s’ 20)

= /Sd1 cos (r||lz — y||(z, ea)) dga_1(z).

The surface measure is invariant with respect to rotations, hence we may replace
the unit vector e; in the integrand by any other element of S?~!, in particular by
(x —y)/||lz —yl| if * # y, z,y € R% This yields for the integrand above with the
addition formula for the cosine function

cos (rH:IJ — ?JH<2, - yH >> = cos (r(z, x>) cos (7"<Z, y>) + sin (r(z,x)) sin (r(z, y}),

|z —y

which can be written as

! /0 " cos (r(z, ) + ) cos (r{z, ) + 0) db. (5.6)

™

Therefore the representation (5.4) becomes

1 o _
Clz,y) = - /[0700) /Sd1 /0 cos (r{z,z) + 6) cos (r(z,y) + 0) df do4_1(2) du(r)
(5.7)
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5. Spectral Turning Bands on the Sphere

for all z,y € RY o # y. For x = y (5.6) equals 1 and therefore (5.7) is also
true in that case. Letting v denote the uniform probability measure on [0, 27) and
f = u/u([0,00)), we have from (5.7)

c@wzﬁjwv%mvaawmw%@,ayew
with

W =1[0,00) x S*! x [0, 27),
0= lu b2y 5-d—1 ® 177
and f(z,(r,z,0)) = v/2u([0,00)) cos (r{z,z) + ), x€R? (r,20) €W

By Lemma 5.1.2, a random field having the covariance function (5.4) is therefore

given by
Z(x) = Uy/2u([0,00)) cos (R{z, X) + V), z€R

with independent R ~ fi, X ~ U(S* 1), V ~ U([0,27]), and a real-valued random
variable U such that E(U) = 0, and E(U?) = 1. Since the random variable U is
merely responsible for centering the random field and because

Z(x) = 1/2u([0,00)) cos (R{z, X) + V)

is already centered, U can be omitted and we arrive at (5.5). We illustrate the
method with an example.

Ezample 5.1.4. For d = 2, Schoenberg’s representation (5.4) of a continuous, stati-
onary, and isotropic correlation function p becomes

puwwzﬁ)fh@w—demm7

where p is a probability measure because p is a correlation function. Suppose we
want to simulate a random field having a Gaussian correlation function

plx,y) = e_(Hx_y”/C)Z, c>0,z,y € R% (5.8)

From [35, Formula 6.631.4] and integration by substitution we have
2 U = " (e =yl re
0
and hence the spectral measure p of the Gaussian correlation function is

Y :
”M‘[ﬁwe #dr, A€ B(0,00)),

i.e. a Rayleigh distribution with scale parameter ¢ = v/2/c. A random variable R
having this distribution can be simulated by means of the inverse transformation
method:

R

v —=log(U), U~U((0,1)).

QN
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5.2. Spectral Turning Bands on S¢

For the simulation of X ~ U(S') we can simply set X = (COS(U), sin((?)), where U
is uniformly distributed on the interval [0,27). With V' ~ U([0,27)), the random
field (5.5) becomes

Z(x) = \/icos(R(x,X) +V), zeR.

The Gaussian correlation function is depicted in Figure 5.1a. Simulations of the
spectral turning bands field on [—1,1]? are given in Figures 5.1b and 5.1c. These
Figures illustrate why the method is called turning bands. Figures 5.1d and 5.1e
show simulations of the corresponding approximate Gaussian random fields.

5.2. Spectral Turning Bands on S?

In this section, we derive a spectral turning bands method on the sphere S¢ by the
application of Lemma 5.1.2. Recall that Schoenberg’s representation of a continuous
and isotropic correlation function p on S¢ is given by

a2 (cos(dsa(z,y)))

p(r,y) = Y bpa—

- . x,y€eS (5.9)
n€eNp Cf@d 1)/2(1)

with

bna = Qn;_cfl; ! F(;d(;j)l/f) /07T Cld=1/2 (cos(6)) sin?~"(0)5(0) df (5.10)

for d > 2 and n € Ng, and in case d =1
1 1,2 i
bny = M/ cos(nf)p(f)dh, n € No. (5.11)
m 0

Here p : [0,7] — [—1,1] is the function associated to the isotropic function p by
p(@,y) = pldsa(z,y))

Before we state the actual result, let us mention a more apparent approach and
its drawbacks. Building on Schoenberg’s representation of continuous and isotropic
correlation functions on S¢, Ziegel [88] showed that any such function has a spherical
convolution root.

Theorem 5.2.1 (Ziegel, 2014). For any continuous and isotropic correlation function

p there exists an isotropic function g € L* (Sd x S B(S?x §%), 04 ® 0y; R) such that

plz,y) = /Sdg(fr, 2)9(y, ) doa(z), w,y€S?. (5.12)

The representation (5.12) of the correlation function is already in the form of
Lemma 5.1.2, so that the following corollary is evident.

Corollary 5.2.2. Let p be a continuous and isotropic correlation function on S¢
and let U and X be independent random variables such that X ~U(S?), E(U) = 0,
and E(U?) = 1. Then there is a function g : S*x ST — R such that the random field

Z(x) = /04SN Ug(x, X), xS, (5.13)

has the correlation function p.
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14

WY/l

(b) Spectral turning bands field (c) Spectral turning bands field
with ¢ = 1/2. with ¢ = 1/4.

=

1

o

S
=

25

¥

25

25

1.
0
n i

25

w

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with ¢ = 1/2, n = 5000. field with ¢ = 1/4, n = 5000.

Figure 5.1.: Spectral turning bands random field with Gaussian correlation function.
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5.2. Spectral Turning Bands on S¢

Corollary 5.2.2 raises the question of how to determine a convolution root g for a
given correlation function p. In general, there can be more than one convolution root
leading to the same correlation function, as has been shown in [88]. However, an
explicit construction of g in the form of an infinite linear combination of Gegenbauer
polynomials involving the Schoenberg coefficients (5.10) of p has been given in [8§]
in order to prove Theorem 5.2.1. This function g seems to be a natural candidate for
the application of Corollary 5.2.2. When it comes to the applicability in practice,
there are two drawbacks of this approach. First, we have to know the coefficients
(5.10) of a given correlation function p — in other words, we have to know the spectral
measure of p — and much like in the R? case the determination of the spectral measure
of a given correlation function is a demanding task (see for instance [31] for solutions
in case of R?). The second drawback is that in any computer implementation, an
infinite linear combination must be truncated if no closed form is available, leading
to an approximate simulation method only.

In what follows we use an orthogonality relation for Gegenbauer polynomials in
order to show that Lemma 5.1.2 can be applied to Schoenberg’s spectral represen-
tation (5.9) directly, resulting in a simulation method that avoids the infinite linear
combination problem. The mentioned orthogonality relation is as follows (see [74,
Corollary 4.9]): For all d > 2, n,m € Ny, and z,y € S? it is true that

_ _ d—1 _
/Sd OV ((x, 2)) OV ((y, 2)) doa(z) = mmgd(Sd)mor(zd V2 ((2,y)),
(5.14)

for d =1, n,m € Ny, and z,y € S! the relation is
/ 02((95, z>)C’Bn((y, z)) doy(2) = 6pmmax{2 —n, 1} 7 C2((z,7)). (5.15)
Sl

Theorem 5.2.3. Let p be a continuous and isotropic correlation function on S¢ and
let (bna,n € No) denote the coefficients of p in (5.10) or (5.11). Suppose R, X, and
U are independent random variables such that P(R = n) = byq for all n € Ny,
X ~USY, E(U) =0, and E(U?) = 1. Then the random field Z on S defined by

() yvmin{R + 1,2} U cos (R(z, X)), d=1, - (5.16)

T) = [~ 2R+d—1 (d—1)/2 res, .
((1_12)2;(;+1)1/2(1)U0R (<.CE,X>), d22a

has the correlation function p.

Proof. Let d > 2 and suppose p is the distribution of the random variable R. Since
cos(dsa(z,y)) = (x,y), Schoenberg’s representation (5.9) of p can be written as

C' (2, )
px,y:/ — du(n), z,y €S
( ) 10,00) Céd 1)/2(1) ( )

Using (5.14) this integral becomes

/[w (d - ?;13_”}2(1) o—d<18d> / GV ((w, 2)) CY 12 (g, 2)) dora(=) dp(n).
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5. Spectral Turning Bands on the Sphere

Rearranging we obtain

plz,y) = / F(x,8)f(y, 5) do(s),
w
with
W =10,00) x S¢,
0 =104,

n xz,(n,z)) = ntd—1 [d=D/2((z » zeS? (n,z
and f(a(? )) \/(d—l)Cfldl)m(l)C” (<7 >)7 S 7(7 )EW

Thus Lemma 5.1.2 yields the claim for d > 2. In case d = 1, we have because of
CY%(1) = cos(n-0) =1 for all n € N,

p(fc,y)z/[o )02((x,y>)du(n)7 z,y €S,

if 1 denotes the distribution of R. Using (5.15) we obtain

o) /OOO) /S maX{Q—n 3 Cnl@.2) (v, 2)) dor()dp(n). - @y €'

and the assertion follows also in case d = 1 with Lemma 5.1.2 and the identity
2/ max{2 —n,1} = min{n + 1,2} for all n > 0. O

In view of the simulations in the next section, we investigate the third absolute
moment of the spectral turning bands random field (5.16).

Proposition 5.2.4. Let Z be the spectral turning bands random field (5.16) on S,
d > 1, and let (cq,d € N) be the sequence of constants defined in Proposition 4.5.1
on page 63. Then we have in case d =1

Bz = B (32 + (1= 32)n,), wes
and in case d > 2
)~ L
X / ‘C’}Ld_l)/z (cos(9)) }BSind_l(Q) do, =S (5.17)

Additionally, in case d = 2 the following inequality holds true
['(1/4)\2 2n 4 1\3/2
<m0 s+ (12 ) eew
E(|Z@)) < E(UP) (bos + (= %%,z( o)), wes (59
Proof. Let d > 2 and 2 € S, then by independence
2n+d—1 B s
= Z b qE ’\/ Pl UC'7(Ld 1)/2(<x,X>) )
neNg (1)
2n + d — 1 3/2 d—1)/2 3
—B(|UP) and( TG 1)/2(1)) E(|CE-D2((z, X)) [%).
n€Ng

110



5.2. Spectral Turning Bands on S¢

For all n € Ny we find by the rotational invariance of the uniform distribution on S%
E(IC (e, X)) = E(IC8 (feasn, ) )
Passing to spherical coordinates this expectation becomes
q-1( Sd

> Sd / |C /2 COS )| sin? 1
al

With 04(S%) = 27@D/2/T((d + 1)/2) (cf. equation (1.3) on page 20), CY (1) =
I'(n+d—1)/(n!T(d—1)) (cf. (4.13) on page 51), and ¢q = I'(d/2)/ (/7L ((d+1)/2)
(cf. (4.46) on page 63), equation (5.17) follows by collecting terms.

For d = 1, the representation X = (sin(V),cos(V)) ~ U(S') with V ~ U([0, 27))
and the definition of C? (cf. (4.10) on page 50) lead to

E(|C({ea, X)) ) = B(|C2 (cos(V)) ') = E(] cos(nV)[?)

for all n € Ny, so that by the rotational invariance of the uniform distribution on S*
we have for all x € St and all n > 1

E(|C((z, X))[*) = E(| cos(nV) )

[ :
=5 i | cos(nv)|>dv
1 [ 4
= — | cos(v)[Pdv = —.
2m Jo 3T

For n = 0 it follows from CJ = 1 that E(|CJ({z, X))|*>) = 1. Therefore in case d = 1
: 3/2 3
E(|Z(x)]*) = E(UP) Y by (minfn + 1,2})*E(|C0 ((, X)) ')

n€Ng
B0 s + 3 b 2922 )
<|Ur>(8f (1-22),). ses

Let us now turn to the case d = 2. Since C}/Q = P, and ¢y, = 2/7, we have from
(5.17) for all z € S?

E(1Z(2)]") = SE(UF) ) bna(2n+1 3/2/ | P, (cos(8)) | sin(8

n€Ng

By [1, Formula 22.14.3] we have the bound

| P (cos())] < L,, neN0<<m. (5.19)

— \| mnsin(0)

(Figure 5.2 presents a visualization of this bound.) Thus we have by [35, Formula
3.621.1) for all n € N

3/2 21(1/4
/ !P cos(f ‘ sin(6) db < / #n_ 2,
mr \/sm m
For n = 0 the integral is equal to 2 and (5.18) follows. O
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5. Spectral Turning Bands on the Sphere
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Figure 5.2.: Visualization of the bound (5.19).

5.3. Examples and Simulations on S?

In this section we consider the practically most relevant case of two-dimensional unit
sphere S?. We give various examples of spectral turning bands random fields and
their associated correlation functions and provide simulations.

Since Ci/* = P, and P,(1) = 1, Schoenberg’s representation (5.9) on S? becomes

p(z,y) = Y buaPy(cos(ds2(z,y))), x,y €S, (5.20)
neNp
with b, 9 = 2n2—|— ! / p(0) P, (cos(9)) sin(f) dd, n € Ny. (5.21)
0

The corresponding spectral turning bands random field (5.16) is given by

Z(z) = V2R +1UPg({(z, X)), z€S’ (5.22)
with independent R ~ > " b, 52, X ~U(S?), U such that E(U) = 0,E(U”) = 1.
n€eNy

In order to simulate the random field (5.22) we have to simulate a centered and
normalized random variable U, a random vector X which is uniformly distributed
on §?, and an Np-valued random variable R with P(R = n) = b, for all n € Nj.
The simulation of U and X poses no problem, so the actual questions are how to
simulate R and what kind of correlation functions are obtained. In theory, this
question is answered by equations (5.20) and (5.21). However, in practice closed
form representations of (5.20) might be unknown for a given discrete distribution
ZneNO by2en. If on the other hand we are given a correlation function, solutions
of the integrals (5.21) might be unknown or given in a way, such that an exact
simulation procedure for the random variable R might be unknown, as the example
in (4.17) of [40] on page 51 demonstrates.

Before we start with the examples, let us take a closer look at the random field
Z in (5.22). Figure 5.3 displays two realizations of Z with random X, U fixed to 1,
R =5 in Figure 5.3a and R = 20 in Figure 5.3b. The random variable X ~ U(S?)
in (5.22) may be thought of as a random North Pole, defining a random spherical
coordinate system on S%. In a spherical coordinate system, a circle of latitude can
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5.3. Examples and Simulations on S?

be seen as the set consisting of all points in S? which have a certain great circle
distance from the North Pole. From (x,y) = cos(ds:(x,y)) for all z,y € S? it is
therefore evident that the realizations of Z are constant on all circles of latitude
in the random spherical coordinate system. These are the bands that are visible in
Figure 5.3. On the circles of longitude, the random field Z behaves like the function
© = V2R + 1UPg(cos(p)). Figure 5.4 displays this function for U = 1 and different
values of R. Apart from the scaling, the random variable R determines the index
of the Legendre polynomial and is therefore responsible for the oscillation of Z on
each circle of longitude. In consequence, there a few bands visible in a realization of
Z if the simulated value of R is small and we get many bands if R is large. Finally,
the random variable U makes sure that the mean of Z is 0.

64 6.4
32 32
0
-3 32
-6 64

(a) U=1, R=5. (b) U =1, R = 20.

Figure 5.3.: Realizations of Z(z) = 2R + 1 UPg({z, X)).

i — : e
/V\/\/VVV\/\/V\ WWW/\WW /

Figure 5.4.: The function ¢ — +/2n + 1P, (cos(¢)) for n = 1,5,11, and 20.

In what follows, we provide examples of spectral turning bands random fields Z,
for which the correspondence between the correlation function and the coefficients
(bna,n € Np) is explicit and we illustrate these examples with simulations. Note
that the spectral turning bands random field Z in (5.22) is centered and normalized.
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5. Spectral Turning Bands on the Sphere

Therefore, the sequence of random fields (S,,n € N) defined by

S, (z) = % Y Ziw), wes

converges to a Gaussian random field as n tends to infinity (see Lemma 4.4.1). In
all simulations, we choose a standard normal distribution for the centering random
variable U. It follows therefore from (4.55) in Proposition 5.2.4, E(|U|?) = 4/+/27,
and Cgg = 1/2, that for all x € S* and all n € N the inequality

sup [P(S,(#) < )~ 0()] < (b0 + (“L) Yo (D) 2 (9

yeR k ™

holds true, where ® is the distribution function of the standard normal distribution.
Just as in Section 4.4 we choose for the simulation of the approximate Gaussian
random field S,, a number of superpositions n such that the bound in (5.23) becomes
smaller than 0.05.

Ezxample 5.3.1. Of course the simplest example is to let R = n with probability one
for some n € Ny. If we take for example n = 3, then (5.20) becomes [35, Formula
8.912.4]

p(z,y) = P3(cos(ds2(z,y))) = é(f) cos(3ds2(,y)) + 3cos(dsz(z,y))).

Figure 5.5a displays this correlation function on S?. It admits a full range of [—1, 1]
and is not monotone. Note that taking a single Legendre polynomial p(z,y) =
P, (cos(dsz(z,y))) results in a correlation function which is symmetric with respect
to the point (7/2,0) if n is odd and symmetric with respect to the y-axis shifted by
7/2 to the right if n is even. Figure 5.5b displays a realization of the spectral turning
bands random field with R = 3. Figures 5.5¢, 5.5d, and 5.5e show simulations of an
approximate Gaussian random field obtained from this spectral turning bands field.
From b, 2 = d3,, n € Ny, we get a bound in (5.23) which is lower than 3.79//n,
and we choose n = 10, n = 500 and n = 6000 superpositions for the approximations
in Figures 5.5¢, 5.5d, and 5.5e.

FExample 5.3.2. The next step is to take finite convex combinations of Legendre
polynomials. Let us take for example

1 1 1
b1,2 = 5752,2 = —,54,2 = g, and b16,2 = 6’

6
so that (5.20) becomes
plz,y) = %Pl (cos(ds2(z,y))) + %Pg (cos(ds2(z,y))) + %R; (cos(ds2(z,y)))
+ éPw (cos(ds2(z,y))), z,y€S™ (5.24)

The graph of p is depicted in Figure 5.6a. It follows a global trend while oscillating
locally. Realizations of the corresponding spectral turning bands random field are
given in Figures 5.6b and 5.6c. The bound in (5.23) is approximately 4.27/+/n.
Figures 5.6d and 5.6e display approximations to a Gaussian random field with this
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5.3. Examples and Simulations on S?

0 01020304 0506070809 1 111213 14 15 16 17 18 19 2 21 22 23 24 25 26 27 28 29 3 3.1

dyy

(a) Correlation function p(z,y) = Ps(cos(ds2(x,y))).

YR Y

(b) Spectral turning bands random (c) Approximate Gaussian random
field with R = 3. field with n = 10.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with n = 500. field with n = 6000.

Figure 5.5.: Spectral turning bands random field with R = 3.
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5. Spectral Turning Bands on the Sphere

0 01020304 0506070809 1 111213 14 15 16 17 18 19 2 21 22 23 24 25 26 27 28 29 3 3.1

dyy

(a) Correlation function (5.24).

3.1

16

0

-1.6
y

-3.1

(b) Spectral turning bands random
field.

25
13
0
-1.3
-2.5

(d) Approximate Gaussian random
field with n = 500.

(c) Spectral turning bands random
field.

field with n = 7500.

)]
L]

(e) Approximate Gaussian random

1"

57

0

5.7

11

25

Figure 5.6.: Spectral turning bands random field with correlation function (5.24).
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5.3. Examples and Simulations on S?

correlation function and n = 500 and n = 7500 superpositions of single realizations
of the spectral turning bands random field. Due to the combination of Legendre
polynomials with small and large indices, this random field exhibits just as its cor-
relation function a global behaviour paired with a local and quite regular oscillation.
Let us examine what happens if we increase the local oscillation while giving it
less weight. We take
1 1

bio = =,bys=—=,b = — d b = —
1,2 3 2,2 5 20,2 197 an 50,2 12’

so that the correlation function is now

12

+ 1—12P50 (cos(ds2(z,y))), w,y €S (5.25)

Figure 5.7a displays this correlation function and Figures 5.7b depicts a possi-
ble realization of the corresponding spectral turning bands random field. Figure
5.7c displays the associated approximate Gaussian random field with n = 500 su-
perpositions. The realization looks somewhat artificial and the local oscillation is
reminiscent of the surface of a golf ball. The bound on the Kolmogorov distance
is 4.71/4/n, hence only marginally larger than the bound in the example before.
Figures 5.7d and 5.7e show, that the structure of the realizations stays the same if
we increase n.

p(x,y) = %Pl (cos(ds2(z,y))) + %Pg (cos(dsz(,y))) + ino (cos(ds2(z,y)))

Example 5.3.3. In the next example we fix N € N and let

2n+1

—_ =0,...,N, b,a=0, k>N+1.
(N+1)27 n ) y 4V, k,2 ) - +

bn,2 =

Then this defines a probability distribution on Nj. By the Christoffel-Darboux
formula (for example [35, Formula 8.915.1]) and since P;(1) = 1 for all k& € Ny,
Schoenberg’s representation (5.20) becomes
1 N
p(z,y) = [ESE nz;(?n + 1) Py (cos(ds2(z,9)))

_ Pr(cos(dsz(w,y))) — P (cos(ds2 (2, y)))
(N +1)(1 = cos(ds2(z,y))) ’

N eN. (5.26)

Figure 5.8a displays this correlation function for different values of N. For large N
this correlation function drops quickly towards 0 and swings off. Simulations of the
spectral turning bands random field for N = 5 and N = 50 are given in Figures 5.8b
and 5.8c. Concerning the simulation of an approximate Gaussian random field and
the Kolmogorov distance of the marginal distributions, we have found the bounds
3.76/y/n in case N =5 and 3.1/y/n in case N = 50. Figures 5.8d and 5.8e display
simulations with n = 6000.

Example 5.3.4. Let us take a negative binomial distribution for the random variable
R, ie.

L(n+r)

bz = PRt =n) = T(ryn! ©

"1—p)", r>0,pe(0,1),n € Ny.
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5. Spectral Turning Bands on the Sphere
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0 010203 04 0506 07 0809 1 111213 14 15 16 17 1.8 19 2 21 22 23 24 25 26 27 28 29 3 3.1

dmy

(a) Correlation function (5.25).

(b) Spectral turning bands random (c) Approximate Gaussian random
field. field with n = 500.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with n = 9000. field with n = 20000.

Figure 5.7.: Spectral turning bands random field with correlation function (5.25).
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°
>

22z

I

Gt =
3

0 010203 04 050607 0809 1 1112 13 14 15 16 17 18 19 2 21 22 23 24 25 26 27 28 29 3 3.1

ey

(a) Correlation function (5.26).

¢

(b) Spectral turning bands random (c) Spectral turning bands random
field with N = 5. field with N = 50.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with N =5 and n = 6000. field with N = 50 and n = 6000.

Figure 5.8.: Spectral turning bands random field with correlation function (5.26).
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5. Spectral Turning Bands on the Sphere

Using [72, Formula 5.10.1.16] Schoenberg’s representation (5.20) becomes

=" Z Fn+r p)”Pn(cos(dSz(x,y)))

=p (1 +2(1 —p) COS(ds2 (x, y)) +(1-— p)2>,7«/2
1 1—(1-p) COS(dS2 (:E,y))
XoFi|r,1—r;1;= — .
( 2 2\/1—2(1_p)cos(dgz(x,y>) +(1—p)2)

For the first factor in (5.27) we have

+92 p_2p(1 — cos(dg2($,y))>>

(1 N (Sil’l(dgz (z,9)/2) ) 2> —r/2
p/(2V/T—p) '
Let ¢ > 0, then p = 2¢(v/c2+1—¢) € (0,1) and thus p is a valid choice for the

second parameter of the negative binomial distribution. For this p, the last term in
the equality above becomes

(1 + (Sin(ds2 (, y)/2))2> fr/27

i.e. the first factor in (5.27) is equal to the composition of a generalized Cauchy model
with parameter o = 2 and 5 =1 > 0 (see [34]) and the function 6 +— sin(6/2) (see
[33, 86]). If r =1, i.e. if R ~ Geoy,, the hypergeometric function in (5.27) equals
1 from the definition of the hypergeometric function (e.g. [35, Formula 9.100]) and
we have the correlation function

p(z,y) = <1 + (Sin(dg?(x’y)/ 2>)2)_1/2, z,y € S2. (5.28)

C

Figure 5.9a displays this correlation function for different parameter c¢. This cor-
relation function only admits positive correlations. Furthermore, large values of ¢
result in correlation functions which are close to p = 1. Realizations of the corre-
sponding spectral turning bands field on S? are depicted in Figures 5.9b and 5.9c.
Concerning the simulation of a Gaussian random field we have for the bound in
(5.23) the following inequality in terms of p = 2¢(v/ 2 + 1 —¢):

(bw N (F(;/4)>2 keZka72(2k]:_ 1)3/2> %

e S R e e

k=1
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(a) Correlation function (5.28).

Q&

(b) Spectral turning bands random (c) Spectral turning bands random
field with ¢ = 0.5. field with ¢ = 0.1.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with ¢ = 0.5 and n = 9000. field with ¢ = 0.1 and n = 9000.

Figure 5.9.: Spectral turning bands random field with correlation function (5.28).
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5. Spectral Turning Bands on the Sphere

for all m € N. For m = 100 we get a bound of approximately 3.36/4/n on the
Kolmogorov distance in (5.23) for ¢ = 0.01 and if ¢ = 0.5 the bound is lower
than 2.39/4/n. Simulations of the approximate Gaussian random fields for ¢ = 0.1,
¢ = 0.5, and n = 9000 superpositions are given in Figures 5.9d and 5.9e.

Example 5.3.5. By means of [72, Formula 5.10.1.13] a Poi(c) distributed random
variable R for the spectral turning bands random field (5.22) results in a correlation
function of the form

'

p(x’y) — ¢ Z %Pn(cos(dgz(x,y)))

neNy

= g 2esin®(d2(=)/2) ] (csin(ds2(z,y))), ¢>0,2,y €S (5.29)

Figure 5.10a displays this correlation function for different values of the parameter
c. This correlation function looks similar to (5.26). The parameter ¢ controls the
speed at which the correlation function levels off at 0 and is similar to a scale factor.
Simulations of the corresponding spectral turning bands field are given in Figures
5.10b and 5.10c. With a similar estimation as in Example 5.3.4, we get in (5.23)
the bounds 3.6/+/n if ¢ = 5 and 3.27/+/n if ¢ = 10 and we have chosen n = 9000 for
the simulations in Figures 5.10d and 5.10e. Figure 5.11 presents simulations with
larger values of ¢. The bounds on the Kolmogorov distance are 3.13/+/n for ¢ = 20
and 3.06/+/n in case ¢ = 50.

Ezxample 5.3.6. Our last example exhibits the practical limitations of the spectral
turning bands method. Let us consider the correlation function corresponding to
the power covariance function of [40], which we have already discussed in Section
4.9:

ds2(z,y

ple,y)=1— < . )>a, r,y €S (5.30)

Proposition 4.9.1 shows, that (5.30) is a correlation function for all o € (0, 1] and
all ¢ > 7/2. Let us first consider the case o = 1:

plr,y)=1— ——== ¢> g,x,y S (5.31)

By [40] the coefficients by, » of this correlation function are given by

s _
1_%’ n_07

bpo =13 0, , neven, (5.32)
2n+1)7 (2( (n—2)!! ) . nodd.

2c n+1)/2((n4+1)/2)!

It is easy to see, that for all odd n > 1 the recursion

b B 2n+5 < n >2
n+2,2 — Un,2 m + 1\n + 3
holds true, therefore a random variable R having the distribution ZneNO by 26, can

conveniently be simulated with the inverse transformation method. Consequently,
we can simulate a spectral turning bands random field (5.22) which has the corre-
lation function (5.31). Figure 5.13a presents the correlation function (5.31).
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0 01020304 0506070809 1 111213 14 15 16 1.7 18 1.9 2 21 22 23 24 25 26 27 28 29 3 3.1
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(a) Correlation function (5.29).

0.63 1
0.32 / 0.52
[

-0.32 -0.
-0.63 ) -

(b) Spectral turning bands random (c) Spectral turning bands random
field with ¢ = 5. field with ¢ = 10.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with ¢ =5 and n = 9000. field with ¢ = 10 and n = 9000.

Figure 5.10.: Spectral turning bands random field with correlation function (5.29)
and ¢ =5 or ¢ = 10.
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5. Spectral Turning Bands on the Sphere

D

(a) Spectral turning bands random (b) Spectral turning bands random
field with ¢ = 20. field with ¢ = 50.

(c) Approximate Gaussian random (d) Approximate Gaussian random
field with ¢ = 20 and n = 20. field with ¢ = 50 and n = 20.

(e) Approximate Gaussian random (f) Approximate Gaussian random
field with ¢ = 20 and n = 9000. field with ¢ = 50 and n = 9000.

Figure 5.11.: Spectral turning bands random field with correlation function (5.29)
and ¢ = 20 or ¢ = 50.
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(a) c =7/2. (b) c=m.

Figure 5.12.: The coefficients by, . . ., bag 2.

In order to explain the outcomes of the simulations, we have to take a closer
look at the coeflicients (b,2,n € Np) in (5.32). Figure 5.12 displays the first few
coefficients and shows, that the random variable R is likely to attain a small value
in the simulations, which results in a spectral turning bands random field that looks
like the one in Figure 5.13b (the simulated value of R is 1 in this figure). However,
if we simulate repeatedly, occasionally a very large value of R and hence a random
field that looks like the one in 5.13¢ occurs (the simulated value of R in Figure 5.13c
is 151). The reason for this is the slow decay of the coeflicients (b, 2,7 € Ny). This
can be seen as follows. For every odd index 2m + 1, m € Ny, we have from (5.32)

(4m + 3)m (2m)! 2
2c <22m+1m!(m—|— 1)!)

_ (4m+3)m < I'(2m+1) )2

2c  \2n D (m+ DI(m+2)/

b2m+1,2 =

(5.33)

Writing I'(2m + 1) = I'(2(m + 1/2)), we obtain with the product theorem for the
gamma function (e.g. [35, Formula 8.335])

1 4m+3 (F(m—f— 1/2)

bomi1y = —
2m+1,2 I(m+1)

2
AR ) ., meN,. (5.34)

An application of Gautschi’s inequality (for instance [26, Formula 5.6.4]) for the
quotient of gamma functions yields

1 m+ 3/4 1 m+3/4
— < ba, < ——, €N, 5.35
2¢c(m+22(m+1) "7 2¢(m+2)2m " (5:35)
from which it follows that
3T 7 1

E >
(F) = 32¢  T2c m’
meN

and we conclude that the spectral measure of (5.31) does not have a finite mean.
Figure 5.13d displays a simulation of an approximate Gaussian random field which
is build from n = 500 simulations of spectral turning bands random fields with the
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5. Spectral Turning Bands on the Sphere

correlation function (5.31). Out of this 500 simulations, there were 7 simulations for
which the value of R was close to 90 or even exceeded this value, and these 7 simu-
lations stand out from the rest. Because the correlation function (5.31) is isotropic
and generally quite simple, we suspect that this outcome is not characteristic for
the correlation function but can be explained with a rather slow convergence of the
spectral turning bands random field to a Gaussian random field. Therefore, let us
examine the bound on the Kolmogorov distance in (5.23) for this example. Using
(5.33), the bound in (5.23) becomes

77 (1/4)\2 m 5/2 m 2
((1 B 2_c> + é(%) mz: (m 4542)2(—;:1)+ 1)3/2 (Fl(ﬂ(m—i_—i-l{)Q)) ) %

€Ng

The quotient of gamma functions can be estimated with Gautschi’s inequality. The
other quotient in the sum can be estimated as follows:

(4m + 377 (ma D)™ 2,
(2P 7 (g p(aram ) Vo T el

Therefore, the Kolmogorov distance of the marginal distributions is smaller than
5/2 13
(- 5) e O A E S )W
2¢/ 8\ 7 4 P~ m(m + 1) ™m
LTy 8 21772 (T(1/4)\2 2
_<< %)4_ 32-33/20< s )) m’

where the equality follows because the series in the first line is a telescope series
from which it can be seen that the value of the series equals 1. This way, we get
moderate bounds of approximately 2.51/4/n in case ¢ = 7/2 and 1.66//n if ¢ = 7.
But the simulation of an approximate Gaussian random field with n = 10000 super-
positions in Figure 5.13e is not what we would expect from this bounds. Although
the simulation looks better than the one in Figure 5.13d, it is still somewhat blurred
and single simulations with large simulated value of R continue to stand out.

The practical explanation for this is the heavy-tailed spectral measure (5.35) of
the correlation function (5.31), which results in many simulated values of R that are
small and few simulated values which are very large. For instance, in the simulation
depicted in Figure 5.13e we had 9029 simulated values of R out of 10000, which were
lower or equal to 5, and 60 realizations of R exceeded 100. Another explanation could
be a slow convergence to a Gaussian random field for this particular correlation
function and the spectral turning bands method. Because we have seen that the
bound on the Kolmogorov distance in (5.23) is comparably small here, we assume
that the convergence of the multivariate distributions to that of a Gaussian random
field must be disproportionally slow.

Note that the correlation function (5.31) can also be simulated with mosaic
random fields. Indeed, we have shown the validity of (5.30) on any unit sphere
S? and for all « € (0, 1] in Proposition 4.9.1 with an explicit construction of a corre-
sponding simple mosaic random field. Although the mosaic random field in the proof

of Proposition 4.9.1 does also involve a heavy-tailed distribution in the Sibuya(«)
distribution, the case a@ = 1 is unproblematic because the Sibuya(l) distribution
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0 01020304 050607 0809 1 1112 13 14 15 16 1.7 1.8 19 2 21 22 23 24 25 26 27 28 29 3 31

Ay

(a) Correlation function (5.31).

0.66

(b) Spectral turning bands random (c) Spectral turning bands random
field with ¢ = 7/2. field with ¢ = 7/2.

(d) Approximate Gaussian random (e) Approximate Gaussian random
field with ¢ = /2 and n = 500. field with ¢ = 7/2 and n =
10000.

Figure 5.13.: Spectral turning bands random field with correlation function (5.31).
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is just the Dirac measure in 1. Figure 5.14 compares simulations based on mosaic
random fields and spectral turning bands random field. Figures 5.14e and 5.14f
confirm our expectation that simulations based on simple mosaic random fields are
better suited for this particular correlation function than the spectral turning bands
method.

Now that we know how to simulate the case a = 1, we can for the spectral turning
bands random field also use Lemma 4.8.1 to simulate the general case o € (0,1]. In
detail, if (Z;,7 € N) are independent copies of a spectral turning bands random field
with the correlation function p in (5.31), U is a centered and normalized random va-
riable, and N is Sibuya(«) distributed, then by Lemma 4.8.1 the correlation function
pa of the random field

N
Z(x)=U[] %), zeSs”
=1

is given by

pole) = Wy o)) =1 (D) ae1e> T ayes, (530
provided that U, N, and (Z;,i € N) are independent (see the proof of Lemma 4.8.1).
Figure 5.15a displays the correlation function (5.36) for ¢ = n/2 and different «a.
Figure 5.15b depicts a spectral turning bands random field with this correlation
function and o = 0.8. Figures 5.15¢, 5.15d, and 5.15e display the corresponding
approximate Gaussian random fields. Because we have added another heavy-tailed
distribution into our simulation, we have an even slower convergence to a Gaussian
random field than in the o = 1 example.

Figure 5.16 compares the spectral turning bands method with the mosaic random
field model in the case a = 0.8. Now that both methods include the simulation of

slowly decaying distributions, there seems to be no difference in their performance.
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(a) Single realization of a simple (b) Single realization of a spectral
mosaic random field with the turning bands random field with
correlation function (5.31). the correlation function (5.31).

(c) Approximate Gaussian random (d) Approximate Gaussian random
field build from simple mosaic field build from spectral turning
random fields, n = 500. bands random fields, n = 500.

(e) Approximate Gaussian random (f) Approximate Gaussian random
field build from simple mosaic field build from spectral turning
random fields, n = 20000. bands random fields, n = 20000.

Figure 5.14.: Comparison of the mosaic random field model and the spectral turning

bands method for the correlation function (5.31).
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a=1

a=08
a=0.6
a=04

0 01020304 0506070809 1 111213 14 15 16 17 18 1.9 2 21 22 23 24 25 26 27 28 29 3 3.1

day

(a) Correlation function (5.36) with ¢ = /2.

(b) Spectral turning bands random
field with v = 0.8 and ¢ = 7/2.

(d) Approximate Gaussian random
field with o = 0.8, ¢ = /2, and
n = 5000.

(c) Approximate Gaussian random
field with a = 0.8, ¢ = 7/2, and
n = 500.

(e) Approximate Gaussian random
field with o = 0.8, ¢ = 7/2, and
n = 10000.

Figure 5.15.: Spectral turning bands random field with correlation function (5.36).
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0.84

042

-0.42

(a) Single realization of a simple (b) Single realization of a spectral
mosaic random field with the turning bands random field with
correlation function (5.36) with the correlation function (5.36)
a=0.8 and ¢ = 7/2. with @ = 0.8 and ¢ = 7/2.

(c) Approximate Gaussian random (d) Approximate Gaussian random
field build from simple mosaic field build from spectral turning
random fields, n = 500. bands random fields, n = 500.

(e) Approximate Gaussian random (f) Approximate Gaussian random
field build from simple mosaic field build from spectral turning
random fields, n = 20000. bands random fields, n = 20000.

Figure 5.16.: Comparison of the mosaic random field and the spectral turning bands
method for the correlation function (5.36) with o = 0.8 and ¢ = /2.
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A. Kolmogorov-Chentsov on S? -
Auxiliary Results

A.1. Distances in the Grids (D,,n € N) on §°

In this appendix we present the proofs of auxiliary results that were presented in
Sections 1.2 and 3.1. We develop the the techniques that allow us to make quanti-
tative and qualitative statements about the distances of grid points in the spherical
grid on S%

Consider the metric space (S?, dsz), where the great circle metric dse is defined by

ds2(z,y) = arccos((z,y)), x,y €S

The spherical coordinate map ¢, is defined as

b [0,7] x [0,27) — S
> 0.0) — 62(0,9) = (cos() sin(6), sin(i) sin(6), cos(0)).
On (S?% dg2) it is often convenient to express the great circle distance dgz(x,) in

terms of spherical coordinates. Using the addition theorem for the cosine function,
we have

ds2(x,y) = arccos(g(@x, Oy, | 0w — g0y|)) (A1)
with the function
R3 R
: o o (A.2)
(x,y,2) —— g(x,y,2) =sin(x) sin(y) cos(z) + cos(x) cos(y).

Let us now take the spherical grid on S? from Section 1.2:
T s n— n
D, = {gbg(kF,ZF)‘k:O,l,...,Q 1 1=0,1,....2 —1}, neN.

For any n € N, the number ¢° is defined as the minimal distance of distinct grid
points in the n-grid, i.e.

= min de(z,y), neN.
" %yeDn@?éy S2( y)

It is intuitively clear, that the minimal distance of grid points is attained somew-
here at the poles. The following lemma justifies this intuition.

Lemma A.1.1. For all n > 2 we have

Y = arccos <Sin2(2:_1) cos<2:_1) + cos? (2:_1>> (A.3)
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Proof. Let n > 2. If z,y € D,, there are k;,k, € {0,1,...,2"7'} and [,,, €
{0,1,...,2" — 1} such that X can be written as x = ¢ (k,7/2" 1, l,7/2"!) and for
y we have y = ¢ (k,m/2"", 1,m/2"""). In view of (A.1) we have

i T T
ds2(z,y) = arccos(g(kwﬁ, kyF’ |l — ly|F>>

In order to minimize dg2(z,y) we have to maximize

T T T
g<kzFa kyﬁa |lz - ly|F>

= sin(km%> sin(k@%) COS(”OE — lﬂ%) + cos (km%> cos(ky%).
(A.4)

If k, # k,, it is optimal to choose I, = [, so that

T v T
g<kmF7 kyF, 0> = COS<’]€Z — k“ﬁ) .

Consequently, we maximize g in the case k, # k, by picking k € {0,1,...,2"1 -1}
and [ € {0,1,...,2" — 1} and choosing © = ¢o(kr/2"7*,lx/2""') and furthermore
Yy = ¢2((/€ + 1)m /21 l7r/2”_1). This leaves us with

g(kz%, (k+ 1)%,0) = COS<27:1>

as a candidate for the maximum in (A.4). In the other case, it follows from the mono-
tonicity of the cosine function that it is optimal to take any l,,1, € {0,1,...,2" —1}
such that |l — [,| mod (2" — 2) =1, e.g. I, = 0,1, = 1. Because we require = # y,
neither k, = k, = 0 nor k, = k, = 2"~ are permissible choices, so that we have to
find k € {1,...,2"1 — 1} for which

7r T T , T T 7r
g(/’{:Qn_1 ) k2n_1, 2n_1) = sin? <k: 2n_1) cos<2n_1> + cos® <k2n_1) (A.5)

becomes maximal. A straightforward optimization shows that (A.5) is maximal for
the boundary values k = 1 or k = 2”1 — 1. We have therefore the candidates

T T T L of T T of T
9<2n—1’ n-1’ 2n—1) - (2n—1> Cos(zn—l) o <2n—1)
and g(O, %,O) = COS(2:_1)
for the maximum in (A.4). The assertion of the lemma then follows from
Lo T 0 of T T T \3 T \2
sin (2”—1) cos(2n_1) + cos <2n_1> — cos(—2n_1> = _COS<_2n—1> + COS(2n_1)
T \2 T
- COS(WH) (1- COS(QH))’

since the last quantity is greater than or equal to 0 for all n € N. U

As explained in Section 3.1, we think of the sets (m,,n € N) as the sets which
define the notion of neighborhood in the grids. Let us define (m,,n € N) as in
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Section 3.1 with the help of the spherical maximum metric d, i.e. for n € N we
define the set m, by

T
T = {<x>y>up T,y € Dnadm($ay) < 2n71} (AG)

where

doo (2, y) = min{d, (z,y), % (z,y)} (A7)
with  di(z,y) = max{|6, — 0,], min{[w, — @,],2m — |p. — ¢y |} }
and d* (v,y) = min{0, + 0,27 — (0, +0,)},

for all #,y € S%. Defining ,, this way, for any grid point € D,, away from the poles
the grid points y € D,, which satisfy (x,y)., € 7, are exactly the 8 adjacent grid
points and x itself. It was mentioned in Section 1.2, that we need to identify the
surrounding grid points of a point = € D,, as neighbors of z in order for Condition (c)
of Theorem 1.2.1 to be satisfied. Let A, denote the maximal distance of neighboring
grid points in the n-grid with this notion of neighborhood, i.e.

A, = max ds(z,y), néeN.

(@,Y)upE™n
We have the following formula for A,,:

Lemma A.1.2. For alln > 2 it is true that

_ 2(_T
A, = arccos (cos (2n_1)>.

Proof. Let n > 2 and z,y € D,, ie. there are some k,,k, € {0,1,...,2"" '}
and l,,l, € {0,1,...,2" — 1} such that © = ¢o(k,m/2" ', l,m/2"7) and y =
¢o(kym /2771, 1w /277 1). Tt follows from the definition of du in (A.7) that the asser-
tion (x,y)uy € m, is equivalent to

(|kx — k| < 1and |l, — I,| mod (2" — 1) < 1) or ((k;x + k) mod (2" — 1) < 1).
(A.8)
Let us assume, that the first statement in (A.8) holds true. Then in particu-
lar |l, —1,| € {0,1,2" — 1} since 1,1, € {0,1,...,2" — 1}. Hence |, — [,|7 /2"
is an element of {0,7/2""!, 27 — 7/2""1} and consequently cos(|l, — [ |7/2"!) €
{1, cos (7T / 2”*1)} by the symmetry of the cosine function. For any k,, k,, it is there-
fore optimal to choose [, l, such that |l, —[,| mod (2" —2) = 1 in order to minimize

(A.4). Concerning k,, k, we are free to make any choice that satisfies |k, — k,| < 1.
We have by the addition theorem for the cosine function for all z,y,z € R

g(z,y,2) = (cos(|z — y|) — cos(x) cos(y)) cos(z) + cos(x) cos(y)
= cos(|z — y|) cos(z) + cos(z) cos(y) (1 — cos(z)),

so that we are left with the minimization of
T T T
g <kx on—1 ’ ky on—1 ’ 2n71>

= cos(\k:x — k“%) cos<2£1> + COS(]{?I%> cos(l@%) (1 — cos<2: 1)
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subject to the condition |k, — k,| < 1. Because the second summand in (A.9) is
non-negative for any choice of k;, k, € {0,1,...,2"" '} with |k, — k,| < 1, it is easy
to see that (A.9) can not become smaller than

oy T of T
9(5’5 NPT 2n—1) o8 (2n—1)’ (A.10)

corresponding to z = ¢ (2" 2m /2", /2" ) and y = ¢ ((2"241)m /277 /277 1).

In the case (k; + k,) mod (2" — 1) < 1 at least one of the grid points z, y must be
a pole and the other can be located on the adjacent circle of latitude or be a pole
as well. The function g may therefore attain the following values:

T 0 T 1, x,y poles,
k'x—, k. a1 la: —1 ) -
9< on—1’"Von-1 | vl on—1 {cos(2f1), otherwise.

Both of these outcomes are however larger than (A.10), which shows that

A —arccos( (z E‘FL L)) _aI'CCOS(COS2< T ))
n— 9 279 on—17 9n—1 - on—1

for all n > 2. O

In view of Condition (b) in Theorem 1.2.1 we are interested in the behavior
of the quotients A, /8%, n € N. Since A, = arccos(a,) and 6° = arccos(b,)
for two sequences (an,n € N) and (b,,n € N) which increase to 1 and because
arccos(1) = 0, the behavior of the sequence (A, /62, n € N) depends on the behavior
of the sequences (a,,n € N) and (b,,n € N). The following result allows us to
reduce the question of the convergence of (arccos(a,)/ arccos(b,),n € N) to that of
(bur/1 —a2/(an/+/1 —b2),n € N). This will enable us to show that (A, /6%, n € N)
diverges to oo, and hence that Condition (b) in Theorem 1.2.1 does not hold true
for the grids (A.3) and the metric space (S?, dsz2).

We assume that an inequality of the form (A.11) is well-known to specialists, but
since we could not find it in the literature, we give a proof here.

Lemma A.1.3. For any € > 0 there exists C € (0,1) such that

yv 1 — a2 _ arccos(z) _ yv1— a2

(1- E)xﬂ arccos(y) xﬂ

(1+e¢) (A.11)

for all z,y € (C,1).

Proof. By [26, Formula 4.23.3] the inverse tangent function may be represented as

R |
arctan(z) = / sdt, x>0.
o 1+t

A substitution yields

1

1
arctan(z) = x/
0

By dominated convergence we find that

1
1
lim

——=dt =1
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hence the quotient fol 1/(1+ 2%?) dt/ fol 1/(1 + y?t*) dt converges to 1 as x,y fall to
0 and consequently

[11/(1 + 2%%) dt
[ 1/(1+ y22) dt

for all € > 0 and all x,y which are sufficiently small. By [35, Formula 1.624.5] we
have

(1—¢,1+¢) (A.13)

arccos(z) _ arctan(v1 — 22/x)
arccos(y)  arctan(y/1 — y2/y)

for all z,y € (0,1). Because v1 —22/z falls to 0 as z increases to 1, for all ¢ > 0
there is a constant C' € (0, 1) such that for all z,y € (C,1) we can combine (A.14),
(A.12), and (A.13) to get (A.11). O

Corollary A.1.4. The sequence (A, /62, n € N) diverges to oo as n — .
Proof. By Lemmas A.1.1 and A.1.2 we have
A, arccos(cos? (/2" 1))

N arccos (sin2 (m/27=1) cos(m/27—1) + cos? (7r/2”—1)) '

(A.14)

As n — 00, both arguments of the inverse cosine functions increase to 1. In view of
Lemma A.1.3, for any € € (0, 1) there is an ny € N such that for all n > ng

A \/1 — cos* (7 /27—1) (sin2 (m/2"71) cos(mw/2"71) + cos? (7?/2”*1)>

5_‘? > (1—¢) = :
" \/1 - <sin2 (m/271) cos(m/271) + cos? (7T/2”_1)> cos?(m /27 1)
(A.15)

Squaring inequality (A.15) and rearranging gives
Ap 2
( ) > (1= )21+ an +2b,)

ke
sin* (7 /2"71)

Y

with a, =
Cn,

sin®(m/2""1) cos(m/2"71)
n = c )
and ¢, = cos*(7/2""") —sin*(7/2""") cos* (7 /2" ")
— 2sin®(7/2" ") cos® (r/2" 1) — cos® (m/2" 7).
By the Pythagorean trigonometric identity, the double-angle formula and the triple-
angle formula we find

4 (1 + cos(m/2"71))
cos?(m/271) <Cos(7r/2”—1) + 2 cos(m/272) — cos(3m /27 1) + 6)

so that a, > 0 for all n > 3. Similarly,

Ay =

2
b, = )
sin®(m/2") cos (/27 1) <COS (m/27=1) + 2 cos(m/272) — cos(3m/271) + 6)
from which it is seen that b,, and hence also A, /60 diverge to oo as n — cc. O
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A.2. Application of Theorem 2.4.1 to S?

The next lemma shows that Condition (NC) in Theorem 2.4.1 is true if we would
have chosen the metric d, instead of dsz. In combination with the following lemma
we then obtain the validity of Condition (NC) in Theorem 2.4.1 for the metric
space (S?,ds2) and the choice of (m,,n € N) given in (A.6). The following proof is
motivated by the arguments given in Section 4 of [70].

Lemma A.2.1. Letn >3, m >n, and z,y € D,,. Then doo(z,y) < /2" implies
the existence of 1,91 € D1, o s Toneny Ymn € Dy such that

<.§L’, x1>up7 <y7 y1>up S Ty« vy <xm—n—17 Im—n>up7 <ym—n—17 ym—n>up S Tn+1,

and  (Tm—n, Ym—n)up € Tn

Proof. We show the assertion by induction over m > n. In case m = n, we have
to show that (z,y),, € m,, but this follows from the definition of 7, and because
we have dy(z,y) < 7/2" . Now let us assume that the statement of the lemma is
true for some m > n and suppose x,y € D,, 1 such that dy(z,y) < 7/2""!. With
ki, ky, € {0,1,...,2™} and I,,1, € {0,1,...,2™" — 1} the grid points z,y € D41
can be represented as x = ¢o(k,7/2™,l,7/2™) and y = ¢o(k,7 /2™, 1,7 /2™). From
the definition of d, it follows that the statement d(z,y) < m/2"! can be divided
into three cases:

Case 1: kg + k, < gm-ntl

Case 2: k, + k, > 2"+ — gm=ntl

Case 3: k, +k, € {27 " 4 1,...,2mFt —2m=ntl 1} and |k, — k,| < 2™
and |l — I,| mod (2"+! — 2m-ntly < gmntl

In each case we will now define grid points 2/ = ¢y(k,7/2™ 1 1! 7/2™~1) € D,
and y' = ¢o(kym/2m 1 I /2™7Y) € Dy, such that (2, 2")up, (Y, ¥ )up € Tms1 and
doo(2',y') < 7/2"7L. Then, in view of the induction hypothesis, the lemma is proven.

Let us begin with the case of z, y being near the North Pole, i.e. k, +k, < 2m~ "1
In that case we simply move north in the polar coordinate to the nearest grid points
',y € D,,. For the azimuthal coordinate the direction is irrelevant as long as we
arrive at a grid point in D,,,. This is because d, has a different behavior for points
at the poles. If x or y are already elements of D,,,1 N D,,, we do not have to move
at all. In detail, choose

v 2l jek i)z e{nyh

then k. € {0,1,...,2™ '} I’ € {0,1,...,2™ — 1} for 2 € {x,y}, so that we have
2y € D,,. Because k, — 2k, I, — 2l € {0,1} it follows from the inequality
doo(z,2") < d (z,2") that du(z,2”) € {0,7/2™}, so that (z,2"),y € Tmi1. Analo-
gously, we have (y,y)up € Tni1. The statement doo (2, y') < /2" can be obtained
from k, + k, < 277" and 2K/, 4 2k, < k, + k; so that

J. = max{v eNy

T s

doo<x/7y/) S dzo(‘x/’y/) S (kf/L“ + ky> 2m—1 S 2n—1'

For the second case we can proceed analogously with the obvious difference that we
have to move south. Thus let us come to the third case. In this case the grid points
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x and y are located away from the poles and we can proceed similarly as if we had
a grid in R?. To reduce the distance between the polar coordinates we define

o max{v € Ng|v < &} k, >k,
min{vENg\vz%, ky < ky,

;
and k! = min{U€N0|UZ%}v ke > ky,
y max{veNolvg%y}, ky < k.

Concerning the azimuthal coordinates, we have to be careful with the identifica-
tion of the boundary values. In order to decrease the distance of the azimuthal
coordinates we define

(max{veNy|v< i}, Iy — 1, < 2m= 1, >,

i min{v € Ng|v > &}, Ly — 1, < 2m= i, <,

v min{v € Ng|v > %} mod 2™, |l, —I,| > 2™ —2m " [, > [,
(max{v € Ng|v <&} Ly — 1| >2m —2m=ntl ] <,
(min{v € Ng|v > 21}, e — 1) < 271, >,

R T e A

olv< 2}, Ly —1,| >2m —2 e > 1y,
(min{v € No|v > %} mod 27, |I, —1,| > 27 — 27"+, <,

It follows as in the first case that the so defined grid points 2/, 3" are elements of D,,
and furthermore, we have (x,2")yp, (Y, ¥ )up € Tmi1 because

|y — 2K, [k, — 2K € {0,1} and |L, — 21|, |1, — 20| € {0, 1,27+ — 1},

To show that du(2/,y') < 7/2""!, we note that from |k, — k,| < 2™ ™! and
2k}, — 2k, | < |k, — k| it follows that

K, — K| < 2m . (A.16)

Furthermore, we have in case |l — l,| < 277"+ the inequality [2I, — 21} | < |l, — 1]
and if |I, — I, > 2™ — 2"~ then |2, — 2I;| > |I, — I,| by construction, so that

I}, = I)| mod (2™ — 2™~ < 2m (A.17)

It follows therefore from (A.16) and (A.17) that

doo(2',y') < di(a',y) < T

This concludes the proof. O

Now let us define

b, = arccos (sim2 <21n> cos<2£1> + COSQ<2ln>>, n € N.

Then we can show the following:

Lemma A.2.2. Letn > 2, m > n, and z,y € D,,. Then ds(z,y) < 0, implies
doo(x,y) < /2771,

141



A. Kolmogorov-Chentsov on S? - Auxiliary Results

Proof. Let n,m be as in the lemma and z,y € D,,. We show the reverse sta-
tement, i.e. we show that do(x,y) > m/2""! implies ds:(x,y) > 4,. Hence let
= ¢o(kym/2m 7 I,w /2™ € D, and y = ¢o(kyw/2m Y, 1,m /2 Y) € D, then
doo(z,y) > m/2"1 is equivalent to
(|kz — ky| > 27" and 277" < ky + k, < 2™ —277")
or (2" < |ly =1l < 2™ —=2""" and 27" < k, + k, < 2™ — 277",

In particular, the points z,y can not be too close to the poles. In the first case we
have in particular k, # k,, and we have already seen in the proof of Lemma A.1.1
that in this case we have for the function g defined in (A.2)

™ ™ ™ ™ ™ ™
g(k’xﬁ, k’yﬁ, |lx - lﬂﬁ) S g(k’xﬁ, ky%’()) = COS<|]€I — k‘“ﬁ)
Since |k, — k| > 2™ ™ we have therefore

T ™ ™ memn T ™
(gl -l < (7 50) =eon(5)

and consequently dgz(z,y) > 7/2""! in the first case. In the second case, the
restriction 277" < |l — [,| < 2™ —2™7" implies

Vs T T T T ™
9("‘?1%7’%%7 e — ly’ﬁ) < g(kIQm_p’%zm_p Qn_1)~ (A.18)

For any k., k, € {0,1,...,2™ '} we have from the addition theorems for the sine
and the cosine function the relation

ky+ky m ki+k, 7 T T T T
( 2 2m-17 9 2m71’2n71>_g<kx2mfl’ky2mfl’2nfl>

k.—k, w T
.9 Rz
_Sm< 2 y2m71)<1+cos<2n71>>.

Because the last term is non-negative, we get with (A.18)

T T T ke +ky, m kpi+k, 7w T
g<ka’kyW’ |l — ly|2n71> < g( 9 gm-1’ 9 om-1’ 2n—1>'

The restriction 2™ < k, + k, < 2™ — 2™~ " entails that 2™ "1 < (k, + k,)/2 <
gm-1 _9m=n—1 and it is easy to see that

(k;x+ky T ky+k, w 7r) <7T T 7T>
2 2m—1’ 2 2m—1’2n—1 9 2n’2n’2n—1

= sin? <1> cos< T ) + CosQ<l)
- 2n 2n—1 2n

for all kg, k, such that 27" < k, + k, < 2™ — 2™ ", Altogether we have in the
second case

7T m m o T 7r 7r
g<ka, kyW, |l — lylﬁ> < sm2(2—n) cos(2n_1) + cos? <§>

and hence dg2(z,y) > 0, also in the second case. This concludes the proof. U
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B. Isotropic Functions on S¢ and

Correlation Functions of Mosaic
Random Fields

B.1. Mosaic Random Fields Corresponding to the
Correlation Functions in Tables 4.1, 4.2, 4.3,
and 4.4

In this appendix we present for each correlation function p of Tables 4.1, 4.2, 4.3,
and 4.4 a mosaic random field

Z(x) =) <Z Ugm,l) loce,, € M, (B.1)

IePn i€l

¢ = (mB) o(

which has p as its correlation function. The mosaic random field (B.1) is determined
by the following objects:

N B;), I € Py, (B.2)

je{l,...NW\I

e An Nj-valued random variable N,

e an independent and identically distributed sequence of random closed sets
(By,n € N) defining the cells Cr, I € P, n € Ny, via (B.2),

e an independent and identically distributed sequence of real-valued random
variables (U, ;,1,7 € N),

e a function g : P*(N) — N,
e families (I;, I € P,), n € Ny, of finite subsets of N.

Random variables with different characters are assumed to be independent.

Each choice of g and (I;,I € P,), n € Ny, determines a submodel of the mosaic
random field (B.1). We make the following conventions: the random field (B.1) is
called

e simple mosaic random field if ¢ is an injection and I; = {1} for all I,
e random token field if g =1 and I[; = I for all I,
e mizture random field if g is an injection and I; = [ for all I,

o dead leaves random field if g(I) = 179 max [ and I; = {1} for all /.
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The abbreviations of the random sets are as follows:
e random half-spaces H = H(X, R) defined by
HX,R)={zcR(z,X)>R}nNM
in case M is a bounded subset of R,

e random closed balls B = Bp/y(X) defined by

D
Bop(X) = {z R o —yl < S h M

in case M is a bounded subset of R% and
d D
Bpp(X) = {z €S ’dgd(x,X) < 5}

in case M = S,
e random rectangles £ = E(Z), Z = (Z*, ..., Z%), defined by
EZ)={zeR||z—Z"<ay,...,|2a— 2% < ag} "M

in case M is a bounded subset of R? and a4, ...,aq > 0.

B.1.1. Table 4.1, M Bounded Subset of R?

For the correlation functions in Table 4.1 the respective random fields are simple
mosaic random fields. From (4.29) it follows, that the distribution of U has no
impact on the correlation function of the simple mosaic random field, as long as
0 < Var(U) < oo. Furthermore, all mosaic random fields corresponding to the
correlation functions of Table 4.1 are build from random half-spaces H(X, R) with
X ~U(S*) and R ~ U([—Ch,Cy]). Therefore, we only specify the distribution
of the number of random sets N in this subsection.
1. Generalized Cauchy correlation function
dz a\ —B/«
p(x,y) = (1+ (—y) ) . ae(0,1],8,¢>0.
c
e N=37 K, L~ NegBin (B/a, (14+(2Cwn/(cac))™) ™), K; ~ Sibuya(a).
2. Powered exponential correlation function

plz,y) = e @/ o e (0,1],¢> 0.

o N = Zle K, L ~ Poi ((2C/(cac))®), this compound Poisson distribu-
tion is also called discrete stable distribution (see [83]), K; ~ Sibuya(«).

3. Dagum correlation function

plr,y)=1— <%>B, a, B € (0,1],¢ > 0.
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B.1. Correlation Functions of Mosaic Random Fields

N=%M “m Kym, M ~ Sibuya(f),

m=1 =1

Ly, ~ Geoy, (14 (2C/(cac))*)™), Kim ~ Sibuya(a).

(Lt (day/)?) 1
(Lt (dny /)

N =31 X Kins M~ Sibuya(5),
Ly, ~ NegBin (7, (1 4+ (2Cax/(cac))*)™), Kim ~ Sibuya(a).

p(rc,y)zl—( )B, o, B e (0,1],7,¢> 0.

dyy

plx,y) = <1 — <T>a>n, a€ (0,1],¢> 2ZM,71 € Np.

N =Y K, L ~Bin (n, (2Cx/(cac))®), K; ~ Sibuya(a).

gy
2Cy

p(z,y) = <1—Cd ) e~ d=/9% 0 € (0,1],¢ > 0,n € Ny.

N=n+Y" K,neNy, L~ Poi ((2Cwm/(cq0))™), K; ~ Sibuya(w).

1 — (caday/(2Cn))"
1-— Cq dmy/(QOM) ’

plz,y) = a € (0,1].

N =K — 1, K ~ Sibuya(a).

1 J— e_(dl'y/c)a
(day/c)*

N=S7 K, L~U{0,...,M}), M ~ Poi ((2Cx/(cac))®),
K, ~ Sibuya(a).

p(z,y) = ae (0,1],¢>0.

_ log(1 + (duy/c)?)
plz,y) = @0

N =37 K, L~U{0,...,M}), M ~ Geon, ((1+ (2Cx/(cac))®)™"),
K, ~ Sibuya(a).

a € (0,1],¢ > 0.

p(z,y) = (1+ B — Be /)7 o€ (0,1],8,7,¢ > 0.

N =M S Kim, M ~ NegBin (v, (1 + 5)71),

m=1 =1

L,, ~ Poi ((QC’M/(cd c))a), K, ~ Sibuya(«).
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11.

12.

13.

14.

B.1.2.

146

px,y) = e e/ I/ UHE/ON € (0,1], 8,¢ > 0.

N=YM S Kim, M ~ Poi(8), Ly, ~ Geoy, ((1+(2C/(cac))®) ™),
K, ~ Sibuya(«).

1+ (day/c)”
p(z,y) = W’

N =301 202 Kim, M~ Geon, (571),
L, ~ Geoy, (14 (2Cw/(cac))®)™"), Kim ~ Sibuya(c).

a€ (0,1,8>1,¢>0.

p<x7 y) —= 6_/8(1—6*(da:y/0)0‘)’ o E (O’ 1]’ ﬂ’ Is > 0

N =Y S Ky, M~ Poi(B), L, ~ Poi ((2Cu/(cqc))®),
K, ~ Sibuya(a).

Y (dﬂcy/c)a
last) = 1= (T s e

B
)a> . a,Be(0,1,7>0,¢>0.

N = 3 Xt S Kimar Q ~ Sibuya(8), My ~ Geor, ((1+9)7),
Lyng ~ Geon, (14 (2Cn/(cac))®)™), Kim,q ~ Sibuya(a).

Table 4.2, M Bounded Subset of R?
p(my):/\(l—c dxy)—l—l—)\ A€ (0,2)
P dQCM P ) .

Random token field,

random half-spaces H(X, R), X ~U(S* "), R ~U([-Cw,Cul),
N ~ Geoy (A2/(2(1 — X)? + 2)),

Uiy ~N(1,(2=X)/N).

- Bl—diy/az((d +1)/2,1/2)

POy = —par 21z L a>0

Random token field
random closed balls Bp/2(X), X ~U(S*™), D = a,

N ~ Poi (the parameter of the Poisson distribution is arbitrary),

the distribution of U is arbitrary as long as 0 < Var(U) < oc.



B.1. Correlation Functions of Mosaic Random Fields

2 d, 2
plx,y) = <; arccos(f) — @dw\ fa? — dgy) 14,,<a» a>0.

Here M is a subset of R2,

random token field,
random closed balls Bp»(X), X ~U(S'), D = a,

e N ~ Poi (the parameter of the Poisson distribution is arbitrary),

the distribution of U is arbitrary as long as 0 < Var(U) < oo.

. Spherical correlation function

3d,, di
p(z,y) = (1 — 2_ay + 27;;) La,,<a, a>0.

e Here M is a subset of R? or R3,
e random token field,
e random closed balls Bp/»(X),
—d=2: X ~U(S'), D is continuously distributed with the distribu-
tion function F(x) = %(a — \/W)]].ngga + 1,94, ¢ € R,
—d=3 X ~US?), D =a,
e N ~ Poi (the parameter of the Poisson distribution is arbitrary),
e the distribution of U is arbitrary as long as 0 < Var(U) < oc.
By je(d+1)/2,1/2) & By je((d+1)/2,—d/2)
plzy) = < B(d+1)/2,1/2) ™ B(({d+1)/2,1/2) ) ey s
a > 0.
e Random token field,
e random closed balls Bp/»(X), X ~U(S*), D ~U([0,d]),

e N ~ Poi (the parameter of the Poisson distribution is arbitrary),

e the distribution of U is arbitrary as long as 0 < Var(U) < oc.

a ma?
92 d? \1/2
+ @diy artanh(( — a—;) >) 14,,<a, a >0.

e Here M is a subset of R?,
e random token field,
e random closed balls Bp»(X), X ~U(S'), D ~U([0,q]),
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e N ~ Poi (the parameter of the Poisson distribution is arbitrary),

the distribution of U is arbitrary as long as 0 < Var(U) < oc.

7.
. 1-— Cq d:vy/(QCM) 20]\/[
p(‘ray)_ 1+dzy/0 ) c> Ca .
e Dead leaves random field,
e random half-spaces H (X, R), X ~U(S* "), R ~U([-Cn,Cnl),
o N ~ Geoy ((ccg —2Cwn)/(ccq+2Ch)),
e the distribution of U is arbitrary as long as 0 < Var(U) < oo.
8.
p(z,y) = A(l - cd&)edw/c 41— )\)(1 _ oy e ) c>0,)€(0,1).
Y 2CM QCM Y ) Y
e Mixture random field,
e random half-spaces H (X, R), X ~U(S*"), R ~U([-Cn, Cnl),
o N ~ Poi (2Cy/(cac)),
o Uy ~N(1,A/(1-N).
9.
- ey /(2Cnr)
z,y) =1—2l—a__ % . ac(0,1].
e Ut caduy/ @O @ €O
e Dead leaves random field
e random half-spaces H(X, R), X ~U(S* "), R ~U([-Cw,Cul),
e N ~ Sibuya(a),
e the distribution of U is arbitrary as long as 0 < Var(U) < oo.
10.

9 — .
p(l',y) = Hk:l( T |xk yk|)+, A1y...,Qq > 0.

24 HZ:I ak

e Random token field,
e random closed rectangles E(Z7),
Z=(Z2" ..., 2% ~U(TTo_, [~ (Ry + ai), Ry + ai)),
e N ~ Poi (the parameter of the Poisson distribution is arbitrary),

e the distribution of U is arbitrary as long as 0 < Var(U) < oo.
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B.1.3. Table 4.3, M = §¢

In case M = S? we restrict ourselves to random closed balls Br(X) as random sets.
The center of the ball X is always uniformly distributed over S¢. Hence we must
only specify the distribution of the radius R in order to specify the random closed
set in S?. The random fields corresponding to the correlation function in Table
4.3 are simple mosaic random fields and so are the random fields described in this
subsection. As before, the distribution of U is irrelevant for the correlation function
of a simple mosaic random field.

1. Generalized Cauchy correlation function

plx,y) = (1 + <%)Q)_B/a, a € (0,1],8,¢> 0.

e R=7/2,
o N = Zle K, L ~ NegBin (8/a, (1 + (7/c)*)™"), K; ~ Sibuya().

2. Powered exponential correlation function
p(z,y) = e @=v/9" o € (0,1],¢ > 0.

e R=m/2,
o N=37,K;, L~ Poi((r/c)?), K; ~ Sibuya(a).

3. Dagum correlation function

p(z,y)=1— (%)B, a, B € (0,1],¢ > 0.

1+ (dyy/c
e R=7/2,
o N =3 Y Kimy, M ~ Sibuya(B), Ly, ~ Geoy, ((1+ (m/c))7™"),
K, ~ Sibuya(a).
4,
(L4 (duy/c)¥)Y = 1\F
y)=1-— , ,B8€(0,1],v,¢> 0.
o) =1 (S e )+ @€ Ole
e R=m/2,
o N=Y 1 S Ky, M ~ Sibuya(B), L, ~ NegBin (v, (1+(r/c)*) 1),
K ~ Sibuya(a).
5.

gy \ @

p(x,y)z(l—( > )n, a € (0,1],¢ > m,n € Ny.

R=m7/2,
N =YE K, L ~Bin (n, (r/c)*), K, ~ Sibuya(a).

C
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6.
day\™ (4 seye
oz, y) = <1 — 73/) e~ /9% o€ (0,1],¢ > 0,n € Ny.
e R=1/2,
o N=n+3],K,necNy, L~ Poi ((m/c)*), K; ~ Sibuya(a).
7.
1 — (dyy/m)"
= — 0, 1].
e R=m/2,
o N=K—1, K ~ Sibuya(«).
8.
(z.4) 1 — e (day/0)® 0.1 0
p I7y = —7 « E Y 7c > N
(day /)
e R=1/2,
e N=7 K, L~ U{0,...,M}), M ~ Poi ((r/c)*), K, ~ Sibuya().
9.
log(1 + (dgy/c)®)
plx,y) = , a€(0,1],¢>0.
U =T o
e R=m/2,
o N=3"1 K, L~U{O0,...,M}), M ~ Geon, ((1+ (7/c)*)7),
K; ~ Sibuya(«).
10.
ple,y) = (148 —fe”=/9") 7 ae (0,1],8,7,¢>0.
e R=m/2,
o N =M S K, M ~ NegBin (v, (1 + 8)71), Ln, ~ Poi ((r/c)),
K, ~ Sibuya(a).
11.
P, y) = Pl /AH/O™) o € (0,1], 8, ¢ > 0.
e R=m/2,
o N = 27]\::1 lL:ni Kl,ma M ~ POI(B)? Lm ~ GeONo ((1 + (W/C)a)_l)v
K, ~ Sibuya(«).
12.

pla,g) = 7l O

=TT By 0" a€ (0,1,8>1,¢>0.
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R=m/2,

N = 3o 200 K, M~ Geon, (57), Lin ~ Geony, (14 (m/c)*) 7)),
K, ~ Sibuya(a).

13.

p(z,y) = 6_5(1_87(%;,/@‘1)7 a € (0,1],8,¢>0.

R=m7/2,
N=M S Ky, M ~ Poi(B), Ly, ~ Poi ((1/c)?),

K, ~ Sibuya(a).

14.

v (duy /)
L+ (1 +9)(day/c)*

B
p(x,y)=1—< ) . a,8€(0,1],7y>0,¢>0.

R=m/2,

N =30 Xty S Kimg, @ ~ Sibuya(8), My ~ Geon, ((1+7)77),
Lynq ~ Geoy, ((1+ (7/c)*)™), Kijm,q ~ Sibuya(a).

15.

p(z,y) = e~ Bnl=/2/% = € (0,1],¢ > 0.

cos(R) ~U([-1,1]),
o N=Y1, K, L~ Poi((car1¢)™®), K; ~ Sibuya(a).
16.

p(z,y) = (1 + (% sin (%))Ol)wa, a € (0,1],8,¢> 0.

cos(R) ~U([-1,1]),
e N=Y7 K, L~ NegBin (B/a, (14 (c4410)™) 1), K, ~ Sibuya(a).

17.
ple,y)=1— (Cd+1 sin(%))a, a € (0,1].

cos(R) ~U([-1,1]),
N ~ Sibuya(a).

B.1.4. Table 4.4, M = $¢

1.
dy
plx,y) = )\( - —) +1-X Ae€(0,2).
T

e Random token field,
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e R=7/2,
o N~ Geoy (\/(2(1 =) +2)),
o U; NN(L (2- A)//\)'

1 cos?(r) — cos(dy,)
p(,y) = Laz,=0 + (1= cos(r) <arccos< sin®(r) )

cos(r) (1 — cos(dyy) T
— 2cos(r) arccos< sin((:) sin(d,,) )>) Tocd, <2, T € (0, 5]

e Here M is the two-dimensional sphere S?,

e random token field,

e R=r,

e N ~ Poi (the parameter of the Poisson distribution is arbitrary),

e the distribution of U is arbitrary as long as 0 < Var(U) < oo.

3.
1 —dyy/m
pr,y) = ——"7, c>T.
1+4+dy,/c
e Random token field,
e R=m/2,
o N ~ Geoy ((c—m)/(c+)),
e the distribution of U is arbitrary as long as 0 < Var(U) < oo.
4.
dwy —dgy/c dl’y
plx,y) = A(l — —)e @/ 4 (1 —)x)(l — —), c>0,A€(0,1).
T 7r
e Mixture random field,
e R=m/2,
e N ~ Poi(r/c),
o Uy ~N(LA(1-N).
d.

dyy/m

5 dy /) a € (0,1].

p(l’,y) =1- 21—a

e Dead leaves random field

e R=m/2,

e N ~ Sibuya(a),

e the distribution of U is arbitrary as long as 0 < Var(U) < oo.
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6.
plx,y) = )\<1 — Cqy1 Sin (%)) +1-X, Xe€(0,2).
e Random token field,
e cos(R) ~U([-1,1]),
o N ~ Geoy (A?/(2(1 = X)? +2)),
e Uj ~N(1,(2—N)/N).
7.

3 . (dy dy 2 .dy
p(ﬂb';y) =1- Cd+1d+ 5 Sln<7y) COS2 (7y> — Cd+1d—|— 5 Sln3<7y).

e Random token field,
e cos(R) ~U([-1,1]),
e N ~ Poi (the parameter of the Poisson distribution is arbitrary),

e the distribution of U is arbitrary as long as 0 < Var(U) < oc.

B.2. Isotropic Functions on S?

A function C' : STxS? — R is called isotropic if for all z,y € S% and all R € SO(d+1)
it is true that

C(z,y) = C(Rx, Ry).

In this appendix we give a proof of a statement which is well-known but which
we could not find in the literature.

Lemma B.2.1. A function C : S? x S — R is isotropic if and only if there is

C:[0,7] = R such that
Clz,y) = C(dsa(x,y)), @,y €S (B.3)

Proof. Suppose there is a function C : [0,7] — R such that (B.3) is true. Because
any rotation R € SO(d + 1) is an orthogonal matrix, we have for all z,y € S%

C(Rx,Ry) = C’(dgd(Ra:, Ry)) = C’(arccos((Ra:,Ry})) = C(x,y),

which shows the reverse implication. To see that the isotropy of C' also implies the
existence of a function C' : [0,7] — R such that (B.3) holds true, let z,#,vy,7 be
some points in S? such that dse(z,y) = dse(Z, §). We aim to show C(z,y) = C(Z, 7).

Because SO(d + 1) acts transitively on S? there are rotations R,, Rz € SO(d + 1)
such that

Rot = Ri¥ = eqyq with eqy = (0,...,0,1) € S
Because of dgi(x,y) = dsa(Z,y) we have

<ed+1a ,foy> = <$, y> = COs (de (‘Ta y)) = <ed+17 ,R’i"g%
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so that we may write R,y and R;y in block matrix notation as

Rey = (U,COS(de(a:,y))), Rzy = (v,cos(dsd(x,y))) (B.4)
with some vectors u,v € R Since ||R,y|| = ||R:7|| = 1, the length of u and v is
given by

lull = [[v]] = sin(dga(z,y)). (B.5)

Suppose that dga(z,y) € {0,7}, so that u = v = 0 by (B.5). Then we have
R,y = Rzy from (B.4) and the isotropy of C' implies

C(*T?y) = C<€d+17R2y) = C(.’i, g)

If dga(z,y) € (0,), then u # 0 and v # 0 and the vectors v’ = u/ sin(dgq(z, y)) and
v =wv/ sin(dgd(x, y)) are elements of S~!. Using the transitive action of SO(d) on
S?=1 there is a rotation R’ € SO(d) such that R'u/ = v'. It is easy to see, that the
rotation (given in block matrix notation)

., (R 0
w0

is an element of SO(d + 1), and furthermore, that ey, is a fixed point of R*. Hence
in case dga(z,y) € (0,7) we have

O( ) C(€d+1, )
= C €d+17R ny)

— C(ed+17 (sm dsa(z,y))u', cos(dsga(x y>>))
— O<€d+17 (sm dsa(x,y))v', cos(dsa(z, y))))

= C(€d+17 )
(@, 9).

Altogether we have shown that the isotropy of C' implies
C(z,y) = C(&,5) forall z,7,y,§ € S? such that dsa(x,y) = dsa(%,7).  (B.6)
For 6 € [0, 7] we may now pick any z,y € S¢ with dg«(x,y) = 6 and define C(6) by
) =C(x,y).

Then this defines a function C : [0,7] — R and (B.6) shows that the condition (B.3)
holds true for this C. U
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