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Kurzfassung

Zelluldre Automaten werden in verschiedensten wissenschaftlichen Gebieten als Me-
thode der mathematischen Modellbildung und Simulation angewandt. Fiir gew6hn-
lich stellt ein Zelluldrer Automat eine mikroskopische Beschreibung oder Abstrakti-
on eines natiirlichen Systems dar. Die Werkzeuge fiir die Herleitung und Validierung
eines Modellbildungsansatzes mit Zelluldren Automaten sind jedoch oft auf einen
konkreten Anwendungsfall ausgelegt. Daher existiert weder ein etablierter mathe-
matischer Formalismus fiir Zellulare Automaten als Methode der Modellbildung und
Simulation noch allgemeine Methoden fiir die Analyse und Validierung.

Diese Arbeit betrachtet Zellulire Automaten als einen eigensténdigen mathe-
matischen Modellierungsansatz und beinhaltet eine rigorose und systematische De-
finition von verschiedenen Auspragungen von Zelluldren Automaten. Das Ziel ist
es, Methoden und Ansétze fiir eine generelle Diskussion und einen Vergleich dieses
Modellierungsansatzes bereitzustellen. Dabei liegt der Fokus weniger auf der Einfiih-
rung einer Klassifikation von Zelluldren Automaten, sondern auf der Bereitstellung
und Vereinfachung von Methoden fiir Analyse, Validierung und Vergleich. Zuséatzlich
erleichtert eine systematische Beschreibung von Zelluldren Automaten die Vermitt-
lung des gewéhlten Modellierungsansatzes und legt den Grundstein fiir weitere und
detailliertere Untersuchungen.

Die mathematische Beschreibung von Zelluldren Automaten in dieser Arbeit ba-
siert auf lokal definierten Aktualisierungsfunktionen, die in iterativer Weise auf einem
Graphen oder regelméfigen Gitter operieren. Ein Schwerpunkt liegt auf der charak-
teristischen topologischen Struktur, welche Zelluldre Automaten auch von anderen
Konzepten wie Agenten-basierten Ansétzen oder allgemeinen Netzwerk Modellen ab-
grenzt.

Weiters wird unter der Bezeichnung Evolutions-Systeme eine Modifikation des
Konzepts Zelluldre Automaten mit kontinuierlicher Zeit und Raum betrachtet. Dies
liefert schlussendlich eine Verbindung zu stark stetigen Halbgruppen, abstrakten
Cauchy Problemen und partiellen Differentialgleichungen.

Schlieflich stellt ein stochastischer Formalismus diesen Modellierungsansatz als
eine spezielle Variante eines Markov Prozesses dar und erlaubt aber gleichzeitig eine
effiziente deterministische Methode fiir die Analyse und Simulation.
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Abstract

Cellular Automata are being applied as a method for mathematical modelling and
simulation in a variety of scientific areas. Usually a cellular automaton constitutes
a microscopic description or abstraction of a natural system. The tools used for a
mathematical derivation and validation of the cellular automaton modelling approach
are however often optimised for specific natural systems. As a consequence there
exists neither a dedicated mathematical formalism for cellular automata as a method
for modelling and simulation nor general methods for model analysis and validation.

This thesis regards cellular automata as a distinct mathematical ansatz for mod-
elling and contains a rigorous and systematic definition of various types of cellular
automata. The aim is to develop methods and approaches for a general discussion
and comparison of this modelling approach. Thereby the focus is less the introduc-
tion of a classification of cellular automata than the deduction and simplification
of methods for analysis, validation and comparison. Additionally a systematic de-
scription of cellular automata can ease the communicability of the chosen modelling
approach and provides a basis for further and more specific investigations.

The mathematical description of cellular automata in this thesis is based on
locally defined update functions that operate in an iterative manner on graphs re-
spectively regular lattices. A strong focus is put on the characteristic topological
structure, which also delineates cellular automata from other concepts like agent-
based modelling approaches and arbitrary network models.

Furthermore a modification of the concept of cellular automata with continu-
ous time and space is introduced under the paradigm of evolution systems, which
ultimately yields a connection to strongly continuous semigroups, abstract Cauchy
problems and parabolic partial differential equations.

A stochastic formalism of cellular automata finally discloses this modelling ap-
proach as a very specific variant of Markov processes and allows efficient deterministic
methods for analysis and simulation.
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Preface

Sometimes mathematical concepts seem unnecessarily complex due to an extensive
formalism. On the contrary, a mathematical description must be complete and sys-
tematic. In fact there is no mathematical benefit in a simplistic formalism which
only allows an incomplete characterisation of an idea. This contradiction between
complexity and completeness also applies to a mathematical formalisation of cellu-
lar automata. The basic principles of cellular automata are very simple and yet a
mathematical definition of such systems is not.

Besides a purely descriptive point of view there may also exist an application
oriented perspective, which imposes further requirements on the completeness of a
mathematical formalism. If cellular automata shall not just exist but also be used
to model natural systems, there must ultimately exist methods to validate such a
modelling approach.

Fruitful investigation and successful application of a modelling approach also rely
on the communicability of the underlying mathematical formalism. It is especially
advantageous to have a common understanding of conceptions within a group of
researchers. Additionally a written and established mathematical definition also
provides a basis for further scientific investigations and teaching.

Sections 1.3 (Ontology and Classification) and 2.1 (Ordinary Cellular Automata)
were written by myself in 2013 not exclusively for this thesis but within the scope of a
combined attempt of the members of our research group ‘Modelling and Simulation’
under the direction of Felix Breitenecker to find a formal mathematical definition of
ordinary cellular automata. Special thanks at this point for their work, constructive
criticism and the allowance to use the results in my diploma thesis goes especially
to Christoph Urach, Florian Miksch and Patrick Einzinger and in particular to Niki
Popper for promoting the fundamental discussion of modelling approaches in general.

An intensive examination of the structural characteristics of a mathematical con-
cept and cellular automata in particular inevitably exposes connections and rela-
tions to other mathematical concepts. Detailed formulation of such connections and
their derivation can imply additional requirements on the mathematical formulation,
which are not intuitive or obvious in the first point.

Consequently it was necessary to devote a certain effort to the reprocessing of
mathematical theories like graph theory, strongly continuous semigroups, stochastic
processes etc. in the context of cellular automata. Indeed an advanced investigation

xi



on cellular automata with exclusively one specific mathematical theory in background
would not be as interesting in the first point.

As usual, citations are indicated by quotation marks and a reference to literature.
Longer quoted passages are left- and right-indented and offer a reference to literature
at their end. Dots ... are used to indicate left out content and [square brackets]
indicate modifications.

Definitions and propositions that were not originally made by myself are marked
in their captions with corresponding references to literature. Definitions etc. that
are used in a similar fashion in literature or are modified versions of statements from
other sources are distinguished by the hint to compare with the respective source
and a bibliographic reference. All other definitions, propositions and theorems were
motivated by myself respectively in the relevant sections with the help of the members
of our research group.

The bibliography is separated into literature that provides the required technical
knowledge and literature that is — sometimes only briefly — referred to as application
example.

This document was produced exclusively with open source software and in par-
ticular with WTEX (including a variety of packages). All figures were created with
LibreOffice and GIMP or generated with GNU Octave.
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Chapter 1

Introduction

This diploma thesis investigates cellular automata mainly in the context of mod-
elling and simulation but also — where necessary — as abstract evolution systems or
stochastic processes.

The first aim is to provide a systematic mathematical approach to cellular au-
tomata, which allows us to use cellular automata as a mathematical technique for
simulation (similar to differential equations or discrete network models etc.). Two
important preconditions for allowing such a deployment are a common understand-
ing of modelling and simulation and a consistent mathematical formalism of cellular
automata.

The second main objective is the application of established mathematical meth-
ods and concepts in the context of cellular automata. This can also happen without
any imminent or relevant outcome but may just serve as a basis for further inves-
tigations. This objective required that this thesis includes short introductions to —
or rather basic definitions from — topics like graph theory (Section 3.2) or stochastic
processes (Section 5.1) etc. at one point or another.

The most basic prerequirements of these principal tasks are treated within this
chapter. Besides a very short introduction to modelling and simulation, this chapter
also includes a survey on the history and present perceptions of cellular automata.
Furthermore the basic concepts of cellular automata are discussed and examined
under the paradigm of modelling and simulation in order to clear the way for a
mathematical definition.

In Chapter 2 a mathematical formalisation of cellular automata as usually found
in literature and a more general and abstract definition are presented. Chapter 3 is
devoted to the characteristic topological structure of cellular automata. Chapter 4
presents continuous evolution systems as a super-class of cellular automata. An
extended conception of cellular automata as stochastic processes is formalised and
investigated in Chapter 5. The thesis is concluded with a summary and an outlook
on further possible investigations.



2 1. INTRODUCTION

1.1 Modelling and Simulation

Modelling and simulation is the discipline of applied mathematics, which deals with
the abstraction of natural systems' and the application of any mathematical method
in order to implement the resulting conceptual model [3] of a natural system in
a mathematical fashion. The combination of an abstraction and a mathematical
description is called modelling approach. The aim of simulating the resulting math-
ematical model is either prediction, that is the ability to predict system behaviour
under simulated conditions, or validation of the abstraction and the modelling ap-
proach.

The applied mathematical methods are not bound to a certain area — like for ex-
ample differential equations — but a modelling approach often incorporates methods
from multiple mathematical areas at the same time. The combination, comparison
and variation of methods and model assumptions in alternation with simulations
and a following comparison with experimental data or measurements of the natural
system allows us to improve the validity of a modelling approach. This process is
sometimes simply called modelling or comparative modelling and simulation if mul-
tiple independent modelling approaches are compared. When a model describes the
temporal evolution (not only a predefined temporal behaviour) of a system we talk
of a dynamic model.

A very important subtlety of this discipline is the necessity of a strict differ-
entiation between the natural system, the conceptual model and the mathematical
implementation of the model. Starting from a given natural system, simplifications
and assumptions are made in order to reduce the complexity of the system. This
process yields an artificial system, which is an abstraction or approximation of the
natural system and sometimes also referred to as a model of the natural system. In
a second iteration this conceptual model is formulated in a mathematical fashion,
which is either exact or allows the approximation of the model. The resulting math-
ematical model then is a mathematical implementation of the natural system and
allows us to perform simulations.

There exists however a strong connection between the abstraction of a natural
system and the mathematical technique to be applied. Of course certain mathemat-
ical approaches are suitable for certain types of problems. Furthermore the decision
for a certain modelling technique is made concurrently to the abstraction of the sys-
tem either due to the expertise of the operator or due to the lack of alternatives.
Consequently the choice of a modelling technique always influences the abstraction
of the system. Hence the result of these two steps in the process of modelling and
simulation is called modelling approach.

Sometimes we have to deal with rather large or complex models and accordingly
mathematical implementations that can not be treated or solved analytically. Often

'The term natural system was used by von Neumann [25]. Often simply system is used to denote
the existing real or natural system which is to be modelled. Also the term formulated problem [3]
can be used.
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the mathematical implementation or formulation of a model either incorporates some
kind of approximation like numerical solutions of equations or yields an iterative pro-
cess per definition. The required solution or approximation procedure on a computer
introduces a further iteration in the process of simulation and also a further decline
in niceness.

The final result of a simulation is always compromised by multiple sources of
errors. Starting from deliberate simplifications at the modelling stage and addi-
tional assumptions in the mathematical description, errors may also be introduced
by an approximation method and numerical errors. Consequently, simulations with
a mathematical model of a natural system can only be conducted after a validation
of the modelling approach and an investigation on possible errors.

As this is not an essay on modelling and simulation, the reader is kindly referred
to [3, 5] or similar literature for an extensive introduction.

1.2 History of Cellular Automata

The concept of cellular automata was formalised around 1950 “under the name of
cellular spaces” [33] and is credited to Stanislaw Ulam and John von Neumann.

At that time Ulam was engaged with problems in pattern formation, biomath-
ematics and chess [31]. He also worked on multiplicative processes, mathematical
physics and especially on a numerical approach for solving nonlinear partial differen-
tial equations [10]. Von Neumann was developing a theory of self-reproduction [26];
alongside he published works on quantum mechanics, detonations, operator theory,
artificial automata and other fields.

If one regards the fact that von Neumann and Ulam were deeply involved in
the development of weapons of mass destruction at the same time, the idea of self-
reproducing machines — on which von Neumann was later working in the context of
artificial automata — gets a grotesque and antiquated apocalyptic taste.

However, partially based on a suggestion of Ulam, von Neumann formalised his
ideas on self-reproduction as a formal automaton operating on discrete cells [26].
Accordingly a cellular automaton was originally a formal system which served as a
testing environment for ideas on self-replication [33].

On the other hand, at this point von Neumann already tried to predict application
scenarios for his theory of logical automata and also weakened the account of formal
logic:

In fact, there are numerous indications to make us believe that this new
system of formal logic will move closer to another discipline which has
been little linked in the past with logic. This is thermodynamics, primar-
ily in the form it was received from Boltzmann, and is that part of theo-
retical physics which comes nearest in some of its aspects to manipulating
and measuring information. Its techniques are indeed much more ana-
lytical than combinatorial, which again illustrates the point that I have
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been trying to make above. ... that a detailed, highly mathematical,
and more specifically analytical, theory of automata and of information
is needed. [25]

This is a very interesting statement especially in the context of this thesis. It
shows that von Neumann recognised the implication of logical automata for simulat-
ing physical phenomena and noticed the accompanying necessity of a mathematical
formalism.

He also made the following structural observation, which can be seen in connec-
tion with microscopic and bottom-up modelling approaches and comes rather close
to what nowadays is understood as cellular automaton:

The natural systems are of enormous complexity, and it is clearly nec-
essary to subdivide the problem that they represent into several parts.
One method of subdivision, which is particularly significant in the present
context, is this: The organisms can be viewed as made up of parts which
to a certain extent are independent, elementary units. We may, there-
fore, to this extent, view as the first part of the problem the structure
and functioning of such elementary units individually. The second part of
the problem consists of understanding how these elements are organized
into a whole, and how the functioning of the whole is expressed in terms
of these elements. [25]

Not only von Neumann was interested in simulating natural systems by dividing
the system into interacting subsystems. A few other and even earlier examples are
sketched below:

e The Ising model as presented in a 1925 paper (which despite its age and impact
is not freely available).

e In 1946, Norbert Wiener and Arturo Rosenblueth published a work on the con-
duction of nervous impulses [47], which sometimes is explicitly not regarded
as a cellular automaton and in other occasions interpreted as the first appli-
cation of von Neumanns cellular automata [32| (despite possible chronological
conflict).

e “A one-dimensional dynamical system of 64 particles with forces between neigh-
bors containing nonlinear terms has been studied on the Los Alamos computer

MANIAC 1.7 [10] by Ulam in 1955.

The origins of cellular automata are not exclusively in the formal logic domain,
but cellular automata and similar approaches were used to simulate natural systems
even before the connotation of cellular automata was coined. It is even more sur-
prising that in the present perception cellular automata are usually not discussed
as a general approach for modelling and simulating natural systems. Even though
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there exist very prominent cellular automaton approaches like the lattice Boltzmann
method.

The ultimate “rise” of cellular automata in the 1960s and 1970s is clearly linked
to the big advances in computer science of this time. Computers became available
to a broad community of researchers and lots of experiments and implementations
were conducted. Cellular automata inspired new theories (p.e. Konrad Zuse [51])
but also served as benchmarks in computer engineering (John Conway’s game “Life”
or “Game of Life”). In 2002 with “A New Kind of Science” [50] Wolfram delivered a
complete classification of the sub-class of elementary cellular automata.

1.2.1 Present Major Consensus on Cellular Automata

From literature we can conclude that there exist neither a unique nor a formal math-
ematical definition of cellular automata, no clear assignment of cellular automata
to a scientific domain or a classification of cellular automata as a scientific method.
Also the history of cellular automata itself seems to be blurry and prone to varying
interpretations.

Even if the axioms are chosen within the common sense area, it is usually
very difficult to achieve an agreement between two people who have done
this independently. [26]

This section contains some short definitions of cellular automata from various
sources and also serves as a first technical introduction to cellular automata. It is
very clear that the basic concepts (see Section 1.3.1) usually coincide. Differences
appear mostly at a rather high level of detail.

Cellular automata can be viewed as a simple model of a spatially ex-
tended decentralized system made up of a number of individual compo-
nents (cells). The communication between constituent cells is limited to
local interaction. Each individual cell is in a specific state which changes
over time depending on the states of its local neighbors. The overall
structure can be viewed as a parallel processing device. However, this
simple structure when iterated several times produces complex patterns
displaying the potential to simulate different sophisticated natural phe-
nomena. [12]

A cellular automaton consists of a regular grid of cells, each in one of
a finite number of states, such as on and off (in contrast to a coupled
map lattice). The grid can be in any finite number of dimensions. For
each cell, a set of cells called its neighborhood (usually including the
cell itself) is defined relative to the specified cell. An initial state (time
t = 0) is selected by assigning a state for each cell. A new generation
is created (advancing t by 1), according to some fixed rule (generally,
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a mathematical function) that determines the new state of each cell in
terms of the current state of the cell and the states of the cells in its
neighborhood. Typically, the rule for updating the state of cells is the
same for each cell and does not change over time, and is applied to
the whole grid simultaneously, though exceptions are known, such as
the probabilistic cellular automata and asynchronous cellular automaton.
48]

Cellular automata are mathematical idealizations of physical systems in
which space and time are discrete, and physical quantities take on a finite
set, of discrete values. A cellular automaton consists of a regular uniform
lattice (or ‘array’), usually infinite in extent, with a discrete variable at
each site (‘cell’). The state of a cellular automaton is completely specified
by the values of the variables at each site. A cellular automaton evolves
in discrete time steps, with the value of the variable at one site being
affected by the values of variables at sites in its ‘neighborhood’ on the
previous time step. The neighborhood of a site is typically taken to be
the site itself and all immediately adjacent sites. The variables at each
site are updated simultaneously (‘synchronously’), based on the values
of the variables in their neighborhood at the preceding time step, and
according to a definite set of ‘local rules’. [33]

[Cellular automata] can be characterised as follows [compare the defini-
tions of Wolfram and Hedrich]:

e [Cellular automata| are regular arrangements of single cells of the
same kind.

e FEach cell holds a finite number of discrete states.

e The states are updated simultaneously (‘synchronously’) at discrete
time levels.

e The update rules are deterministic and uniform in space and time.

e The rules for the evolution of a cell depend only on a local neigh-
borhood of cells around it.

Not all of these criteria are always fulfilled. The cells can be positioned,
for example, at the nodes of a (quasiperiodic) Penrose lattice (Penrose,
1974, 1979) or at random (Markus and Hess, 1990). A random connection
of cells was proposed by Richard Feynman (Hillis, 1989). The update
rules of certain CA include probabilistic elements ... [32]

In Section 1.3 we will filter out a set of features which for us make up a default
or ordinary cellular automaton.
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1.2.2 Classification of Cellular Automata

None of the definitions in Section 1.2.1 excludes cellular automata from being a
(bottom-up) modelling approach. On the other side there exists no mathematical
framework — like we are used to from differential equations for example — which
renders cellular automata a fully functional mathematical method for describing a
natural system. Moreover cellular automata are often regarded as (natural) systems
themselves. In some occasions these iterative systems are then interpreted as models
of real existing phenomena or — even worse — they are for example entitled as being
thermodynamic models when they feature concepts comparable to conservation of
mass or momentum.

In my opinion — and especially in the context of modelling and simulation — this
inverse approach of modelling is highly critical not only because an existing abstract
system is considered first and a suitable natural system is seeked for “application”
afterwards, but also because the natural bottom-up approach of cellular automata
as a method for modelling is abandoned.

A possible way to avoid this clash of conceptions is to differentiate between cel-
lular automata in formal logic and cellular automata in modelling and simulation.
The first branch mainly deals with pattern formation (self-reproduction, reoccurency,
etc.), Turing completeness, ergodicity, etc. where the second branch aims at mod-
elling of natural systems in a bottom-up fashion.

Of course there exist scenarios in which results from the formal logic branch
(e.g reversibility, ergodicity, etc.) are essential for simulating a system or where
elementary cellular automata are perfectly suitable for simulating a dynamic system.

Further characteristics that can help to differentiate between these two branches:

e A cellular automaton which is merely a computer program and does not serve
as a modelling approach is settled in the formal logic branch.

e Comparisons and classifications based on update rules and cell states happen
in the formal logic branch. This concerns especially the classification of update
rules for one dimensional elementary cellular automata as done by Wolfram

[50).

e Comparison and identification of a cellular automaton with a differential equa-
tion happens in the modelling and simulation branch.

1.3 Ontology and Classification

As mentioned in the preface, this section originated prior to this thesis as an intro-
duction to (ordinary) cellular automata in modelling and simulation and is included
here in a slightly modified version. The discussion and schematic classification of
cellular automata in Section 1.3.2 received a major overhaul.
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1.3.1 Basic Concepts of Cellular Automata

The ontology and basic concepts of cellular automata may seem rather obvious. Nev-
ertheless the conception of cellular automata is subject to experiences and approaches
(compare Section 1.2.1). This section incorporates ideas from [12, 32, 33| and others
and gives an overview of the basic concepts of cellular automata without sticking to
one single or even clear mathematical definition but from a rather philosophic and
conceptual point of view.

It should be mentioned that for a yet outstanding formal mathematical definition
it is even more important to restrict the default case of cellular automata (ordinary
cellular automata, as we will call them) to a well reasoned subset of cellular automata
or entity-based dynamic systems. Deviations from this basic definition can then be
discussed and formalised separately from the default definition.

Cell. The term cell comes from the Latin word cella which means chamber, small
room, compartment [48]. In the context of cellular automata the term cell evolved
from the idea of enclosed entities and is a pure historical notion. Other terms de-
scribing the same idea are:

site. Used by Wolfram for example [50, 33].

node, lattice node. Used especially in connection with lattice gas cellular automata
or the lattice Boltzmann method [32].

discrete coordinate, raster element. In connection with rasterised geographic data
[42].

pizel, dot. Anti-aliasing or image-processing in general.
element, field, entry. Matrix or array notion.
vertex. Compare Section 3.2.

individual. Used as adjective or in the context of sociological or demographic models
[36].

OO -

Figure 1.1: Different perceptions of a cell. A cell can represent an entity, a geometric
part of a space like a square or a hexagon or a discrete coordinate.

A very low-level and subordinate term is atom or entity, which emphasise the
consideration of a multitude of basically equal identifiable objects (also called homo-
geneity). A cell in the sense of cellular automata is a passive entity, whose (internal)
properties are accumulated in a so-called state.
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Cell-Space. We usually deal with entities that are arranged in a regular fashion
(often spatial) resulting in a grid or lattice structure. Other terms are cellular space,
tessellation structure, homogeneous structure, cellular structure, iterative array [32],
arrangement or alignment.

Q0% et
3 [ W)
@@@ oo oo

Figure 1.2: The alignment of cells among each other yields a so-called cell-space.

The idea of an alignment yields the introduction of a more or less coarse distance
measure on the domain on which the cells are arranged. This motivates the term
space. We usually deal with regularly aligned cells.

Neighbourhood. The concept of neighbourhood-relations between entities is one
of the — if not the — fundamental feature of cellular automata.

We can distinguish between two main approaches. The first and obvious approach
is a geometric or spatial one. The following terms fit into this concept: adjacent,
distance, neighbouring, prorimity. These concepts are based on a pre-existing space
or domain which exhibits a distance measure.

A more general approach could be described by peer-group, contact, related, con-
nected. In this case the idea of a cell-space or domain becomes obsolete and the
neighbourhood is not necessarily of spatial character.

Figure 1.3: The neighbourhood of a cell can be based upon the distance between
cells or defined through relative positions.

Anyhow, the placement of a cell and its neighbourhood is not part of the cell-state
but an external feature, which is determined by its alignment among other cells. A
cell itself is generally not aware of its alignment among the other cells.

State-Space. Other words for state are condition or value.

A state-space is a purely mathematical construction which facilitates the formal
description or definition of update rules. The state of a cell is an element (e.g.
integer, vector, real number, etc.) of the state-space. We can distinguish discrete
and continuous states.
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Since all cells are equal, they share the same state-space. Different types of cells
can be distinguished for example by using a measure or an additional dimension in
the state-space.

Update Method. The neighbourhood of a cell or more precisely the states of
the cells in the neighbourhood influence the state of the cell itself. An update rule,
mechanism, algorithm, function, process is applied on the states of the cells in the
neighbourhood and delivers a new state for the cell.

Through update methods interaction between cells is defined.

Global State and Evolution. The collection of the states of all cells forms a
global state or configuration of the cellular automaton. Accordingly we can describe
a cellular automaton by its global evolution, which is composed of an iteration of
global states.

The update rules can be applied in an iterative manner on all cells stmultaneously
and accordingly produce discrete “time” steps (synchronicity). It is however not
necessary that the resulting iterative process describes a temporal evolution.

An important requirement is that this process is memoryless in the following
sense: The state of a cell at the i-th iteration level only depends on the states of
other cells in the (i — 1)-th iteration level. This property allows the simultaneous
application of the update method on all cells.

Border. An important topic is the treatment of cells, which compose the border or
which are located at the border of a cell space. Since those cells exhibit an altered or
degraded neighbourhood, there must exist mechanisms in the update rules which catch
these instances and apply an appropriate special update rule. Such mechanisms are
collected under the term boundary conditions.

A so-called border-cell is not a special type of cell. It is only distinguished
by a degraded neighbourhood and the according update rule which depends on the
structure of the neighbourhood. Nevertheless sometimes it may be useful to introduce
a special cell state which indicates that a cell is a certain type of border-cell. For
example lattice gas cellular automata and the lattice Boltzmann method use in- and
outflow cells, whose state is altered in a different way than for ordinary cells. But
these types of cells are not necessarily located at the border of a cell-space.

Common types of boundary conditions are:

periodic boundary conditions. A not occupied slot in the neighbourhood of a cell is
filled with a cell from the opposite side of the lattice.

reflective boundary conditions. A not occupied slot in the neighbourhood of a cell is
filled with a copy of the cell.

null boundary conditions. An empty slot leads to a different update mechanism.
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Figure 1.4: Different types of boundary conditions: Periodic, reflective and arbitrary.

Cellular Automaton. The term automaton originates from the Greek autos
meaning self. Derived concepts include self moving, self willed, acting of one’s own
will, “in form of predefined reactions without interventions or external decisions”,
“a machine or robot designed to follow a precise sequence of instructions”, a formal
system |[48].

In the context of history of arts automata are mechanic artwork built by gold-
smiths and/or scientists. Their purpose was to simply just entertain and impress
with their complex mechanics as well as to model phenomena from natural sci-
ences? (clocks p.e.), which made them important but expensive instruments for daily
life [38].

Automaton theory is a field of theoretic computer science which deals with ab-
stract machines and automata. Some special cellular automata can be interpreted
in this context and resemble to finite state machines [48]. We treat them as cellular
automata in formal logic.

An automaton in the context of cellular automata is accordingly an automaton
operating on cells.

1.3.2 Textual Definition of Ordinary Cellular Automata

The introduction of a mathematically correct formalism inevitably leads to a clas-
sification system — this is true not only for cellular automata. Once a formalism is
created, such mathematical differentiations are usually very precise and clear.

A conceptual classification, which happens before the mathematical definition, on
the other hand is not necessarily unique and exact. As mentioned before, subjective
perceptions play an important role in defining cellular automata. One person may
require that the cells are aligned on a lattice structure, another may prefer cells as
abstract entities without a location.

The task of a formal definition approach is not only to deliver a basic definition
for certain types of cellular automata, an elaborate formal definition also considers
and embraces deviations from the basic definition.

Accordingly ordinary cellular automata are defined as a standard type of cellular
automata which is compatible with (or maybe the average of) definitions found in
literature. Stochastic cellular automata or unaligned cellular automata etc. can be
formalised as extensions of this basic mathematical definition.

2Regard the analogy to the difference between artificial systems like the “Game of Life” and the
use of cellular automata for modelling.



12 1. INTRODUCTION

The first requirement for the definition of ordinary cellular automata was already
mentioned:

Compatibility with Present Perceptions. In Section 1.2.1 an overview of tex-
tual definitions of cellular automata in literature was given. It is obviously not
possible to find a basic definition that is fully compatible with every other definition.

Some features that are usually contained in definitions of cellular automata are

e a set of regularly aligned (lattice) cells as containers for a state,

a finite state space, assignment of a state to each cell,

locality of interaction, the concept of regular neighbourhoods,

an update rule-set (implements boundary conditions if necessary) and

iteration and synchronicity.

A Method for Modelling and Simulation. As we intend to use cellular au-
tomata as a simulation method or modelling approach it is important to achieve
some kind of universality.

It is not a good idea to exclude continuous states from a default cellular automa-
ton. If we look at lattice Boltzmann models we can see that this prototype of an
advanced “applied” cellular automaton features continuous densities as the state of
a cell. When we model a certain spatial system we should be able to use arbitrary
boundary conditions. Furthermore we may want to observe systems in which some
cells behave differently from others. We may also not exclude any specific type of
update function from a default definition.

Furthermore a good technique for modelling features methods for model vali-
dation, parameter identification, error estimation (errors by applying the modelling
technique as well as errors during simulation) and comparison with other modelling
approaches. For this to be accomplished it is necessary that a formal definition is
mathematically consistent and complete but also extendible at the same time.

Automatisation. We may never forget that cellular automata are automata op-
erating on cells.

An automaton follows a predefined scheme of operations in an iterative manner.
An automaton is also the aggregation of a complete and precisely defined set of rules
[48]. To meet this rough definition, it is necessary that a cellular automaton

e performs the exact same update mechanisms for every cell and iteration and

e uses a neighbourhood of the same structure (coll. the same neighbourhood) for
every cell and iteration.
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e Furthermore the rule set must be compatible with any possible state of the
cellular automaton (no dead locks).

Usually these features are constructed in a rather simple manner following the
paradigm simple individual behaviour leads to complex global dynamics [12, 32, 33|.

Nevertheless it can happen that degradations of these specifications are required.
For example, a cellular automaton does usually not allow the modification of update
rules during simulation. On the other hand, a more general entity-based iterative
system could allow external modification of the rule set during simulation. Or it
might be necessary that the update rules depend on the number of the current
iteration or on the progression of a cells state.

Also the complete topology of a cellular automaton is usually constant for all
iterations. Cells can neither change their position nor their neighbours. Theoretically
it would however be possible to define a very complex rule set in order to simulate
varying neighbourhoods by applying different update functions, which neglect certain
neighbours under certain circumstances.

The only true variable of a cellular automaton should be the states of the cells
respectively the state mapping. Accordingly only the state of a cell may change over
iteration i.e. tnvariance of update rules and topology.

A Bottom-Up Modelling Approach. A cell can be regarded as an identifiable
container for a state without any interior dynamics (lattice gas cellular automata
not necessarily constitute an exception) or knowledge about its location among other
cells.

Cellular automata are used to model dynamic systems in a bottom-up fashion.
The global dynamics arise from simple individual changes of the cells’ states. These
changes are straight forward and individual, which means that there is no intended
feedback from the global dynamics to the behaviour of a single entity.

Usually the typical individual behaviour of a single entity is known and the mod-
elling approach of cellular automata permits to observe the arising global dynamic
behaviour.

It is very important that a cell on its own is not aware of other cells or its
location among other cells. Furthermore a cell is never an active agent, but rather
just a container for a state.

The Concept of Sets is Fundamental. As in mathematics itself also for cellular
automata a set theoretic point of view can be used as a starting point for setting up
a mathematical description.

Rationale: A cellular automaton always deals with a set of cells, a set of states
and sets of neighbouring cells regardless of the way these cells are arranged among
each other or within a domain. Every approach for formulating the concepts of
cellular automata incorporates this fundamental idea but introduces further, more
sophisticated concepts like a lattice of cells or borders and boundary conditions.
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A set-based point of view is also a good starting point for comparing different
specifications of cellular automata with other modelling techniques like agent-based
models or networks.

Alignment of Cells vs. Discretisation of Space (Topology I). From a set-
based point of view the alignment of cells is a secondary feature, which is deployed
on a previously existing set of cells (a posteriori alignment). This might not always
correspond to the idea of a system which is to be modelled using cellular automata. A
very common application scenario of cellular automata features the discretisation or
partitioning of space into cells (a priori alignment). In this case cells can be regarded
a result of discretisation and a spatial interpretation of the cellular automaton is self-
evident.

Usually discretisation is performed in a manner that the resulting discrete entities
are more or less equal. The advantages concerning formulation of functions and
building algorithms (implementation) seems rather obvious. Note that for example
the finite element method uses an irregular discretisation in a very successful manner.
In the case of a regular discretisation the geometry of the individual cells is not
very important. The perception of a discretised space can be replaced by a regular
alignment of cells or entities.

Wherever an alignment originates from, it is a very important characteristic of
the topology of a cellular automaton. It is the first topological feature of the cellular
automaton and in the following also denoted as topology I. Also if the alignment of
cells is not of spatial character, relative proximities between cells are introduced.

In a straight forward mathematical fashion a regular alignment can simply be de-
scribed using indices from an arbitrary dimensional index set I C Z%. This approach
will be called index-based or lattice approach.

Locality (Topology II). For a model or system it is often a crucial feature that
information travels through space and time. The restriction of interaction (at discrete
iterative steps) to a (local) subset of entities delays the spread of information and
favours an inhomogeneous distribution of information. The set of cells that can be
influenced by the information contained in a cell within a certain amount of time
(usually one time unit) constitutes the concept of neighbourhoods.

From a different point of view, the neighbourhood of a certain cell consists of
those cells for which there exists at least one condition (global state) under which
an altered cell-state yields a different state for the actual cell in the next time step.
Compare this description with the concept of differentiation.

This characteristic will be called the second topological feature of cellular au-
tomata or also simply topology I1.

In the case of (regularly) aligned cells the neighbourhood of a cell is often sym-
metric and composed of adjacent cells. In other words, the neighbourhood of a cell
can often be described using a metric on the cell-space i.e. based upon the first
topological feature.
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For regularly aligned cells and especially for an index-based alignment it is also
possible to use the concept of translations to describe the neighbourhoods of the cells.
In the index-based approach the result is a stencil method, which for a given index
delivers through addition and subtraction other indices relative to the first index.
The use of relative indices permits to define neighbourhoods of arbitrary structure
like non-symmetric or even non-local neighbourhoods.

Usually the neighbourhoods of all cells are uniformly structured (number of neigh-
bours, relative positioning of neighbours).

This second topological feature can also exist independently from the first topo-
logical feature. If the cells are not aligned, it is still possible to explicitly define
“neighbours” for every cell.

Update. An update rule takes the states of the neighbours of a cell as input and
delivers a new state for the cell.

This mapping is not necessarily reversible i.e. the states of the cells at time ¢ can
not be concluded from the states of the cells at time ¢t 4+ 1. Consequently in addition
to deterministic update rules also stochastic methods are possible.

An update rule may be a very complex composition of multiple functions and
mappings or a simple linear function. However usually the ordering of the input argu-
ments influences the result. This means that changing the ordering of the neighbours
of a cell influences the state of the cell in the next iteration.

An update rule must be defined for all occurring sizes of neighbourhoods and all
possible state-configurations of the cells in the neighbourhoods.

Borders and Boundary Conditions (Topology III). When modelling a spa-
tial system or a physical body or continuum there usually exist boundaries of the
observed domain. Accordingly a systematic definition approach for cellular automata
must offer a direct method for formulating boundary conditions. Additionally the
geometry of a cellular automaton must not be restricted to simple cuboid geometric
shapes.

Especially in connection with cell-space and border we must never forget that a
cellular automaton is — at least for us and our basic definition — an approach for mod-
elling a dynamic system and not the implementation thereof. Mathematical models
often introduce infinite domains but the implementation as a cellular automaton
with a computer language must usually use a finite set off cells probably in con-
nection with periodic boundary conditions. Of course a good mathematical model
takes possible artefacts and limitations which arise at the implementation level into
account.

It is possible to implement a cellular automaton with a dynamically growing
cell-space. The size is then limited by the physically available memory.

Using the index-based approach, a border cell can be recognised by a degraded
neighbourhood. That means that the relative indices representing the neighbourhood
point to nonexistent cells. In this case there must either exist a method or rule
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to treat this situation within the update rules or the missing neighbours have to
be replaced with any other existing cell, which yields a distortion of the geometry
of lattice of cells. If there exits such a distortion of a regular alignment, a third
topological feature (also topology III) is introduced.

Modelling is not equal to Implementation. As mentioned before, cellular au-
tomata are regarded as an approach for modelling a (often spatial) dynamic system.
It is however useful if the mathematical implementation of a modelling approach al-
lows an as straight forward as possible implementation in a programming language.
Since programming languages usually rely on the concept of arrays (indexed sets
of entities) to store information, the index-based approach for describing a cellular
automaton based model seems quite ideal in this context.

The definition approaches in this thesis are however not intended or especially
suitable for describing the arithmetics of the implementation of a cellular automaton
in a programming language. On the other hand this does not exclude the “Game of
Life” for example from being described using the presented definition approaches.

Relation to Differential Equations. The reader may have noticed that cellular
automata as a modelling approach were previously at several locations compared to
differential equations. There are two aspects of this comparison.

In some publications [32, 33| cellular automata are treated or at least discussed as
being an equivalent methodology as differential equations — at least for a certain type
of problem. In order that this is possible in the first place, a systematic formalism
of cellular automata is necessary.

Secondly the resulting algorithmic implementation of the discretisation of differ-
ential equations (finite differences p.e.) or even other more or less discrete approaches
(finite element method) can be interpreted as cellular automata.

Relation to Agent-Based Systems. For an introduction to agent-based mod-
elling see for example [39]. Also agent-based modelling has to be seen as a mod-
elling approach rather than a modelling technique. The analysis, derivation or even
technical implementation of an agent-based model can be based upon a multitude
of different mathematical techniques like graphs, Markovian models [35], statistical
models or differential equations and even cellular automata [36].

A very important difference between an agent-based modelling approach and a
cellular automaton modelling approach are the clear specifications of cellular au-
tomata regarding the topological features (alignment and local interaction) and the
automaton concept (Section 1.3.2), which includes passivity of the cells, memory-
lessness and uniform simple update rules.

Conclusion. Cellular automata in general are iterative entity-based dynamic sys-
tems. According to the previous discussion, the most important characteristics of
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a default type of a cellular automaton in modelling and simulation are summarised
below.

e cells are regarded as discrete, equal and passive entities
e characteristic topological features

— topology I: regular alignment of cells (regardless of a priori or a posteriori),
mathematically realised through an indexing

— topology II: uniform and ordered neighbourhoods, implemented through
index translations

— topology III: possible distortions of the lattice
e an arbitrary set of states is allowed
e update rules

— independent of the cell
— calculate a new state given a tuple of states

— memoryless

defined for all occurring configurations/states of neighbourhoods
e iteration scheme

— synchronous alteration of states through locally applied update rules
— invariance of topology and update rules

— requirement of an initial condition

This choice of features and properties or ordinary cellular automata is the result
of a discussion among members of our research group. A mathematical formulation
implementing this concept of ordinary cellular automata can be found in Section 2.1.
Of course different definitions of the prototype of cellular automata are possible.
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Chapter 2

Basic Definitions of Cellular
Automata

In this section mathematical definitions and formalisms for cellular automata are
presented.

Due to fact that ordinary cellular automata, as described in Section 1.3.2, are
regarded as the prototype of cellular automata, a straight forward and intuitive
mathematical formalism for this class is presented first. The concept of an alignment
on a lattice structure is implemented through an indexing of the cells. Despite the
fact that the formalism of ordinary cellular automata is a self-contained mathematical
definition, this index-based approach is rather complicated in the end.

In the second section of this chapter a class of cellular automata that lacks an
alignment of the cells — namely unaligned cellular automata — is defined. It is clear
that ordinary cellular automata are unaligned cellular automata with an additional
special alignment — implemented by an indexing of the cells.

An alternative approach for a regular alignment is derived and discussed in Chap-
ter 3 and finally recapitulated in Section 3.4.

2.1 Ordinary Cellular Automata

This mathematical formalism of ordinary cellular automata is based upon the defi-
nition derived in Section 1.3.2 and the results of an extensive reviewing by members
of the research group ‘Modelling and Simulation’.

This mathematical definition of the default type of a cellular automaton should
be perspicuous without studying the derivation of the conceptual definition from
Section 1.3.2.

2.1.1 Formalisation of Concepts

The best way for setting up a mathematical formalism is a bottom-up approach
itself. In a first step the basic concepts of ordinary cellular automata are formalised

19
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then the resulting definitions are used to describe ordinary cellular automata as a
composition thereof.

2.1.1.1 Cells

The very basic requirement for defining cellular automata is a set of abstract entities
called cells.

Definition 2.1.1 (Cell, Set of Cells). Let M denote the set of cells. Consequently
a cell is a — necessarily — unique element m € M. The set of cells is not empty but
countable and most often finite.

There is basically no limitation in the number of cells. However the observation of
only one cell defeats the purpose of cellular automata and we then speak of a trivial
cellular automaton. On the other hand in some occasions infinite or noncountable sets
of cells can be problematic. The cardinality of the set of cells may be characterised
through terms like finite, countable, infinite, etc.

Note that the implementation of infinite cellular automata on a computer system
arises a lot of questions. There exists however the possibility to simulate an infinite
domain by using periodic geometries as discussed in Section 2.1.1.4. The errors
introduced by applying this technique must be taken into account when analysing
the validity of the underlying model.

2.1.1.2 Alignment of Cells (Topology I)

In order to align cells in a regular — not necessarily geometric, despite there obviously
exists a geometric interpretation — fashion, we index the set of cells using a set of
indices, which is subject to certain requirements.

Definition 2.1.2 (Connectivity). A subset I of Z? is called connected if one of the
following conditions is satisfied.

(i) For each two elements a,b € I there exists a series of elements (zq)qen C I for
which [|zq — za+1]|2 = 1 Vo € N and for which Jag, ap € N such that a = z,,
and b = z,,.

(ii) Analogously to (i) with the condition ||z4 — 2as1l2 < V2 or |26 — Zat1|l2 < Vd
etc.

(iii) Each cross-section
I(il7~--,izf1,iz+17--~7id) = {j €l:1= (il, SN T T I A ,id) € I} (2.1.1)

where iy € Z,a € {1,...,d} \ [l is the finite union of intervals of the whole
numbers or the empty set.
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Figure 2.1: Different concepts for connectivity as defined in Definition 2.1.2 (i) to
(iii) are sketched from left to right.

In the context of cellular automata another definition of connected may require
that for an arbitrary cell each other cell can iteratively be reached through the
neighbourhoods of the cells neighbours (see Definition 3.0.15).

Definition 2.1.3 (Index Set, Lattice). We call a connected subset I C Z¢, d € N\ {0}
an index set. We also call the index set of a cellular automaton a lattice. In this case
cells correspond to lattice nodes.

In literature there exists a definition of lattices, which can be approached in an
order-theoretic or an algebraic fashion using a join- and meet-operator. A lattice as
defined in Definition 2.1.3 is a special case of this definition.

The idea of a connected index set is used to somehow avert trivial or eccentric
cellular automata with multiple independent cellular automata on one lattice or cel-
lular automata with a scattered or sparsely occupied lattice. All these situations
can be excluded from ordinary cellular automata. In order to describe the character
of the index set — respectively the geometry of a cellular automaton — in an even
more detailed manner we can transfer concepts like symmetric, convex, connected,
etc. from vector spaces respectively topological spaces to index sets. If cells represent
the discretisation of a continuous space, topological concepts like path-connectivity
or stmple connectivity can be used directly. However since the index set describes the
geometry of the cellular automaton it is defined at the stage of modelling. Accord-
ingly the previous definition of connected may be obvious in some cases or to weak
in other cases and is more the introduction of a concept than an exact definition.

Example 2.1.4. A typical square lattice is described by the index set I =
(1,...,n1) X ---x (1,...,ng). In this case the index set is of course connected.

Definition 2.1.5 (Index Mapping). If M is a set of cells, we call M indezxed or
reqularly arranged if there exists a bijective mapping Z : M — [ : m — Z(m) =: i
between M and an index set I. We call Z an index mapping and also use Z for
mapping tuples of cells onto tuples of indices Z : M* — I¥ : (mq,...,my)
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(Z(m1),...,Z(mg)) =: (i1,...,1,) where k € N\ {0}. If all cells are arranged or
indexed using an index set I C Z¢, we call d the dimension of the cellular automaton.
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Figure 2.2: The index mapping is a bijective mapping between I and M.

The index mapping is the same for all iterations. Thus the arrangement of cells
is constant and a cell does not change its location. The combination of an index set
and an index mapping may be called indexing.

The reason for a differentiation between the actual cell m € M and its unique
index ¢ € [ is in the first place purely conceptual. It however allows a more systematic
definition and classification with respect to unaligned cellular automata (Section 2.2).

2.1.1.3 Neighbourhood (Topology II)

The concept of indices and (sorted) tuples can be used to define the neighbourhood
of a cell. Beforehand some operations on indices have to be discussed. Throughout
this section we let k£ € N\ {0} be the (uniform) number of neighbours.

Definition 2.1.6 (Relative Index Tuple). A tuple J := (j1,...,jr) € (Z%)* where
Ja 7# jp for a # [ is called a relative index tuple.

For i € Z% the addition respectively subtraction J £ := (j; & 4,...,/j, & ) is
well-defined.

Definition 2.1.7 (Index Translation). Given a relative index tuple J we define the
index translation Ty of an index i from an index set I by 7y : I — (ZY)* 1 i i+ J
and call the result an absolute index tuple or just index tuple.

Note that i 4+ J is not necessarily a subset of I.

The differentiation between absolute and relative index tuples depends on the
application of the tuple of indices. A relative index tuple is used to specify the
indices of other (neighbouring) cells relative to the index of one specific cell. An
absolute index tuple on the other hand just contains the indices of a sorted set of
cells.

Definition 2.1.8 (Neighbourhood). For a cell m; from an indexed set of cells with
index set I and a relative index tuple J, we use the absolute index tuple T;(i) =
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(i1,...,ix) € (Z)* to define the neighbourhood of m; as the tuple of cells Ny, j :=
(n1,...,nx) € (M U{0})* where

o mi, =T i) ia€l

N .—{ 0 ind 1 ae{l,... .k} (2.1.2)

Furthermore we call k the size of the neighbourhood.

The mapping Z7! : (ZH* — (M U {0})* : (i1,...,ix) = (n1,...,ng) is the
generalised inversion of Z. The nonexistent cell () is required in order to maintain
the original tuple structure of the neighbourhood and to be able to indicate that
indices, which are outside the index set, do not refer to a cell.

Definition 2.1.9 (Characterisation of Neighbourhoods). Neighbourhoods can be
characterised in different ways, among them:

(i) A cell lies in its own neighbourhood if and only if 0 € Z is part of the relative
index tuple. This kind of neighbourhood is called reflexive.

(ii) The neighbourhood relations are not necessarily symmetric, which means that
if cell m is in the neighbourhood of cell n, cell n is not necessarily part of the
neighbourhood of cell m. Especially for ordinary cellular automata symmetry
is a geometric feature.

(iii) It is not unusual that neighbourhoods are of local character, which means that
the neighbourhood relation is defined by the distance between cells. In this case,
the index translation can be replaced by the corresponding function 7metric.

Proposition 2.1.10 (Universality of the Relative Index Approach). Given a local
neighbourhood structure defined through a metric on I by Tmetric : I — IF, it is
possible to find an equivalent relative index tuple J for which the index translation
T; delivers the same neighbourhood structure.

Definition 2.1.11 (Neighbourhood Mapping). Accordingly for an indexed set of
cells (M,I,Z,77') and an index translation 7 the neighbourhood mapping is defined
by N:=Z 'oToZ: M —1I— (ZH* = (MU{DH* :mi — i (i1,..., i) —
(?’Ll, ey nk)

The neighbourhood of a cell is the same for all iterations and theoretically it
could be possible to investigate infinite neighbourhoods. A relative index tuple must
then be replaced by a relative index family etc.

2.1.1.4 Border (Topology III)

The concept of a border is naturally induced by the (eventual) boundedness of the
index set. Two types of special cells can be distinguished:
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Figure 2.3: An index translation assigns an ordered set of neighbours to every cell.

Definition 2.1.12 (Border-Cell). A border-cell is a cell, which is located at the
boundary of the lattice. That is the case when the cell with index 7 € I misses at
least one of its direct neighbours #{Z1(i + j) : Z7(i 4+ j) = 0,5 € {-1,0,1}¢} > 0
or in other words when {z +7:5€{-1,0, 1}d} ¢ 1

The definition of a border-cell is actually neither utterly exact nor of primary
interest for our definition of ordinary cellular automata. It is however necessary
to dismiss the colloquial term “border-cell” in favour of a more precise definition
suitable for describing the irregularities occurring at the boundary of a lattice in a
mathematical fashion.

Definition 2.1.13 (Degraded Neighbourhood). If the absolute index tuple of a cell
m; does not lie completely within the index set T (i) = (i + j)jes ¢ I*, we talk of
(a cell with) a degraded neighbourhood.

Under certain conditions, like for some types of metric/local neighbourhoods, the
set of the border-cells is a subset of the cells with degraded neighbourhoods. This
differentiation becomes effective at the latest when the update rules are defined. We
will actually see that an update rule must react on degraded neighbourhoods in order
to implement boundary conditions.

Besides the distinction of cells with degraded neighbourhoods, we can also ma-
nipulate the geometry of a lattice by “gluing” specific cells from the lattice to the
boundary. One possible reason for doing this is to avoid degraded neighbourhoods.
We can describe such situations in a formal and exact manner using indices:

Definition 2.1.14 (Generalised Index Translation). Given a relative index tuple J,
a generalised index translation is defined by T; 7 : I — I¥ i (iy,. .., i) where
. i+ Jja t+jacl
lo = 7 .Y aed{l,... k 2.1.3
“ { 7'(17]&) 1+ Ja ¢I { } ( )

and 7 : I x Z% — I or sometimes also 7 : Z¢\ I — I maps the absolute index i and
the relative index j onto an absolute index in I.
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Figure 2.4: A generalised index translation usually replaces indices from Z% \ I with
indices from I.

Example 2.1.15. A toroid geometry for a two-dimensional ordinary cellular au-
tomaton (coll. “periodic boundary condition”) can be achieved by applying the
modulus function on nonexistent elements of the absolute index tuple. In this
case there would no longer exist degraded neighbourhoods!

A possible consequence of a generalised index translation respectively of the map-
ping 7 — as mentioned before — can be the elimination of degraded neighbourhoods,
which facilitates the definition of update rules (see further below). The term “bound-
ary conditions” obviously applies to the implementation of special update rules for
cells with degraded neighbourhoods.

A generalised index translation leads to a distortion or manipulation of the natu-
ral geometry of the cellular automaton. In some cases it may be necessary to require
that 7(¢,7) ¢ i+ J in order to avoid neighbourhoods which contain one cell multiple
times.

Another way to facilitate the definition of update rules or the analysis of the
topology of a cellular automaton is to restrict the area of observation to cells respec-
tively indices with nondegraded neighbourhoods.

Definition 2.1.16 (Cells with a Complete Neighbourhood). The nondegraded part of
an ordinary cellular automaton is composed of the cells with complete neighbourhood
and mathematically defined as M° = {m € M : T oZ(m) C I} respectively
I°P={iel: T@u) CI}.

Using this notation the restriction of the index translation 7; : I — (Z%)* can
be written as Ty : I° — I*.
2.1.1.5 States

Another basic property of (ordinary) cellular automata is that every cell at any given
time/iteration takes exactly one state from a set of possible states.
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Definition 2.1.17 (Set of States). The set of possible states is denoted as as S.

It is neither required that the set of possible states if finite nor that there exists
any special topological or algebraic structure on it. However, a non-trivial cellular
automaton features more than one different element in S. A state mapping assigns
a (current or temporary) state to each cell.

Definition 2.1.18 (State Mapping). A mapping S : M — S is called state mapping.
Accordingly S(m) € S is the current or temporary state of cell m.

For mapping multiple cells, the notation (Hle S) S(MU{0DFE — (SU{BHk -
(mi,...,mg) — (s1,...,s) where

Sa ;_{ ‘g(ma) ZLLZZ%(:)%:Q) aefl,... k} (2.1.4)
can be used. For simplicity we also use S as S : (M U {0})* — (Su {0})*. The
nonexistent state () is required to maintain the tuple structure and to indicate a
degraded neighbourhood.

The state mapping is the one and only variable of a cellular automaton. The
state mapping evolves over iteration in the sense that the state mapping at a certain
iterative step will be replaced by another state mapping in the next iterative step.

Definition 2.1.19 (Characterisations of States). By introducing a partitioning on
the set of all possible states, different cell types can be distinguished. The set of all
states can be finite or infinite. Furthermore if S is a vector space, ring, etc. we can
call S state-space.

Ezample 2.1.20. The set of all possible states can for example be a set of abstract
states S = {red, green, blue} or the vector space S = R3.

2.1.1.6 Update Rule
An update rule can be the explicit definition of a mapping but also a linear function.

Definition 2.1.21 (Update Rule). An update rule (also update rules, update rule
set or update function) is a mapping F : (SU{0N)* — S: (s1,...,5¢) = s

The update rules do not vary over iterations and stochastic update rules are
explicitly excluded from a basic definition since the necessary introduction of proba-
bility spaces etc. requires additional formalisms and investigations (see Section 5.2).

A new state for a cell is obtained through F o So N :

{M - (MU{ph)r — (Su{phH)r — S
= S

2.1.5
m = (my,...,mg) +— (S1,...,Sk) ( )
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or in a more detailed fashion by FoSoZ 10T oT:

M - I - (2ZH% = Mu{dhr — Su{PpF — s
{ m — i = (i1,...,0k) = (my,...,mg) — (81,...,8) +— s.
(2.1.6)
Since degraded neighbourhoods contain nonexistent cells respectively states (),
an update rule must react on a degraded neighbourhood and implement the desired
“boundary conditions”. An update rule never defines or modifies the geometry of a
lattice!

Definition 2.1.22 (Boundary Condition). A boundary condition describes the reac-
tion of an update rule set on degraded neighbourhoods i.e. the treatment of degraded
neighbourhoods by the update rules.

2.1.1.7 Excursus: Composite Update Rules

It is possible to define boundary conditions for an ordinary cellular automaton in a
more systematic fashion by differentiating different types of degradations and ap-
plying different update functions depending on the type of degradation. Secondly it
is often not necessary or unnecessarily complicated to define the update rule for a
neighbourhood configuration that will never occur.

Example 2.1.23. For an ordinary two-dimensional square lattice of 10 by 10 cells
and the classical von Neumann neighbourhood, a cell will never have more than
two empty neighbours. This excludes all state-tuples containing more than two
empty states. Furthermore a cell will never have two empty neighbours in op-
posing directions and so forth.

Generally in certain situations the update rules can be defined on a much smaller
subset of possible neighbourhood configurations.

Ezample 2.1.24 (Composite Update Rule). The update rule set F can be inter-
preted or redefined as a mapping

F:(SU{DHF = 0,1} xZ(S) —» ¥ xF(S) = S (2.1.7)

where T(S) is the set of S-tuples (with arbitrary number of elements) and S¥()
is the set of mappings, which map S-tuples onto elements of S and

F:i(81y...,8k) — ((01,...,ok),(sal,...,sal)) >
— (f(017~--70k)7 (Says -+ s sal)> — f(ohm,ok)((sal, . ,sal)) =5 (2.1.8)

where
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1. (o1,...,0r) indicates occupied positions in the neighbourhood using 0; = 1
if and only if s; # (@ else 0; =0 fori=1,...,k,

2. l:=8{s;: 8 #0,i=1,....k} = Zle 0; < k is the number of occupied
slots in the neighbourhood,

3. (Says--+»8q,) € St is the sorted tuple (s1,...,s;) without empty states,
4. f(o1,....0p) are update functions from St to S.

Accordingly Fa1 : {0,1}F — S*®) assigns an update mapping f : S — S to a cell
respectively neighbourhood depending on the degradation of the neighbourhood
(01,...,0k). It is sufficient when F3; is defined for all occurring neighbourhood
degradations, which themselves are completely defined through the index set,
the relative index tuple and eventually the generalised index translation.

2.1.1.8 Compatibility of Update Rules.

Since it is sufficient and even advantageous to define the update rules on a subset
of (SU{P}F as F: (SU{P})* > dom F — S, compatibility of F with all possibly
occurring state configurations of neighbourhoods has to be assured.

Definition 2.1.25 (Update Rule with Restricted Domain). We redefine the update
rules as a mapping F : (SU {0#})* > dom F — S.

Definition 2.1.26 (Compatibility of Update Rules). If a state tuple for which
(s1,...,5K) ¢ domF is encountered, we talk of undefined behaviour. Undefined
behaviour can be avoided if F respectively dom F satisfies the following conditions:

e An update rule must be compatible with the topology of the cellular automaton
i.e. all occurring degradations or configurations of neighbourhoods must be
taken into account by the update rules. We call an update rule incompatible
with a state mapping S given A if

ImeM: SoN(m)¢domF (2.1.9)

e An update rule must be self-contained. This means that all possible state
configurations of the neighbourhoods, which — apart form the initial condition
— arise from the update rule itself, must lie within the domain of the update
rules. An update rule is self-contained if for the neighbourhood of each cell
meM

SoN(n) edomF VYneN(m) = SoN(m)cdomF  (2.1.10)

where S := F 0 S o AV is understood as an element-wise operator.
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2.1.1.9 Global Description

The dynamics or behaviour of a cellular automaton can only be observed from a
global perspective. A global state is the collection of the states of all cells.

Definition 2.1.27 (Global State, Phase Space). Because the (current) states of all
cells are accumulated in the state mapping S, S can also be called global state and
interpreted as an element of the set of global states or phase space SM.

S can be interpreted as state mapping (Definition 2.2.6) as well as global state
(Definition 2.1.27).

2.1.1.10 TIterative Process and Evolution
The dynamics of a cellular automaton consists in the iteration of global states.

Definition 2.1.28 (Evolution Operator). Given a neighbourhood mapping N:’:Lnd
an update rule F, the evolution operator is the mapping £ : SM — SM : S S :=
FoSoN.

Definition 2.1.29 (Iteration of Global States). For a given initial state Sp, the
iteration of global states is defined by Si11 1= E(S¢) = F 0 S; o N where ¢t € N or
sometimes t € T' for a connected subset 7' C N. The iteration of global states yields
a mapping T — SM : t + S;. We also use the notation S(t) and S(¢,m), which
actually renders S a function 7' — SM respectively T x M — S.

Usually the implementation of cellular automata only stores the current tempo-
rary global state so that this mapping is not necessarily available once the iteration
of the cellular automaton is completed. This corresponds to the idea that a cellular
automaton operates memoryless.

Again note, that only the states of the cells and accordingly the state mapping
may change during iteration!

It is possible to use update rules that depend on the number of the current
iteration. In this case we would have F : N x (SU{0W)* — S: (t;s1,...,5k) > s.
We will however exclude this special case from our default definition.

2.1.2 Final Definition of Ordinary Cellular Automata

Definition 2.1.30 (Ordinary Cellular Automaton). An ordinary cellular automaton
is completely defined by

(i) a set of cells M with indexing (I,Z),

(ii) a neighbourhood mapping A, which is composed of a relative index tuple J and,
if the geometry of the cellular automaton shall be manipulated, additionally a
corresponding mapping T,

(iii) a set of possible states S and
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(iv) a self-contained update rule F,

which in a general form can be collected in the 4-tuple ((M,1,7),N,S,F) respec-
tively in a more detailed fashion as ((M, I,7),(J,7),S,F).

Given a compatible initial global state Sy — such that the update rule is compat-
ible with Sy given A/ —, an iteration of global states is defined. The resulting series
of state mappings describes the evolution of the cellular automaton.

2.2 Unaligned Cellular Automata

An important key feature of ordinary cellular automata is the alignment of the cells
on a regular grid structure, implemented in the previous section by an index mapping,
which identifies cells with indices form an index set in Z%. Thereupon the translation
of indices and the manipulation/distortion of lattices were defined. Furthermore the
empty cell and the empty state had to be introduced. By omitting the alignment
of cells it is possible/necessary to abandon this detour in favour of a more abstract
characterisation of neighbourhoods.

Many definitions can be inherited from ordinary cellular automata. If a definition
is an exact copy of a definition from Section 2.1, this is mentioned in the caption.
Furthermore in this section some trivialities and basic conclusions which were already
mentioned in Section 2.1 are omitted.

2.2.1 Generalisation and Reformulation of Concepts

The basic definition of a cell as an entity among many equal entities is a fundamental
feature also for unaligned cellular automata.

Definition 2.2.1 (Cell, Set of Cells, compare Definition 2.1.1). Let M denote the
set of cells. Consequently a cell is a — necessarily — unique element m € M. The set
of cells is not empty but countable and most often finite.

2.2.1.1 Explicit Neighbourhoods

In the index-based approach the neighbourhood of a distinct cell i.e. the neighbouring
cells respectively their indices were obtained from the index of the actual cell using
a neighbourhood mapping which was composed of the index mapping, an index
translation and the inverse of the index mapping

M — I = (ZH o (Mu{pht

mi i o (i in) o (nn...omy) - 22D

N::Ilo’ToI:{

When the indexing of cells is abandoned there can not exists such an algorithmic
method for assigning a neighbourhood to each cell. Therefore the neighbourhood of
a cell must be defined explicitly as a mapping

N :me (ny,...,ng,) (2.2.2)
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where k,, might be different for every cell m € M.
In order to achieve an universal notation we define T(M) similar to the power

set P(M).

Definition 2.2.2 (Tuples of Cells). The set of tuples of arbitrary length of elements
in M is denoted as T(M ). If the ordering of cells is irrelevant the notation (ny, ..., ng)
shall be used instead of (ni,...,ng). () can be regarded as a set with possibly
repeating elements.

Since M is countable we can interpret B(M) C T(M) by simply ignoring any
ordering. Accordingly a neighbourhood mapping can be defined as follows.

Definition 2.2.3 (Neighbourhood Mapping). A neighbourhood mapping is a func-
tion
N:M—ZI(M):m— (ni,...,ng,), (2.2.3)

where n; # nj for 1,5 € {1,...,ky,} and i # j.

Definition 2.2.4 (Characterisation of Neighbourhoods and Neighbourhood Map-
pings). In contrast to ordinary cellular automata the sizes of the neighbourhoods
can now vary.

(i) The neighbourhood of a cell m is called reflexive if m € N (m).

(ii) A neighbourhood mapping is called symmetric if for allm,n € M, n € N'(m) <
m € N(n).

(iii) The neighbourhoods are called ordered it N : m +— (n1,...,nk, ) and unordered
if N :mw— (ng,...,ng ).

(iv) Obviously k,, € N denotes the size of the neighbourhood of m.

(v) The neighbourhoods are called equally sized if ky, = k for all m € M and a
ke N.

For certain special cases there exist different formulations. For example a neigh-
bourhood mapping with unordered neighbourhoods could be written as

N:M—PBM):m— N (2.2.4)

(compare with the mathematical concept of correspondences) where a neighbourhood
mapping with equally sized neighbourhoods could be written as

N:M—= M me (ng,. .., n). (2.2.5)

The choice for a certain type of neighbourhood mapping is of course made during
the process of modelling.
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The requirement n; # n; for4,j € {1,...,kpn} and i # j in Definition 2.2.3 corre-
sponds to the idea that a cell can only be contained once within the same neighbour-
hood. In some situation this requirement cannot be fulfilled. We will however assume
that almost all cells feature a neighbourhood without repeating neighbours and that
repeating neighbours can only occur as a “boundary condition”. Of course for un-
aligned cells the term “boundary” is not perfectly suitable but corresponds to the
concept of distorted lattices for ordinary cellular automata. Furthermore degraded
neighbourhoods can occur if almost all cells have equally sized neighbourhoods but
only some cells have fewer or more neighbours.

2.2.1.2 State Mapping and Global State

The assignment of a (current or temporary) state to each cell happens through state
mappings.

Definition 2.2.5 (Set of States, see also Definition 2.1.17). The set of possible states
is denoted as S.

Definition 2.2.6 (State Mapping, see also Definition 2.1.18). A mappingS : M — S
is called state mapping. Accordingly S(m) € S is the current or temporary state of
cell m.

Also the lazy notation

(nl,...,nk) — (81,...,8k)
S:T(M)—=F(S): ¢ (n1,...,nE) = (S1,...,8k) (2.2.6)
{nl,...,nk} — (81,...,Sk>

where §(n;) = s; foralli € {1,..., k} may be used. However SoN'(m) = S(N'(m)) =
(8(n))nenr(m) must be regarded as an element of T(S) and not SN m)

Definition 2.2.7 (Characterisations of States, see also Definition 2.1.19). By in-
troducing a partitioning on the set of all possible states, different cell types can be
distinguished. The set of all states can be finite or infinite. Furthermore if S is a
vector space, ring, etc. we can call S state-space.

Definition 2.2.8 (Global State, compare Definition 2.1.27). As an element of the
phase space & := SM or & C SM | a state mapping can be interpreted as a global
state.

2.2.1.3 Update Rules

An update rule delivers a state given a tuple of states. Usually the argument of an
update function is the collection of states of cells within a certain neighbourhood.

Definition 2.2.9 (Update Rules). An update rule or update function is a mapping
F:Z(S)—S.



2.2. UNALIGNED CELLULAR AUTOMATA 33

As discussed for ordinary cellular automata, an update function must be com-
patible with all possibly occurring state-configurations of the neighbourhoods also
for unaligned cellular automata. More exactly, an update rule must be compatible
with the topology and self-contained.

Definition 2.2.10 (Compatibility). An update function F : T(S) D dom F — S is
called

(i) compatible with the neighbourhood mapping N' : M — T(M) and a global
state S : M — S if for all m € M, S o N(m) € dom F and

(ii) self-contained if S o N'(m) € dom F for all m € M leads to the compatibility
of F with respect to the global state S := FoSoN ie. SoN(m) € dom F for
all m € M.

In certain special cases — also depending on the neighbourhood mappings — the
update function can be written as a function F : B(S) D dom F — S or F : Sk O
dom F — S.

Usually the formulation of update rules for uniformly sized neighbourhoods is
much simpler than for neighbourhoods with varying sizes. Especially for varyingly
sized neighbourhoods it is necessary to restrict the domain of the update rule while
simultaneously keeping the update function fully compatible with all occurring neigh-
bourhood/state configurations. For example the set of all tuples with arbitrary num-
ber of elements T(-) is per se infinite.

2.2.1.4 Iteration and Evolution Operator

A new state for all cells can be obtained by FoSoN : M — T(M) — Z(S) — S in
one of the following forms:

m — (ni,...,ng. ) — (S1,...,5k,) —
m = (ni,...,nk,) — (Si,...,Sk,) +— S . (2.2.7)
m = {ni,...,ng, + — (S1,...,8k,) +— S

Definition 2.2.11 (Evolution Operator, see also Definition 2.1.28). Given a neigh-
bourhood mapping N and an update rule F, the evolution operator is the mapping
E:6-56:8§—8S:=FoSoN.

Definition 2.2.12 (Iteration of Global States, see also Definition 2.1.29). For a
given initial state Sy € & that is compatible with F given N, the iteration of global
states is defined by Sy11 := E(S;) = F 0 St o N where ¢t € N or sometimes ¢t € T
for a connected subset 7" C N. The iteration of global states yields a mapping
T — & :tr S; where & C SM. We also use the notation S(t) and S(t,m), which
actually renders S a function T' — & respectively T' x M — S.
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2.2.2 Final Definition of Unaligned Cellular Automata

Definition 2.2.13 (Unaligned Cellular Automaton). An unaligned cellular automa-
ton is completely defined by the 4-tuple (M, N, S, F), which contains

(i) aset of cells M,

)
(ii) a neighbourhood mapping N,
(iii) a set of possible states S and
(iv) a self-contained update rule F.
Given a compatible initial global state Sg — such that the update rule is compatible
with Sy given A —, an iteration of global states is defined. The resulting series of
state mappings describes the evolution of the cellular automaton.

Compare the formal definition respectively tuple-representation of ordinary cel-
lular automata (M, I,7),(J,7),S,F) with ((M,0),N,S,F). The empty set §) indi-
cates that there exists no topology I for unaligned cellular automata.



Chapter 3

Topology of Cellular Automata

As discussed in Section 1.3.1 and Section 1.3.2 the cells of a cellular automaton are
usually embedded in some kind of environment. This is motivated on the level of
modelling by the idea that either cells represent discrete regular compartments of
space (a priori alignment) or that abstract entities are arranged as cells in a regular
grid-like fashion (a posteriori alignment). This concept of arrangement introduces a
more or less natural concept of proximity between cells and is the first topological
feature of a cellular automaton and — in the context of this thesis — also summarised
under the term topology I. For explicitly unaligned cellular automata there exists
no natural structure on the set of all cells. Accordingly the first topological feature
does not exist in this case. A second topological feature is introduced by the concept
of neighbourhoods, denoted topology I1. This feature is always available for cellular
automata and constitutes one of the main principles of cellular automata since only
neighbouring cells can influence each other.

However the notation topology is not intended to imply the existence of a topol-
ogy as a mathematical structure in the context of open sets. Nevertheless we will
see in Section 3.3 that both topological features always generate a topology in the
mathematical sense on the set of cells.

The results of this section will be useful to discuss the connectivity between both
structural features and even to combine them if necessary.

Characterisation of Neighbourhoods. In Chapter 2 neighbourhoods were de-
fined in a mathematical fashion either as a composition of index operations (ordinary
cellular automata, Section 2.1) or as explicitly defined mapping (unaligned cellular
automata, Section 2.2).

Some basic characterisations of neighbourhoods respectively neighbourhood map-
pings like symmetry, reflexivity, locality and size were introduced. This paragraph
provides additional characterisations and notations in connection with neighbour-
hoods.

Definition 3.0.14 (Higher Order Neighbourhood). For a given neighbourhood map-
ping N the neighbourhood of order k of a cell m, denoted by N*(m) C M, is a subset

35
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of M defined by: n € N*(m) if and only if one of the following (exclusive) situations
applies.

n=m AN k=0
n € N(m) N k=1
dny:neN(ni),n € N(m) A k=
dng, ie{l,....,k—1}: A E>3 (3.0.1)
neN(ni),n € N(nz2),...,ng_1 € N(m)
else A = 00

Accordingly also the notations neighbour of order k and k-order neighbourhood map-
ping etc. are justified.

Definition 3.0.15 (Connectivity of Cells). If for any two cells m # n there exists
no number k € N such that n € N*(m) or m € N*(n) we talk of a disconnected
neighbourhood structure or disconnected topology I1.

Ezample 3.0.16. For example N : m +— {m} delivers a disconnected topology II.

If a neighbourhood mapping delivers a disconnected topology II, there are effec-
tively multiple independent cellular automata in operation.

Definition 3.0.17 (Inverse Neighbourhood). A cell n is called inverse neighbour of
a cell m if m is a neighbour of n i.e. if m € N(n). The set N71(m) := {n € M :
m € N (n)} is called inverse neighbourhood of m.

In some cases the inverse neighbourhood can be a tuple. This is at least possible
for ordinary cellular automata. A symmetric neighbourhood structure is charac-
terised by A'(m) = N~1(m) (probably except for ordering).

The following definitions anticipate an important concept from graph theory
(compare Section 3.2). For a connected topology II and two cells mq, my, € M there
exists a k € N and a (k — 2)-tuple of cells (mg, ..., mg_1) such that

mq EN(mz),mQ EN(mg),-~~ s M1 GN(mk) (3.0.2)
where either m, = mq A myp = my, or my = mqy A mg = my,.

Definition 3.0.18 (Directed Path). We call a tuple (my, ..., my) that satisfies Equa-
tion 3.0.2 a directed path from my and my, with length k— 1. We also call (m) a path
with length 0 even when m ¢ N (m).

Definition 3.0.19 (Undirected Path). A tuple (my,...,my) is called undirected
path between mi and my, of length k — 1 if

m1 € N(ma)Vmg € N(my),...,mp_1 € N(my) Vmyg € N(my_1). (3.0.3)
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3.1 Vector Space Interpretation

The aim of this section is to equip the set of cells M with a vector space structure.
It is however obvious to use Z as the scalar “field” (cells are discrete entities), which
actually is a ring and thus renders the resulting structure — in a mathematically
correct notation — a module. For readability modules over Z are called vector spaces.

If the set of cells M is a vector space respectively module, the addition of cells
and the multiplication of cells with scalars as well as a neutral element and inverse
cells are required. This is however not very intuitive in the context of our perception
of cells.

Alternatively M can be interpreted as an affine space, which renders the cells
points of the affine space. Assume an abstract vector space (module) V' and define
the difference mapping

- MxM—=V:(mmn)—m-—n=:o. (3.1.1)

V :=span{m—n:m,n € M} = span(M — M) is called difference space. The vector
space structure of V' defines a relative position or alignment between each two cells.
If for example m; — ny = v1 = v9 = Mg — ny, we would say that m; is aligned with
respect to ny the same way as mo is aligned with respect to no.

Definition 3.1.1 (Alignment). If for each two cells m,n € M there exists an abstract
element v from a vector space or module V such that the difference m — n can be
represented by v, V is called alignment and the cells are aligned according to V.

Note that the vector v := m — n points from the neighbour towards the cell.
Again this way, the orientation of the vector describes the flow of information. In
order to obtain the neighbour of a cell, the subtraction n = m — v must be used.

Definition 3.1.2 (Basis of an Alignment). Assume there exists a minimal set of
(abstract) elements B C V such that we can write for all m,n € M

m—n= Zﬂbb where By €Z, be B. (3.1.2)
beB

We then call B a (normal) basis of the vector space or module V over Z. The number
of elements in B is called dimension of V', written dim V.

Since V' describes an alignment of the cells (first topological feature) it actually
does not simply exist but must either be defined during the process of modelling
(compare 1.3.1) or constructed in another way (compare Theorem 3.4.5).

Proposition 3.1.3 (Existence of an Alignment). For every cellular automaton with
a finite set of cells |M| < oo there exists an alignment with dimension

, [M]\ _ [M]!
dimV < ( 5 > =y (M=) (3.1.3)
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Proof. Assume that all vectors m — n are linearly independent. Then there exist
(|1\2/[|) basis vectors. O

Based on such an alignment of the cells, the neighbourhood structure can be
represented in a vector space notation. This means that the second topological
feature of a cellular automaton can be expressed using the first topological feature
as it was done for ordinary cellular automata.

Proposition 3.1.4 (Vector Representation of Neighbourhoods). Let V.= M — M
be an alignment and N : M — T(M) a neighbourhood mapping. The neighbourhood

mapping can be identified with an element from M x T (V') respectively with a mapping
M — (V).

Proof. Since m — (ny,...,ng, ) =(m—ny,...,m—mny_ )= (v1,...,v, ) € T(V) for
every m € M, T(M) x M can be identified with T(V') x M. O

3.1.1 Ordinary Cellular Automata

The concept of a difference space respectively of an alignment obviously supersedes
a regular arrangement induced by an indexing as it was used in connection with
ordinary cellular automata.

Proposition 3.1.5 (Universality of the Difference Vector Space Approach). Assume
an indexed (I C 74, T) set of cells M. The thereof resulting first topological feature
can be interpreted as an affine vector space with difference space V.= M —M =1 —1
with dimV = d.

Proof. M is isomorphic to I, I as a subset of Z% can be equipped with a vector space
structure. Accordingly the vector space structure of I — I C Z% can be transferred
to V.= M — M and there exist exactly d basis vectors. O

Let N': M — MF be a (ordered) neighbourhood mapping (for almost all cells)
and let V be an alignment. By observing for all cells m € M the tuple of vectors
m—N(m)=(m—ny,...,m—ng) = (>, Bp1b,-... >, Boib) € V% where b € B
are basis vectors of V', the idea of uniform neighbourhoods can be generalised from
indexed cellular automata to cellular automata with vector space structure.

Definition 3.1.6 (Uniform Neighbourhood Structure). The neighbourhoods of a
cellular automaton with alignment V' are called uniform or uniformly structured if
there exists a tuple (vy,...,v;) € V¥ without repeating elements such that m —
N(m) = (v1,...,v) for all m € M or equivalently if M — V¥ :m = m—N(m) is a
constant mapping. (v1,...,vx) then determines the structure of all neighbourhoods.

Note that for a finite set of cells with uniform alignment (vy,...,v;) € V¥ there
inevitably exists a cell m and a ¢ € {1,...,k} such that m —v; ¢ M. Hence
the conditions in Definition 3.1.6 can only be satisfied for cells with non-degraded
neighbourhoods.
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An alignment can be interpreted as an indexing or in other words a cellular au-
tomaton with vector space structure and uniform neighbourhoods can be interpreted
as an ordinary cellular automaton. However the geometry of a cellular automaton
with vector space structure can be richer than that of an indexed cellular automaton.

Lemma 3.1.7. Let V be an alignment, and assume a uniform neighbourhood map-
ping m — N (m) = (v1,...,v;) yielding a connected topology II (Definition 3.0.15).
Then (vi,...,vk) spans V. In other words, for each two cells m and n there exist
coefficients aq, ..., € Z such that m —n = Zle a;v;. Accordingly the dimension
of V satisfies dimV < k and it is possible to construct a basis B from (v1,...,vg)
such that B C {vy,...,vg}.

Proof. Uniformity: m — N (m) = (v1,...,vx) independently of the choice of m € M.
Connectivity: for each two m,n € M there exists a directed path (Definition 3.0.18)
between m and n. Consequently a representation m—n = Zle a;v; € V is possible.

O

Theorem 3.1.8 (Alternative Formulation of Ordinary Cellular Automata). Aligned
cellular automata with uniform connected neighbourhood correspond to ordinary cel-
lular automata and vice versa.

Proof. It remains to show that for an existing alignment V' and a connected uniform
neighbourhood mapping with m — N (m) = (v1, ..., v;) for all m € M, an equivalent
indexing (I,Z) with I C Z¢ where d < k < oo and a relative index tuple J such that
I YZ(m)+J) = (m —wvi,...,m —v}) can be found.

According to Lemma 3.1.7 we can find a basis B with d := |B| = dimV < k.
Choose a m € M and define Z(m) := 0 € Z% Identify b; € B with the unit
vector e; € Z% for all i = 1,...,d. Since every n € M can be represented as
n= m—zgzl Bibi, define Z(n) := Zle Bie;. Assume v; = Zle oa;bjforl =1,...,k,
define the elements of the relative index tuple J € (Z9)* as j; := Zle aje; where
l=1,... k. O

3.1.2 Velocity Models

If the state of a cell contains a tuple of values for which each is associated with one
of the neighbours, we talk of a velocity model.

FEzxample 3.1.9. Assume that every cell has kK = 4 neighbours N(m) =
(m1,...,my) and takes a state in S = R* such that S(m) = (s1,...,s4). Every
element of the state-vector is associated with a vector from m — N(m). For
example s; describes the velocity (or a scaling thereof) in direction m — mj.

Instead of regarding a k-state-tuple (R* in Example 3.1.9), it is possible to talk of
k subcells with scalar states (e.g. 4 subcells with state-space R). Then each subcell is
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associated with one of the k neighbours respectively with one of the k lattice velocities
v; = m; —m [32, p. 89]. We will however avoid formulations based on subcells and
use state-tuples instead.

If there exists a norm on the difference space, a so-called single-speed model 32,
p. 89| is characterised by |jv;|| = ||v;|| for all i,5 € {1,...,k}. Often the neigh-
bourhood structure respectively the lattice velocities are used for classification. For
example D2Q4, D3Q27, etc. (notation introduced by Quin [32]) describe the dimen-
sion of a regular lattice and the number of neighbours respectively lattice velocities.

Definition 3.1.10 (Lattice Tensor, compare [32, p. 89]). Let d be the dimension of
the difference space V' = M — M and let v;; denote the j-th coordinate of the i-th
“neighbourhood” vector v; = m — m; (of m) with respect to a certain basis. The

lattice tensor (field) of rank n is defined as L(™) = (lgf,)“an)alv__’ane{lr_.,d} by

k
l(()Zl)an = Z Viay " Viay, - (314)
=1

Definition 3.1.11 (Isotropy, compare [32, p. 88]). A tensor is called isotropic if
it is invariant with respect to arbitrary orthogonal transformations (rotations and
reflections) i.e. if the components I, ., are the same for every orthogonal basis.

Isotropy of lattice tensors plays an important role in multi-scale analysis.

[Usually regular lattices are used such that| [t|hese [lattice| tensors are
lequal for all cells and| invariant with respect to elements of the associ-
ated finite symmetry group but in general not with respect to arbitrary
orthogonal transformations (including continuous rotations). A sufficient
condition for ‘reasonable’ macroscopic equations encloses the isotropy of
lattice tensors ... of 2nd and 4th rank. The lattice tensors with odd rank
vanish because of the symmetry of the lattices. [32, p. 88|

Hasslacher (1987) has shown that models with several different non-
vanishing lattice speeds may be equivalent to models with a single speed
but larger symmetry group. [32, p. 125]

[Gleneralized lattice tensors

k
gal...an - Z wivial e Uian- (315)
=1

occur naturally in the multi-scale analysis of multi-speed models. The
weights correspond to different occupation numbers for the different speeds
in the global equilibrium with vanishing macroscopic velocities. [32,
pp. 93-94]



3.2. INTERPRETATION AS GRAPHS 41

3.2 Interpretation as Graphs

This section interprets the topology of cellular automata and especially the second
topological feature as graphs. A complete introduction to graph theory can be found
in [22] for example or in any other introductory work on graphs. In literature there
exist however different mathematical descriptions for graphs.

Definition 3.2.1 (Graph [22]). A graph is a triple G = (M, E,p) where M is the
set of vertices and E is the (abstract) set of edges. The mapping p: E — M x M is
called incidence mapping and indicates the (incident) connections between vertices
of the graph.

To differentiate between directed and undirected edges the notations p : e —
(mq, mg) respectively p : e — {mq,ma} could be used. We however regard an
undirected graph as a special case of a directed graph.

Definition 3.2.2 (Simple Graph and Multigraph [22]). A simple graph is a graph
whose incidence mapping is injective. A graph whose incidence mapping is not
injective is called multigraph, because two vertices can be connected multiple times.

For a simple directed graph we can assume that £ C M x M and p = idg, which
is a much more intuitive representation and allows the notation G = (M, E).

Definition 3.2.3 (Weighted Graph, compare [22]). A graph is called weighted if
there exists a mapping w : F — N. This motivates the notation G = (M, E, p, w).

For the investigations in this thesis weights in N are sufficient.
The fundamental substance for the investigations on cellular automata using
graphs is framed in the following theorem.

Theorem 3.2.4 (Graph Representation of Topology II). The neighbourhood struc-
ture of a cellular automaton (second topological feature) can be interpreted as a di-
rected graph.

Proof (Unordered Neighbourhoods). Assume that the neighbourhood structure of a
cellular automaton is defined through a neighbourhood mapping N : M — B(M) :
m — N(m) = {n1,...,ng,}. Define E :=J,,c/{(n,m):n € N(m)}, which is a
subset of M x M and thus renders G := (M, E) a simple directed graph. O

Proof (Ordered Neighbourhoods). For ordered neighbourhoods on the other hand
N(m) = (n1,...,np,) € T(M). Define E := (J,,cprri(ni,m,i) i =1,... kp} and
w:e=(n,m,i)— i. Ifacellis contained multiple times within a neighbourhood we
can not identify E with a subset of M x M. In this case p : e = (n,m,i) — (n,m)
is not injective and we obtain a multigraph. O
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In the case of ordered neighbourhoods the edges are weighted with the index
of the corresponding neighbouring cell within the neighbourhood. For example if
N(m) = (n1,...,ng), the edge (n;,m) has the weight i where i € {1,...,k}.

If it is required that a cell is contained multiple times within a neighbourhood,
but we do not care for ordering, the mapping w can simply be ignored. An undirected
graph corresponds to a cellular automaton with symmetric neighbourhoods.

Note that directed edges point from the neighbours towards the cell! The reason
for this is that the direction represents the flow of information. We can conclude
that the concepts of graphs and neighbourhood mappings are exchangeable.

3.2.1 Adjacency Mappings of Graphs

As mentioned before there exist different mathematical methods for describing the
connections among vertices. This section deals with the concept of adjacency matri-
ces respectively adjacency mappings and introduces adjacency tensors.
Let M be the set of all vertices. The basic idea of an adjacency matrix is the
mapping
A: M x M —{0,1} : (m1,ma) — x, (3.2.1)

indicating whether there is a connection from my to mo (x = 1) or not (x = 0). We
make the convention that the first argument is always the source of a connection
and the second argument is the end point. Undirected graphs are characterised by
symmetric adjacency mappings: A(m,n) = A(n,m) for m,n € M.

A multigraph can be represented by letting A(mq,mg2) be the number of connec-
tions between my and mg. For graphs with weighted edges (for our purpose weights
in N are sufficient) the adjacency mapping is also of type

A: M x M — N: (mp,mg) — z, (3.2.2)

with the difference that x indicates the weight of the connection from mq to mo.
Consequently an adjacency mapping cannot fully represent a graph which is not
simple and weighted at the same time.

Definition 3.2.5 (Adjacency Mapping). We call A in all forms

A(ml,mg) = HE((ml,TTlg)) (323)
A(mi,mg) :=|{e € E : p(e) = (m1, ma)}|

A(ma,mg) = {

w((ml,mg)) (my,mg) € E

0 (m1,ms) & E (3.2.5)

an adjacency mapping.

3.2.1.1 DMatrix Representation

If the vertices are indexed — not to be confused with an indexing in the sense of
ordinary cellular automata — with index set I = {1,...,|M|}, we obtain an index
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mapping Z : M — I analogously to ordinary cellular automata. Consequently an
alternative version of the adjacency mapping is

Ao (T 1T :IxT—MxM-—N:(i,j)— (mgmy) — aij. (3.2.6)

Meaning that there is a directed connection from vertex m; to vertex m; if a;; > 0.

A vertex with index i respectively the index i itself can be identified with the
basis vector e; of the |M|-dimensional vector space with scalar field {0,1}. This
yields a matrix representation A = (a;;); je; € NIMIXIMI = NIXT of the mapping .A.

MxM —  {0,1}M x{o,1}M N
A 01, 01,5 01, 5 01,5
(mi, mj) — : ; : = : A : = aj
O|m,i O|Mlj O\nli O|nlj

Definition 3.2.6 (Adjacency Matrix, compare [22|). A is called adjacency matrix.

According to our convention, a row (constant first index i) of the adjacency
matrix A determines the outgoing connections to other vertices.

For an existing indexing I = {1, ..., |M|} (compare basis) the adjacency mapping
A € NMXM can be identified with the adjacency matrix A € N/*I,

3.2.1.2 Tensor Representation

Since for an ordinary cellular automaton the cells, which can be represented as ver-
tices, feature a multidimensional indexing I C Z% it is in our case practical to
describe adjacency mappings using multidimensional arrays. Multidimensional ar-
rays can be interpreted using the formalism of tensors. A tensor per se is independent
of the basis. The representation of a tensor with respect to a certain basis is a multi-
dimensional array. We will however refer to multidimensional arrays as tensors with
respect to a certain basis/indexing.

Definition 3.2.7 (Adjacency Tensor). Assume there exists a d-dimensional indexing
with index set I C Z% of the vertices m € M of a graph. The tensor representation
A = (aij)ijer € NI of A with respect to the indexing I is defined through

A:M x M — N: (mj,m;) — aij. (3.2.8)
Accordingly for a given indexing I the tensor representation A € N/*! can be

identified with the adjacency mapping A € NM*M  We also call A adjacency tensor
with respect to I and use the notation A(i, j).



44 3. TOPOLOGY OF CELLULAR AUTOMATA

3.2.1.3 Outlook

Usually matrices can be interpreted as linear mappings and tensors can be interpreted
as multilinear mappings. Especially for weighted graphs this perception arises some
questions: How is the underlying vector space defined (compare Section 3.1)7 Could
Z be a valid scalar field? What is the linear combination of two indices respectively
vertices? In which sense can — if at all — A be interpreted as a bilinear mapping?
This is also related to the perception of a tensor as either a multidimensional array
or as a multilinear mapping.

If the introduction of dual spaces M™* respectively I* can be motivated, an adja-
cency tensor can be interpreted as being of type (1, 1) and as an element of M*®M re-
spectively I*®1. The components of the tensor would then be written as a;» = a}ll"'.‘;-i; .

3.2.1.4 Characterisation of Graphs and Adjacency Mappings

Some of the following definitions are motivated by characteristics of matrices or
tensors. If a property depends on the indexing of the vertices the concept of adjacency
tensors together with the indexing must be used in the definition. For properties that
are not influenced by the indexing of the vertices adjacency mappings can be used
in the definition and we can talk of a graph-property, which is of course independent
of the indexing.

Definition 3.2.8 (Composite Adjacency Mappings). The decomposition and addi-
tion of adjacency mappings is defined as A = B+C+ D + --- € NMXM with the
requirement B(m,n) > 0= C(m,n) =0,D(m,n) =0,....

Definition 3.2.9 (Symmetric Graph). Let us call a graph or adjacency mapping
symmetric if A(m,n) >0 < A(n,m) >0 for all m,n € M.

Symmetric means that if n is a neighbour of m then m is a neighbour of n. For
unordered neighbourhoods respectively nonweighted graphs the greater sign in Defi-
nition 3.2.9 can be replaced with an equal sign. Note that Definition 3.2.9 supersedes
the use of symmetric as a geometric property of a neighbourhood in the context of
indexed cellular automata (compare Definition 2.1.9).

Furthermore a directed graph with symmetric adjacency mapping can be inter-
preted as an undirected graph.

Definition 3.2.10 (Diagonal Structure of Adjacency Tensors). Assume that the
vertices of a graph are indexed with a d-dimensional index set I C Z%. An adjacency
tensor is called diagonally structured if A(i,7) = A(i + k,j + k) for all k € Z¢ such
that i + k€ I and j + k € I where 4,5 € I.

Definition 3.2.11 (Regularity of Graphs, compare [22]). A weighted (directed)
graph respectively the according adjacency mapping is called {1,..., k}-regular, if
(at least) one of the following equal conditions is satisfied:
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(i) Every vertex has an in- and outdegree of k and for every vertex m € M the sets
{A(m,n) : A(m,n) > 0,n € M} as well as {A(n,m) : A(n,m) > 0,n € M}
are permutations of respectively equal to the set {1,... k}.

(ii) There exists an indexing such that for every index i € I the tuple (A(4,7) :
A(i,5) > 0,7 € I) and for every index j € I the tuple (A(4,7) : A(4,7) > 0,7 €
I) are permutations of (1,...,k).

In the case of an adjacency matrix this structural feature can expressed as: Every
column and every row must contain each of the values {1,...,k} exactly once. The
remaining elements of the matrix are zero-valued.

Definition 3.2.12 (Not fully applying Properties of Graphs). (i) For a property
we use the prefix almost to indicate that it is not valid for all vertices M or
indices I but only for a previously defined subset M° C M respectively I° C I.

(ii) For a property we use the prefix partially to indicate that it is not valid for
the adjacency mapping A but for a certain part B of the adjacency mapping
A=B+C+.... The same applies to tensors representations A+B+C +...

It is important to note that if a property of an adjacency mapping or tensor
is valid partially then there exist additional connections that render the property
unsatisfied. If those additional connections would not exists, the property would

apply.

3.2.1.5 Distance Mappings

Another concept — similar to adjacency mappings — for describing the connections
among the vertices of a graph are distance mappings.

Definition 3.2.13 (Distance Mapping [22|). The distance mapping D : M x M — N
describes the smallest number of edges that connects m to n. If it is not possible to
reach n starting from m we define D(m, n) = oco.

For a cellular automaton with neighbourhood mapping N and distance mapping

D

D(m,n) = min {k € N\ {0} : n € N*(m)}. (3.2.9)

If n € N(m) then D(m,n) = 1. D(m,n) = co A D(n,m) = co means that the
prevailing neighbourhood structure is disconnected (Definition 3.0.15).

Like adjacency mappings also distance mappings feature a matrix or tensor repre-

sentation given an existing indexing of the vertices. For weighted graphs the distance

mapping is problematic since it gives no information about the weights of the edges.

3.2.2 Further Concepts of Graph Theory

This section mentions further concepts of graph theory which may be useful for
characterising the topology (second topological feature) of cellular automata.
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3.2.2.1 Neighbourhood Concept for Graphs

Since adjacency mappings and also distance mappings feature two input arguments,
the idea of inverse neighbours (Definition 3.0.17) plays an important role for these
techniques.

The term neighbourhood is used in graph theory with a slightly differing meaning.

Definition 3.2.14 (Neighbourhood Subgraph [22]). The neighbourhood of a vertex
is the set of vertices connected to the vertex and the vertex itself. For each vertex the
neighbourhood and the corresponding edges between the vertex and the neighbours
and the edges among the neighbours form a subgraph, the neighbourhood subgraph.

The neighbourhood subgraph corresponds to the graph that is induced by the
original graph on the neighbourhood [22].

It is very important to note that in contrast to a neighbourhood in the sense of
cellular automata, a neighbourhood subgraph also contains information about the
inverse neighbours of a vertex and the connections among the neighbours of the
vertex.

Ordinary cellular automata feature a unique neighbourhood structure for (al-
most) all cells. This feature can be formalised for graphs by requiring that the
neighbourhood subgraphs of (almost) all vertices are isomorphic.

3.2.2.2 Isomorphy
In graph theory the concept of isomorphy is defined as:

Definition 3.2.15 (Graph Isomorphy [22]). Two graphs are called isomorphic to
each other if there exists a bijective mapping between the vertices of both graphs
such that two vertices of the first graph are connected if and only if the corresponding
vertices of the second graph are connected in the same way (weight and direction).

This property can also be formulated using adjacency mappings or tensors:

(i) Two graphs are isomorphic if and only if there exists a bijective mapping
f : My — My and the adjacency mappings A; and Ag satisfy Aj(m,n) =
Ao(f(m), f(n)) for all m,n € M.

(ii) Two graphs are isomorphic if and only if there exist index mappings with a
common index set I and the corresponding adjacency tensor representations
A € NI and Ay € NIXT are equal.

(iii) Two graphs with index mappings with common index set I are isomorphic if and
only if the adjacency tensor representations (A, Ay € N'*!) are permutation
similar.

As mentioned before, the concept of isomorphy can also be applied to neigh-
bourhood subgraphs. The following definition formalises the feature of isomorphic
neighbourhood subgraphs.
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Definition 3.2.16 (Local Isomorphy of Graphs [22]). A graph G is called locally
isomorphic to a graph N if the neighbourhood subgraphs of all vertices of G are
isomorphic to V.

Furthermore since the neighbourhood structure of a cellular automaton can be
identified with a graph, the concept of a uniform neighbourhood structure can be
interpreted as isomorphy of all neighbourhood subgraphs.

Let M, and M, be the sets of vertices respectively cells of two nonweighted graphs
respectively cellular automata with unordered neighbourhoods denoted a and b. The
cellular automata have the same second topological feature if and only if there exists
a bijective mapping between M, and M; such that

Vm,n € M, : neNy(m) <= f(n)eMN(f(m)). (3.2.10)

Especially translations can be regarded as isomorphisms.

3.2.2.3 Cycles and Cliques

Three or more vertices form an undirected cycle when there exists an undirected
path among them such that vertex 1 is connected with vertex 2, vertex 2 is connected
with vertex 3, and so forth and the last vertex is connected with the first vertex [22].
Compare this concept with paths as in Definition 3.0.19.

Definition 3.2.17 (Representation of Graph Cycles). A directed cycle or sometimes
just cycle is characterised by a tuple of vertices (my, ..., my) together with a tuple
of weights (> 0)

(a12,a23,. . .,alk) (3.2.11)

where «;; describes the weight of the connection from m; to m;. A undirected cycle
can be characterised by a tuple of vertices (m,...,my) together with a tuple

((a12, a1), (23, asa), - - -, (g1, 1) (3.2.12)

describing the weights of the connecting edges with respect to their direction. In this
case at least one of a;; and ay; is always greater than 0.

According to this definition, undirected cycles are invariant under change of di-
rection and starting point. We only observe simple cycles, which means that a vertex
can only be contained once in a cycle.

Definition 3.2.18 (Acyclic Graph [22]). A graph that does not contain any (di-
rected!) cycle is called acyclic graph.

Definition 3.2.19 (Complete Graph [22]). A graph or subgraph is complete if there
exists a (in the case of a directed graph — bidirectional) direct connection between
each two nodes.

Definition 3.2.20 (Clique [22]). For an undirected graph a maximal complete set
of vertices forms a clique.
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3.2.3 Graph Representation of Ordinary Cellular Automata

According to Theorem 3.2.4 a neighbourhood mapping is equivalent to an adjacency
mapping. Because the neighbourhoods in indexed cellular automata — disregarding
an eventual third topological feature — are described through a relative index tuple
J = (j1,..., ) and the corresponding index translation 7y : I — (Z%)* : 4+ i+.J =
(1 + j1,...,7+ jx) the adjacency tensor A : I x I — N (with respect to the indexing
of the cellular automaton I) is defined by

.. . _ | o where ac{l,... ,k} =  J=1Ja
A(i, i+ 7) —{ 0 — ¢ (3.2.13)
for all i € I and j € Z% such that i + j € I.

The inverse neighbourhood of a cell is given by i — J = (i — j1,...,1 — jg)-
Consequently for i € I and j € Z¢ such that i — j € I the following must apply:

. .. | a where ae{l,... k} =  j=1Ja
Al %U—{O — ¢ (3.2.14)
Definition 3.2.21. For ordinary cellular automata, indices with nondegraded neigh-
bourhoods are summarised as I° = {i € I : i+ J C I} (compare Definition 2.1.16).
Indices with nondegraded inverse neighbourhood are summarised as °I = {i € I :
i—JCI}.

The following proposition characterises the adjacency mapping of an indexed
cellular automaton without distortion of the lattice.

Proposition 3.2.22 (Adjacency Mapping for Indexed Cells without Topology III).
For an indexed cellular automaton with indexing I and J = (j1,...,Jk) without
distortion of the lattice the adjacency mapping A satisfies the following conditions.

(i) The tensor representation of A with respect to I is diagonally structured.
(i) A is almost {1, ..., k}-regular.

Proof. (i) Let (i,5) € I x I and h € Z% such that i + h € I and j + h € I. If
A(i,j) = a for an o € {1,...,k}, 7 can be written as j = i + j,. Accordingly
A(i+h,j+h) = A(i + h,i + h + j,) which is equal to « since (i + h) + jo =
j+hel If A(i,j) =0 then j ¢ i+ J and accordingly j + h ¢ i+ h + J which
means A(i + h,j + h) = 0.

(ii) The following proof depends on the indexing of the vertices/cells while the
concept of regularity actually does not i.e. is permutation invariant. Let i € I°.
Since i + jo € I we have o € {A(i,j) : j € I} for all « € {1,...,k}. If
A(i,7) ¢ {0,1,...,k} for a j € J, A can not be a valid representation of the
neighbourhood structure. If A(7, j1) = A(i, j2) # 0 for ji, 72 € I with j; # jo
we would have j; = i + j, and jo = i + jg with j, # jg but a = 3. The
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equivalent statements can be made for j € °I. According to Definition 3.2.11
(ii)) A: I x I — Nisalmost {1,..., k}-regular.
O

When the lattice is distorted through a generalised index translation 7; 7 : I —
I¥ with 7 : I x Z% — I, the adjacency mapping can be written as A + B where
B: M x M — N represents the connections that are not defined by the index tuple
J. We could say that the neighbourhood structure of the cellular automaton is
partially represented by A. In other words B additionally defines the connections
of vertices/cells which would otherwise have degraded neighbourhoods. We can also
say that A represents the second topological feature of the cellular automaton and
B represents the third topological feature.

This notation can only be used under the condition that A(m,n) > 0 =
B(m,n) = 0, which is somehow related to the requirement that a default ordered
neighbourhood can contain a cell only once. This requirement however excludes
some configurations with a combination of reflective boundary conditions and reflex-
ive neighbourhoods. In this case a cell could be contained within a neighbourhood
more than once.

Proposition 3.2.23 (Adjacency Mapping for Indexed Cells with Topology III).
For an indexed cellular automaton with indexing I, index tuple J = (j1,...,Jk)
and suitable (see discussion above) T : I x Z% — I the adjacency mapping can be
decomposed as A+ B in a way that the following conditions are satisfied.

(i) The tensor representation of A with respect to I is diagonally structured.
(it) A+ Bis{1,...,k}-regular.
Proof. (i) See proof of Proposition 3.2.22.

(ii) Because 7 is defined in an appropriate way, every cell has the same number of
(equally indexed) neighbours and inverse neighbours.
O

In other words the adjacency mapping is {1,...,k}-regular and the adjacency
tensor is partially diagonally structured.
3.2.4 A Different Graph Representation

It is also possible to embed the iterative levels of a cellular automaton into a single
graph by observing the nodes T' x M and the edges

E= {J U {(t=1,n),(tm))}. (3.2.15)

teT,meM neN(m)

This graph representation is applied in Section 5.2. A graphical representation can
be found in Figure 5.1. This section only serves the purpose of completeness.
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3.3 Interpretation as Topological Spaces

For cellular automata with indexed cells there exists a natural concept of proxim-
ity (first topological feature). Also a neighbourhood mapping (second topological
feature) introduces a proximity measure. Both concepts can imply a topological
structure in the sense of open sets on the set of cells.

To avoid confusion we will not use the term neighbourhood as a concept from
the field of topology. However a neighbourhood filter on M can be constructed with
the neighbourhoods — induced by a neighbourhood mapping — as subbase. Define
N = {N(m)u{m}:me M}.

Definition 3.3.1 (Directed Neighbourhood Topology). For a neighbourhood map-
ping N : M — B(M) the directed neighbourhood topology is defined as the smallest
topology containing 9V as open sets.

Proposition 3.3.2 (Directed Neighbourhood Topology). The directed neighbour-
hood topology O’ is not necessarily the discrete topology on M.

Proof. Assume m is not part of the neighbourhood of any other cell and that N (m)
contains other cells apart from m. Accordingly m is only contained in N'(m) U {m}.
m can not be obtained as a intersections of elements from 9 and therefore is not an
open set. L]

Define 91 := {N(m) U{m} U{n:m e N(n)} :me M}.

Definition 3.3.3 (Neighbourhood Topology). For a neighbourhood mapping N :
M — SB(M) the neighbourhood topology O is defined as the unique topology which
is generated by 1 as subbase.

Proposition 3.3.4 (Neighbourhood Topology). The topology O is not necessarily
the discrete topology.

Proof. Assume m has only one neighbour n and is at most a neighbour of n. For all
sets N in 9N the following is true: m € N = n € N. m can not be obtained from
intersections of elements from 1. O

A measure for proximity based on the second topological feature is self-evident.

Definition 3.3.5 (Coarse Neighbourhood Metric). For a given neighbourhood map-
ping N : M — PB(M) the coarse neighbourhood metric is defined as

dy: (myn) — ¢ 1 m;/\f(n)\/nGN(m) : (3.3.1)
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It is actually necessary to explicitly define d\,(m,m) := 0, m € M, because for
reflexive neighbourhoods m € N(m) and for nonreflexive neighbourhood mappings
m ¢ N(m). It is however easy to prove that d), is a metric.

Another possible distance measure describes the number of neighbourhoods that
has to be traversed in order to reach one cell starting from another.

Definition 3.3.6 (Neighbourhood Metric). For a given neighbourhood mapping
N @ M — B(M) the neighbourhood metric da(n,m) is defined as the minimum of
the lengths of all undirected neighbourhood paths between m and n. If there exists
no undirected path between m and n we define dys(n, m) := co.

Let (nq,...,nt) be the undirected path with minimum length between n and m
with n # m then
k—1
dn(n,m) = Zdj\/(ni, nit1) =k — 1. (3.3.2)
i=1
Furthermore for arbitrary n and m in M
dy(n,m) <min {k € N:n € N¥(m)Vvm e N¥n)} (3.3.3)

and if the neighbourhood structure is disconnected it can happen that das(n, m) = co.
In accordance to Definition 3.2.13, for each two cells m,n € M

dpn(m,n) < D(m,n). (3.3.4)

We have to show that das is a metric on M: Symmetry follows since undirected
paths are observed. Identity is clear. The triangle inequality follows from the mini-
mality of the lengths of all connecting paths.

Because for 0 < ¢ < 1 the e-ball with centre m is equal to {m} for d), and du,
both metrics induce the discrete topology on M.

Another way to introduce a topology based on the second topological feature
is provided by topological graph theory, which embeds the vertices and edges on a
surface.

For indexed cells different metrics can be transferred from I C Z¢ to M by
interpreting 7 : M — I as a continuous mapping.

dI,max(mi, mj) = ocer{q?.}.{,d} |ia - ja| (3-3.5)
dI,sum(mi7 mj) = Z ‘ia - ja‘ (336)
a€e{l,...,d}
1
dz2(mi,m;) = ( > Jia _ja|2> ’ (3.3.7)
ae{l,....d}

All these metrics generate the discrete topology on M.

As discussed in Proposition 2.1.10 if the neighbourhood structure of an indexed
cellular automaton (topology IT) is described through a metric on I (topology I), there
always exists an index translation that delivers the same neighbourhood structure.
A neighbourhood defined through a metric is always reflexive and symmetric.
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3.4 Implicit Alignment of Unaligned Cellular Automata

For aligned cellular automata with uniform (connected) neighbourhood structure —
i.e. ordinary cellular automata (Theorem 3.1.8) — the neighbourhood mapping can
be formulated using relative neighbourhood relations. In other words, for aligned
cellular automata with uniform connected neighbourhood structure the second topo-
logical feature can be formulated based upon the first topological feature.

Conversely for a given neighbourhood mapping which satisfies some kind of uni-
formity it may be possible to find an alignment, for which the given neighbourhood
structure is uniform and connected such that also in this case the second topological
feature can be formulated using the first topological feature.

Example 3.4.1. Assume an unaligned cellular automaton with a configuration
that makes the new state of a cell dependent on the state of only one other cell
in a way such that every cell is the neighbour of another cell. We could align
the cells on a one dimensional index set I C Z and use the relative index tuple
(—1) = —1 =: J to indicate that for a cell m; the neighbouring cell has index
i—1.

This section aims at finding and characterising certain unaligned cellular au-
tomata which can be interpreted as ordinary cellular automata. For an unaligned
cellular automaton to be interpreted as an indexed cellular automaton it is crucial
that the neighbourhoods of all cells are somehow uniformly structured. Some cells
with degraded neighbourhoods may be excepted from this requirement.

3.4.1 Graph Theoretic Approach

In Section 3.2 the necessary tools for interpreting the second topological feature
of cellular automata in the context of graphs were presented. Section 3.2.3 provides
especially a characterisation of ordinary cellular automata using adjacency mappings
and tensors. Based thereon we can find conditions under which an unaligned cellular
automaton can be interpreted as an ordinary cellular automaton.

Theorem 3.4.2 (Characterisation of Ordinary Cellular Automata without Topology
III based on the Adjacency Mapping). If for an unaligned cellular automaton with
ordered neighbourhoods there exists a d-dimensional indexing of the cells with index
set I such that

(i) the adjacency tensor with respect to I is diagonally structured and
(ii) the adjacency mapping is almost {1,..., k}-reqular

then the cellular automaton can be interpreted as an ordinary cellular automaton with
index set I and relative index tuple J = (j1,...,Jjk) as defined in the proof.
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Proof. Let i € I° C I be the indices for which (A(j,7) : A(j,i) > 0,5 € I) is a
permutation of {1,...,k}. Almost every index satisfies this requirement. Because
A is diagonally structured J = {j € Z%:i+j € I, A(i + j,i) > 0} is the same for
all i € I°. Furthermore J can be ordered as J = (ji,..., i) in a way such that
A(i + jo,i) = a for a € {1,...,k} and for all i € I°. O

If the index mapping is denoted Z, the original neighbourhood mapping satisfies
N(m;) = Z7 o Ty o Z(mi) = (Mitjy,---smigs,). Cells with Z(m) ¢ I° have a
degraded neighbourhood. For almost all cells the neighbourhood size is k.

Theorem 3.4.3 (Characterisation of Ordinary Cellular Automata with Topology
III based on the Adjacency Mapping). If for an unaligned cellular automaton with
ordered meighbourhoods there exists a d-dimensional indexing with index set I such
that

(i) the adjacency tensor is partially diagonally structured with k diagonals' and
(ii) the adjacency mapping is {1,..., k}-regular

then the cellular automaton can be interpreted as an indexed cellular automaton with
index set I, relative index tuple J = (ji,...,Jk) as defined in the proof and lattice
distortion T : I x Z% — T also as defined in the proof.

Proof. Let A be the diagonally structured part of the adjacency tensor and B the
remaining part. We can apply Theorem 3.4.2 on A and obtain a relative index tuple
J=(j1,...,Jk). Leti € I. For i+ j, ¢ I where j, € J (respectively o € {1,...,k})
there exists j € I with B(j,i) = a because A + B is {1,...,k}-regular. Define
T(i, ja) =7 0

The index mapping Z is again defined through the given indexing I and the
original neighbourhood mapping satisfies N'(m;) = Z~1 o T, ;y 0 Z(m;) where T, ; :
I —TIF: i (iy,...,i;) with

. t+Ja t+Ja€l
Za_{T(i,ja) i+l aec{l,... k}.

The existence of an appropriate indexing is a prerequisite in Theorem 3.4.2 and
Theorem 3.4.3. In particular an index mapping of arbitrary dimension is needed such
that the adjacency tensor with respect to this indexing is diagonally structured. Both
theorems can be reformulated in a way that does not explicitly include a distinct
index mapping as precondition. For simplicity only the version without distortion of
the lattice i.e. with degraded neighbourhoods (Theorem 3.4.2) is reformulated here.

Corollary 3.4.4. If for an unaligned cellular automaton with ordered neighbourhoods

!This is necessary to ensure that the remainder of the adjacency mapping does not define an
additional nonregular neighbour for every cell.



54 3. TOPOLOGY OF CELLULAR AUTOMATA

(1) the adjacency mapping has a tensor representation that is permutation similar
to a diagonally structured tensor and

(i1) the adjacency mapping is almost {1, ..., k}-reqular
then the cellular automaton is equivalent to an ordinary cellular automaton.

Proof. This corollary is actually equivalent to Theorem 3.4.2 with the only difference
that the existence of an appropriate indexing is a consequence of the permutation
similarity in (i). O

How can an appropriate indexing, which is determined by a dimension d, an
index set I C Z? and an (bijective) index mapping Z : M — I be found? Is
there a method to test if an adjacency tensor is permutation similar to an arbitrary
diagonally structured tensor?

3.4.1.1 Outlook: Technical Implementation

In the most common form, the adjacency mapping is formulated as an adjacency ma-
trix, which corresponds to a one dimensional indexing with I = {1,...,|M|}. As we
know, regularity is invariant under permutation (index transformation). Accordingly
the task is to search for an index transformation that yields a diagonally structured
adjacency tensor.

Possible technical approaches:

e minimisation of the difference of the indices of all connected vertices
e graph canonisation, lexicographical ordering

e analysis of the elements of the adjacency matrix separately for every weight,
identification of symmetric part

3.4.1.2 Outlook: Unordered Neighbourhoods

Assume an unaligned cellular automaton with update rules that do not depend on
the ordering of cells within the neighbourhoods and a neighbourhood mapping given
as a function N': M — P(M) where the neighbourhood size is uniform for all cells.
Accordingly the adjacency mapping is given as a function A : M x M — {0,1},
which contains much less information than the corresponding adjacency mapping
A: M x M —{1,...,k} from Section 3.4.1.

Nevertheless it should be sufficient to find a diagonally structured tensor repre-
sentation of the k-regular adjacency mapping to show that the cells can be aligned
on a index set and that there exists an index translation that delivers the original
neighbourhood mapping.

Does there exist a simpler approach which is especially suitable for unordered
neighbourhoods?
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3.4.2 Other Graph-Theoretic Identification Approaches

In graph theory there exists further concepts that could be useful for identifying
a regular alignment in unaligned cellular automata such that the neighbourhood
structure is uniform. Instead of observing the adjacency mapping it may be possible
to find requirements for the distance mapping. Spectral graph theory may provide
an alternative approach since especially the spectrum and other features of matri-
ces/tensors are index invariant. Furthermore also the concept of cycle spaces could
be viable. The following paragraph outlines a straight forward approach based on
cycles and isomorphy.

3.4.2.1 Cycles, Formulation as Graph Isomorphism Problem

In a previous section the feature of {1,...,k}-regularity of the adjacency mapping
in combination with the diagonal structure of the tensor representation were used
to characterise the adjacency mappings of ordinary cellular automata. Observing
the adjacency mapping gives somehow a global or macroscopic view of the second
topological feature of a cellular automaton. Observing the neighbourhood subgraphs
of individual cells on the other hand gives a microscopic view of the neighbourhood
structure. On a microscopic scale the neighbourhoods of ordinary cellular automata
can be characterised using the concept of graph isomorphy.

As mentioned earlier the neighbourhood subgraphs of an ordinary cellular au-
tomaton are (almost) all isomorphic ta a common graph. We call the vertex that
represents the cell whose neighbourhood is described as the central vertex m and
denote the neighbouring vertices as mq, mo,.... The common neighbourhood sub-
graphs features the following properties:

(i) There exist k outgoing edges with weights 1,...,k and there exist k incom-
ing edges with weights 1,...,k (compare {1,...,k}-regularity for the central
vertex).

(ii) Assume there exists a bidirectional connection, then there exists another (in-
verse) bidirectional connection. If a bidirectional connection has the incoming
weight «; and the outgoing weight a then there exists another bidirectional
connection with incoming weight as and outgoing weight «q. This forbids the
existence of bidirectional connections with the same weight for incoming and
outgoing direction.

(iii) If there exists an (undirected) cycle (m,m1, ma) with weights
((co1, @10), (12, a21), (20, c02)) (3.4.1)

— i.e. a connection between two neighbours — then there exists another cycle
(m,mg, myp) with weights

((a12, aa1), (a0, ag2), (ao1, a10))- (3.4.2)
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As a consequence there also exists a third cycle with weights
(20, ag2), (01, a10), (12, a21)). (3.4.3)

(iv) The last property must also apply to cycles with four or more vertices.

3.4.3 Vector Space Approach

Assume a cellular automaton with connected ordered neighbourhood mapping N :
M — MP*. For all cells m € M we assume that the relative neighbourhood relations
can represented as N (m) —m = (b 1,...,bmx) where by, ;.4 = 1,...,k are basis
vectors from an abstract finite dimensional vector space — or more correctly module
— with dimension d > k and basis B.

For each two cells m,, m, € M there exists at least one directed path (Defini-
tion 3.0.18) — without loss of generality — from my to my, (Mg = n1,n2,...,ny,, 11 =
my) with length l,,. For every pair n;y1 —n; wherei € {1,...,1;,} there exists a vec-
tor representation n; 1 —n; = Ebe B Qzyirh. Together for every two cells m,, my, € M
there exists a path defined by

lzy la:y

My — My 1= Z Z Qgyith = Z (Z ocxyib)b = Z Qgypb (3.4.4)

i=1beB beB =1 beB

la
where agyp = D ;7 Qpyin.
Let us assume that there exist at least k different paths from m, to m, and use
the notation

Qyll Qgy12
MzpMy = {Z Qgyp1b, Z g2, . .. } = : , : Y (3.4.5)

beB beB - ayd

to accumulate these paths.
Consequently for every two cells we obtain a matrix representation of their con-
necting paths
a1p Q2 o Qg
i = : S I (3.4.6)
Qg1 Qg2 Qg
By eliminating linearly dependent rows, the set of basis vectors can be reduced.
This means that for these two cells the connecting paths and the local vector space
structure of the neighbourhoods are compatible. If for each two cells the same new
reduced (actual) basis B C B ie. the same linear dependencies are obtained, the
cellular automaton can be regarded as an aligned cellular automaton.

Theorem 3.4.5 (Construction of an Alignment). If for each two m,n € M (wz't[L
nondegraded neighbourhoods) the same (reduced) basis B C B is obtained then B
spans the difference space M — M =V = span B.
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Proof. If the condition is satisfied, we can construct the same maximal linearly inde-
pendent set of vectors by,...,b; (J < k) from vy, ..., v independently of the choice
of m and n. For arbitrary m,n € M we accordingly have a unique representation of
n—m= Zle o0 = Zle Qo;V; = ..., namely n —m = Zle B;b;. This renders
{b1,...,bj} a basis of V. O

Corollary 3.4.6 (Characterisation of Ordinary Cellular Automata under the Con-
dition of a Connected Neighbourhood Structure). Since for the resulting alignment
the neighbourhood mapping is uniform by construction, there exists an indexing of
the cells according to Theorem 3.1.8.

3.5 Conclusions and Outlook

This chapter is concluded with some remarks on the previously discussed “topologi-
cal” concepts.

A very interesting aspect is that corresponding to the differentiation between a
priori and a posteriori alignment of cells, we can distinguish concepts that are more
suitable for the former respectively the latter approach (Table 3.1).

alignment in the interpretation
context of modelling of alignment
a priori a posteriori geometric abstract
spatial logical
index based approach ° °
vector space approach ° °
graph approach ° ° °

Table 3.1: Classification of different concepts for describing the topological structure
of cellular automata. This classification is however only valid in the most usual cases.

Besides the discussed methods other approaches for describing the topology of
cellular automata are possible: Graph theoretic concepts like hypergraphs or stochas-
tic acyclic graphs with forbidden circular conditional probability could probably be
applied. A graph interpretation also induces a complexity measure on cellular au-
tomata and the bandwidth of an adjacency matrix/tensor could be used as a measure
for “locality” of the neighbourhoods. Furthermore the spatial domain that is discre-
tised into cells could have a representation as a manifold.

3.5.1 Generalised Definition of Cellular Automata

This short section features a generalised definition of cellular automata, which incor-
porates the different concepts of the topological structure of cellular automata which
were discussed until now.
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Definition 3.5.1 (Generalised Definition of Cellular Automaton). A cellular au-
tomaton is completely defined by

(i) aset of cells M with optional alignment defined by either

(a) an indexing (I,Z) as defined in Section 2.1,
(b) a difference space V' as defined in Section 3.1 or

(c) a graphical structure G as defined in Section 3.2,
(ii) a neighbourhood mapping A, which is either

(a) composed of a relative index tuple J and, if the geometry of the cellular
automaton shall be manipulated, additionally a corresponding mapping 7,

(b) a tuple of vectors from V/,
(c) composed of the neighbouring vertices in G or

(d) explicitly defined through a mapping N,
(iii) a set of possible states S and
(iv) a self-contained update rule F.

The tuple ((M, * ),N,S,F) can serve as a short notation.



Chapter 4

Cellular Automata and
Continuous Evolution Systems

Continuous systems suitable for applying cellular automaton modelling or approxi-
mation approaches are in the ideal case comparable to “cellular automata with con-
tinuous cell-space” and of course feature a continuous time. Hence in Section 4.2
evolution systems are defined using the paradigms of cellular automata.

In Section 4.2.3.1 we see that linear evolution equations and parabolic differential
equations can be investigated in this context.

4.1 Alternative Definition of Cellular Automata

This section presents a top-down definition approach, which to a certain extent
contradicts the basic principles of cellular automata but on the other hand proves to
be useful in connection with special types of cellular automata (e.g. Section 4.2 or
Section 5.2) and their analysis.

Since S is not only a mapping but can also be interpreted as an element of S,
we can introduce the notation

S=(8(m),crr = I Stm (4.1.1)
meM
and accordingly
SoN(m) = (S()),cnim = I st (4.1.2)
neN(m)

SoN(m) is a more compact notation but — as mentioned earlier — not completely
correct (S : T(M) — E(S)).
Definition 4.1.1 (Projection Operator). For S € S and N C M define the pro-
jection operator projy : SM — SV as

projy S = [] S(n). (4.1.3)

nenN

59
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If S is a mapping then also projy S can be used as a mapping from N to S. In this
case also the notation S|y can be used.

4.1.1 Scalar Evolution Operators

Let £ : & — & (where & C SM™) be the global evolution operator of a cellular
automaton (M, NS, F).

Definition 4.1.2 (Scalar Evolution Operator). Because £ is defined through an
update function F and a neighbourhood mapping A such that ES = FoSo N, we
can define scalar evolution operators Lo, : & — S} such that

LS =FoSoN(m) (4.1.4)
for all m € M and S € G respectively, using the projection operator,
Ly = F 0 Projr(m) - (4.1.5)

The scalar evolution operators incorporate the neighbourhood mapping as well
as the update rule and exist independently of an alignment or indexing of the cells.
We can also use the notation

ES = H LS = H F 0 projp(my S- (4.1.6)

meM meM

which indicates that £ can be decomposed into its scalar evolution operators and
interpreted as their Cartesian product

E= ] £m (4.1.7)

meM

Under which conditions can we construct N and F from a given collection of
scalar evolution operators respectively from a given global evolution operator?

Definition 4.1.3 (Local Characterisation). Let £ : S¥ — S. L is called locally
characterised if there exists a real subset N C M and

neN e 38,5 ¢cSM: ((51(1) £ Sy(l) =1 =n) => LS £ 532,) (4.1.8)

or in other words, NN is the set of elements n of M for which there exist §1,S8, € &
with

Sl(l) 75 Sg(l) — = n, (4.1.9)
LS| # LS, (4.1.10)

or, N is the set of cells that influence the state of the cell in the next iterative step.
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We obviously want to use a local characterisation of £, to define the neighbour-
hood mapping N (m) := N,,, where N, is the set from the previous definition.

For aligned cells it is necessary that the neighbourhoods can be constructed from
the first topological feature. Hence in this case the sets N,, must be uniformly
structured (Definition 3.1.6).

Furthermore there must exist a mapping F : €(S) — S such that

independently of m. Of course F then is compatible with N and self-contained
(Definition 2.1.26).

Proposition 4.1.4 (Scalar Evolution Operators). A collection of scalar evolution
operators L., can be identified with a neighbourhood mapping N and an update rule
F under the condition that

(i) the Ly, are locally characterised,

(i1) if M is aligned, the neighbourhood mapping respectively the sets N'(m) — which
arise from the local characterisation — are uniformly structured,

(i) there ezists a mapping F : T(S) — S such that Ly, = F o projp(m, for all
m e M.

If £,, is locally characterised with the set N'(m), then there obviously exists a
mapping Frn, : SV — S such that for all S € SM, £,,8 = Fp, 0 PIOJ A/ (1m) S-
Requirement (iii) of the proposition states that this mapping is equal for all m € M.

4.1.2 Alternative Definition of Cellular Automata

Definition 4.1.5 (Iteration of Global States, compare Definition 2.2.12). For a
given initial state Sp € &, the iteration of global states is defined by Sy+1 := £(S;) =
[I,ncar £mSt where t € N or sometimes ¢ € T for a connected subset 7' C N. The
iteration of global states yields a mapping T — & : t — S; where & C SM. We
also use the notation S(¢) and S(¢,m), which actually renders S a function 7' — &
respectively T x M — S.

Definition 4.1.6 (Alternative Definition of Cellular Automaton). A cellular au-
tomaton is completely defined by the 3-tuple (M S, (L) me M), which contains

(i) a set of cells M with an optional alignment,
(ii) a set of possible states S and

(iii) a collection of scalar evolution operators whose Cartesian product defines a
global evolution operator £ := [[,.casLm @ © — & and which satisfy the
conditions of Proposition 4.1.4.

Given an initial global state S € &, an iteration of global states is defined. The
resulting series of state mappings describes the evolution of the cellular automaton.
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4.2 Evolution Systems

This section introduces a definition of evolution systems that will prove to be com-
patible with what is known as evolution equations or abstract Cauchy problems.

First some properties of operators and collections of operators have to be dis-
cussed. Throughout this section we use a similar notation as for cellular automata
but do not require any of the typical properties for cellular automata, like countabil-
ity of the set M for example.

Definition 4.2.1 (Features of Operators |29, p. 21]). Let & be a Banach space. For
& : & — & the operator norm is defined as [|€]| := supg<; [[ES]. A L(&, &) valued
function T — L(6,6) : t — E(t) is called strongly continuous at to if limy_y, ||E(t) —
E(to)] = 0.

Definition 4.2.2 (Contraction Semigroup |29, pp. 23-24|). Let & be a Banach space
and T = R4, a one-parameter collection (& )ier of bounded linear operators in
L(6&,6) is called a contraction semigroup if

(1) Eigs = EEs for all s,t € T (semigroup property),

(ii) limy_o [|&:S — S| =0 for all S € & (strong continuity) and
(iii) [|&]| < 1 for all t € T' (contraction).
Definition 4.2.3 (Infinitesimal Generator [29, p. 24]). Define

D::{SEG: lim M

exists in 6}. (4.2.1)
h—0+

The operator A defined on dom A = D by

AS = lim M

4.2.2
h—0+ h ( )

is called infinitesimal generator of (&)ier.

The theory of strongly continuous semigroups provides a lot of interesting results
for generators and their corresponding semigroups. For example, if (& )ier is a
uniformly continuous semigroup there exists an infinitesimal generator A € L(S, S)
and

o0 tn
tA
=ct=>" AT (4.2.3)
n=0
Conversely the Theorem of Hille-Yosida guarantees the existence of a strongly con-
tinuous semigroup for a given infinitesimal generator.

Theorem 4.2.4 (Hille-Yosida |29, pp. 29-34]). Let A € L(6,8). A is the infinites-
imal generator of some contraction semigroup if and only if A is closed® and its
domain dom A is dense in &.

f for every sequence domA D x, — x € G with Ax, — y, it follows that x € dom A and
Az =y, then A is called closed.
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4.2.1 Definition of Evolution Systems

Evolution systems shall basically consist of a collection of operators with & €
L(6,6) and may feature finite (|M| < oo) or infinite (|M| = oo) dimensional vec-
tor spaces & C SM. The set M itself is equipped with a vectorspace structure
(topology I) and the parameter set T' may be discrete or continuous. The following
requirements are used in Definition 4.2.6 to define evolution systems.

(M) Let M be a domain? in a discrete or continuous topological vector space.

(S) Assume a set of possible states S such that the current (¢) state of the system
can be described by a state function® S(t,-) € & C SM such that & is a
Banach space.

(€) Let & € L(S,6) be bounded linear evolution operators that evolve the state
of the system by dt € T'— T time units where for continuous time, T' = R,
and for discrete iterations, T = N.

(Eat)ater—1 shall be a contraction semigroup (Definition 4.2.2).

(i) The evolution operators satisfy the so-called semigroup property Eis€q =
Edstdt-
(ii) If T C R then & is strongly continuous (at dt = 0) and & = 1.
(i) Eg is a contraction (||Eql < 1) for alldt € T —T.

As in Section 4.1 we need a scalar decomposition of the evolution operators.
Let the collection (Lat,m)(dt,mye(r—1)xm be defined by Latm = projrm,y ofa
as in Definition 4.1.2.

(iv) The evolution operators can be represented as the Cartesian product of
their scalar decomposition Lgt m, : SM > & — sim},

Ear = H Lt m (4.2.4)

meM

which allows the notation (E4S)(m) = (LatmS).

The second topological feature of cellular automata implies that the functions
Lat.m only depend on a local configuration of S € SM™ . In addition to Definition 4.1.3
we define for differentiable mappings:

Definition 4.2.5 (Local Characterisation). Let £ : SM — S be differentiable. £ is
called locally characterised if there exists a real subset N C M and

n¢N— gf(sM) =0, s = (8m)mem € SM (4.2.5)

2Compare the definition of connected for index sets I C Z® in Definition 2.1.2.
3The notation function seems more appropriate than mapping for continuous domains.
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N is again the set of cells that influence the state of the cell in the next iterative
step. Both formulations state that the outcome of applying £ on a state function in
SM is independent of the values of the state functions at n ¢ N.

(L) The scalar operators Lg , additionally satisfy the following requirements.
(i) The Lgtm are locally characterised with local sets Ng(m).

Accordingly they can be decomposed as

Lat,m = Fdtm © PLOJar, (m) (4.2.6)

and the neighbourhood functions Ng : M — B(M) determine the “coordinates”
that have influence on the result of Ly .

(ii) Since M is a vector space, we require uniform neighbourhoods respectively
that the neighbourhood functions are linear mappings Ny : M — B(M) :
m +— m + Ng where Ny C M — M is a bounded domain for all dt < oco.

Actually Ny (m) := (m + Ng) N M, which delivers degraded neighbourhoods
for certain points m € M.

(iii) The (update) functions Fupm : S™TNat — ST} shall be independent of
m. Accordingly Fg; : SNet — S.

Fat,m are obviously linear maps.

Definition 4.2.6 (Evolution System). M,S,T and &; as defined above form an
evolution system. If additionally (L) is satisfied, the system is called a locally char-
acterised evolution system. Based on the set M a differentiation of continuous-space
and discrete-space evolution systems can be made. The same applies to continuous-
time and discrete-time evolution systems.

Evolution systems are semigroups with specially structured spaces &. Locally
characterised evolution systems additionally satisfy the properties defined in (L£).

The definition of a global evolution operator contradicts somehow to the bottom-
up concept of cellular automata. This shows especially for locally characterised
evolution systems in the fact that, if a global evolution operator is defined, the
neighbourhood mapping must be regarded as a result of this definition, which for
cellular automata would not be a comprehensive approach. Actually the neighbour-
hood mappings Ny are a consequence of the functions Fg which map functions
M D Ng(-) — S onto S. Compare the concept of local characterisations with the
alternative definition of unaligned cellular automata in Section 4.1 or with the local
kernel of stochastic cellular automata in Section 5.2.

The differentiation between evolution systems and locally characterised evolution
systems is motivated by the second topological feature of cellular automata. The
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evolution (iteration) of the state of an individual location (cell) only depends on a
bounded subset of neighbouring elements in M, the neighbourhood. For not locally
characterised evolution systems on the other hand the change of the state of a location
in M may depend on the global configuration of the system.

In order to discuss regular alignments or regular neighbourhoods it is necessary
that M features a vector space structure. The topological structure of M represents
the first topological feature.

The semigroup property is a logical constraint. If it is not satisfied, the system
would not be well-defined. The strong continuity at dt = 0 states that during a
small time period only small changes happen and that no changes happen if no time
passes.

In the following sections we will see that this generic approach to evolution sys-
tems with arbitrary Banach spaces & can be problematic in some situations. Sec-
tion 4.2.2 provides a special type of integral evolution systems which will prove to be
much easier to handle.

It is also important to note that evolution systems with linear evolution oper-
ators are actually not very useful in the context of cellular automata. We usually
want cellular automata to behave nonlinearly on the microscopic scale at least. On
the other hand linear evolution operators allow a broader range of tools for analysis
(semigroup theory, infinitesimal generators etc.) than nonlinear evolution operators.
A common approach for this kind of problem is to regard nonlinear systems as dis-
tortions of linear systems respectively to approximate nonlinear systems with linear
evolution systems. In Section 4.3 quasilinear evolution systems are defined in a way
such that basic results from semigroup theory can be applied nevertheless.

discrete discrete local linear
time space  characterisation evolution operators
cellular automata ° ° °
LES ° °
ES °

Table 4.1: Comparison of cellular automata, locally characterised evolution systems
(LES) and evolution systems (ES).

4.2.1.1 Some Immediate Results and Conclusions

Proposition 4.2.7. For any evolution system it is true that limgi—o Lat,m = Projgpm)-

Proof. From the definition of the scalar evolution operator (Definition 4.1.2) it follows
that

dltigo Latm = dltil—% Projmy © Edt = Proj,y o Igu. (4.2.7)

O
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Accordingly
lim LgmS = S(m) Se6 (4.2.8)
dt—0
and with the notation from Equation 4.2.5 we can write

. aﬁdt m
lim :

dt—0 0sp,

(spr) =0 Vn # m. (4.2.9)

Corollary 4.2.8. If the scalar evolution operators Lgi, are locally characterised
with neighbourhoods Ng(m) and a common update function Fy such that Latm =
Fdt © Projar,, (m), then

Far — Ig and Nag(m) — {m} (4.2.10)
for dt — 0.

Proof. Convergence of a set to a point can for example be formalised by the point
wise limit of the indicator function. Fj — Is actually means that the dimension of
the domain of Fy, which is SVat(m), converges towards 1. This is of course implied
by the convergence of the neighbourhoods.

Because of Proposition 4.2.7 we know that limg_,o Fgs © PLOjA/,, (m) = PTOj{m}-
And because the neighbourhood sets Ny (m) are defined to be the minimum set of ele-
ments of M that influence the outcome of Lg p,, it is necessary that limg_,o Ngt(m) =

{m}. O

Proposition 4.2.9. Let for a locally characterised evolution system Ny (m) =m +
Nat, then Nastdt = Nas + Nag.

Proof. The semigroup property yields

gds—i—dt = Eds o gdt (4.2.11)

Eds-l—dt,m = ‘Cds,m o H Ldt,n (4212)
nEm—i—NdS

Fds+dt O PrOJmy Ny 0 = Fds ©PrOjmyn,, © H Fat 0 proj,n,,  (4.2.13)
nEm—i—NdS

= Fas © H Fat 0 Proj,n,, - (4.2.14)
nEm—i—NdS

Again from the minimality of the neighbourhoods we can conclude that Ngsyq =
Ngs + Ngz. O

Corollary 4.2.10. If the neighbourhoods are star-shaped, then Ng C Ngs for dt <
ds. Without proof.
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Example 4.2.11. A prototype for the neighbourhoods is for example Ny := dt- Ny
where N is a star-shaped or convex set containing 0. In this situation also the
limit limg o Ng(m) = {m}, which corresponds to limg .o Ng; = {0}, can be
motivated more easily.

The properties Ngsiqt = Ngs + Ngt and Ng = {0} render the collection of all
neighbourhoods a commutative semigroup or monoid.

4.2.1.2 Some Considerations on Generators

Since Ign = [],,cps PrOj(m}, the infinitesimal generator of the semigroup &y can be
decomposed as

Ear — Igm lim [Timens Latm — [Lnen Proifmy

A= 1 4.2.1
dtlglo dt dt—0 dt ( )
L — proj
=[] lim =2 df Hom} (4.2.16)
meM dt—0
=:Am
where A,, : D — ST} and D is the domain of A.
For locally characterised evolution systems we can write
Ea= ] Latm = [I Fa o projomin,, (4.2.17)
meM meM
(90 = IgM == H pI‘OJ{m} = H IS{m} ] pI‘OJ{m} (4218)
meM meM

And the infinitesimal generator of the semigroup &y can at least formally be written
as

. Ea — Ism
1 4.2.19
a0 dt ( )
.1 . :
= lim — ( H Fat © PrOj i N, — H Isimy OpIOJ{m}> (4.2.20)
dt—0 dt
meM meM
.1 . .
= dltlglo o H (.th O PIOjpm 4 Ny — PTOj{m} ) (4.2.21)
meM
Faqt — proj o proj
_ H lim ( dt — P J{o}) p .]m-i-th‘ (4.2.22)
dt—0 dt
meM

=A m
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4.2.1.3 Outlook

For a not locally characterised evolution system we concluded in Proposition 4.2.7
that limg;—0 Lat,m = proj {m} © Ignr. Without changing the result we can prepend a
projection operator such that

dltlglo Edt,m = pI'OJ{m} o IS{m} (¢] pI‘Oj{m}, (4223)
which, using the concept of neighbourhoods, can be expressed as Ny(m) = {m} or
for smooth mappings as

aEclt m
lim ——(sp) =0 Vn # m. 4.2.24
dt—0 0sy, (sa1) 7 ( )
Under the assumption that dt — Lg ,, is somehow a smooth mapping the ques-
tion arises, whether for small dt > 0 there exists a strict bounded “neighbourhood”
subset Ny C M with

ag;‘t’m (sm)=0  Vné Ng (4.2.25)
or at least or
%(SM) <e VYn¢Ng (4.2.26)

for arbitrary small £ > 0.

This would mean that at least for small times, an evolution system can be ap-
proximated by a locally characterised evolution system and hence probably also by
a cellular automaton.

4.2.2 Integral Form of Evolution Systems

This section provides a discussion of a measure theoretic or integral approach for
evolution systems. The characteristics of evolution systems respectively locally char-
acterised evolution systems can be reformulated without hurting the validity of Def-
inition 4.2.6. In contrast to generic evolution systems this special type allows easier
analysis.

(M) Let (M,9, 1) be a finite (u(M) < oo) measure space where 9 is the Borel
o-algebra?.

For simplicity let S = R throughout this section. It should however also be
possible to use arbitrary Banach spaces.

(S) §: M — S shall (always) be an integrable function such that the integral

/ S(n)du(n) :/I[N(n) S(n)du(n), (4.2.27)
N

4The (unique) smallest o-algebra containing the open sets is called Borel o-algebra. [6, p. 18]
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as a limit of the integrals of step-functions [6, p. 129], exists for all N € I
as integration domains. The set of integrable functions on M is denoted by
& := L'(M) and is a Banach space (Lebesgue space respectively Lebesgue-
Bochner space if S shall be an arbitrary Banach space). If M is a discrete
space, all integral expressions are sums for which convergence has to be asserted
instead of integrability.

Eqt + © — G shall define the evolution of the system by
EaS(m) = LagmS = /lC(dt,S(n), n,m) du(n) (4.2.28)

where /C is a suitable mapping T'x S x M x M — S.

In order to be able to draw relevant conclusions for this type of evolution
systems, the mapping K must be assumed to admit a simpler (generic or linear)
form®. Assume that for a given location the function X determines weights for
the influence of the states of the “neighbouring” locations. That is, K is a
function T' x M x M — K where K is the scalar space of S and

EuS(m) = LagmS = /K(dt,n,m) S(n)du(n). (4.2.29)

There exists a collection of mappings Ny : M — 9 such that K : Tx M x M —
K is an integrable function with support Ny (m) in its second argument for all
dt € T. Accordingly,

EaS(m) = Lot = / K(dt, n, m) S(n) dy(n) (4.2.30)

_ / K(dt, n,m) S(n) du(n). (4.2.31)
Nag(m)

If the system shall not be locally characterised, define Ng(m) := M for allm € M
or neglect the conditions in (£).

4.2.2.1 Some Measure Theoretic Considerations

This section features a measure theoretic interpretation of evolution systems and
shows under which conditions &y is actually a bounded linear operator.

For convenience also the notations Kgm(n) = K(dt,n,m) and Kg(n,m) =
K(dt,n,m) will be used.
Let S = [0,00]. Since § : M — S is a (non-negative) measurable function, S

defines a measure

pus(N) := /NS(n) du(n) NeMm (4.2.32)

5 An operator defined by a kernel as in Equation 4.2.28 is also called nonlinear integral operator.
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on (M,9Mm) [6, p. 127].

Conversely the Theorem of Radon-Nikodym (Theorem 5.3.2) states that for two
measures fis and i, where j is o-finite and pgs is absolutely continuous® with respect
to u, there exists a (quasi-)” integrable function S : M — S — called density with
respect to p — such that Equation 4.2.32 holds for all N € 1.

IE:TxMxM— [0,00] is a (non-negative) measurable function in its second
argument (n) with support Ng(m), then we can define

Vs dtm (V) = /

Katm(n) S(n) du(n) :/ K(dt,n,m)S(n)du(n)
NNNg(m) N

[ Kamdust) = [ K(tnm)dus(n) (4233)
NNNge(m) N

which is a measure on (M,9M) for every m € M with density K(dt, -, m)S(-) with
respect to p and density K(dt, -, m) with respect to us.

According to Fubinis Theorem the function S : M — R : m vs.dtm(M) =
Vs, dt.m(Ngi(m)) is non-negative and measurable if gy : M x M — [0, 00] is (product-)
measurable |6, p. 175].

Lemma 4.2.12 (Integral Evolution operators). Assume a measurable space (M,IN)
with finite measure p and the Borel o-algebra. Set S = R4 and let G be the set
of integrable respectively measurable (since S = Ry ) functions. Operators Eg on &
defined through a product-measurable function IC: T x M x M — [0,00] (also called
kernel) as in Equation 4.2.29 are linear integral operators & — &.

Proof. By definition. O

Proposition 4.2.13 (Integral Evolution operators). With the same preconditions

as in Lemma 4.2.12, Eg are bounded linear operators on & if the kernels Kg are
bounded on M x M.

Proof. The Hélder inequality yields®

EnS(m) = / S(n) Kt (1) d(n) = |SK el 1 < (4.2.34)
< ol 821 = sup Kom(m) 1)1 (1235)
nemM
Consequently

1EwS] 1 = / EuS(m) du(m) < / sup Ky (m, ) dps(m) ISl 1 (4.2.36)

M M neM
< (M) supMICdt(m,n) IS|| 1 (4.2.37)

n,me

= (M) [|ae(m, )| oo (arxcnny 1SN L1 ary- (4.2.38)

by <« p if and only if u(N) =0 = v(N) =0 for all N € 9.
"This prefix is not necessary since S = [0, oc].
80ne may replace sup with esssup.
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O

In [29, pp. 75-76, Theorem 4.2] Taira uses weaker requirements to ensure that
1€atS||Le < C||S||Lp, namely Kg : M x M — R is a product measurable function
with

Sup/ [Caqt(m,n)|du(n) < C, (4.2.39)
meM JM
sup/ |Cat(m,n)|du(m) < C. (4.2.40)
neM JM

Since M has a vector space structure (V'), we can require that K(dt,n,m) =
K(dt,n —m), which means that g is independent of the location m respectively
uniform.

Accordingly supp Kg = Ny (m) — m = Ng and the evolution operator can be
written as

EaS(m) = Lot — / St = m) dpo) (4.2.41)
= S(m +v) K(dt,v) du(v) (4.2.42)

Nay
- / S(m + v) K(dt, v) du(v). (4.2.43)

It is rather obvious that this formulation using density kernels features a con-
nection to Markov processes and satisfies a special Chapman-Kolmogorov-type of
equation (see Chapter 5).

Corollary 4.2.14 (Boundedness of Integral Evolution Operators). Again with the
preconditions from Lemma 4.2.12 and uniform kernel, ||Eat|l < IKatl[ 11 vy

Proof. Since K4 (v) does not depend on the location within M, we can set C' :=
[ Katl| L1 (vy in Tairas theorem. O

4.2.2.2 Approximation of Integral Evolution Systems with Locally Char-
acterised Integral Evolution Systems

The Dirac delta distribution &g is often defined in the weak sense by the limit of
functions Ky under the condition that

lim / Kat(v)S(v) dv = §(0). (4.2.44)
dt—0 Jy,

These functions can for example be probability density functions like the Gauss
function but also functions with compact support. A typical condition for such a
sequence of functions is that

lim Kai(v) dv =1 Ve > 0. (4.2.45)
dt—0 B:(0)
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As a consequence we can find a constant Cy . such that

/ Kar(v) dv — / Kat(v) dv < Ca e, (4.2.46)
\% =(0)

or if we define K(v) := I, (0)(v)K(v),
1Kar = Kaell 1 vy < Cae- (4.2.47)

There may however exist better approximations g with (bounded) support in
B.(0) of g than the version of g which is cut off and continued by 0 outside of
B.(0) (compare Section 4.3.3.4).

Proposition 4.2.15 (Approximation of Integral Evolution Systems). For small dt >
0 an integral evolution operator &g can be approzimated by a locally characterised
integral evolution operator Ey;.

Proof. The previous considerations (respectively Equation 4.2.47) together with Corol-
lary 4.2.14 deliver the desired inequality. O

This result makes it even more interesting whether it is possible to approximate
evolution operators with locally characterised evolution operators even if there exists
no integral representation (compare Section 4.2.1.3).

4.2.2.3 Further Conclusions for Integral Evolution Systems

The identity operator can be formulated as (V := M — M)
IsuS(m / S(m +v)do(v) dv. (4.2.48)
And accordingly the infinitesimal generator satisfies

AS(m) = lim — (/ S(m+v)Kg(v) dv —/ S(m +v)do(v) dv ) (4.2.49)

dt—0 dt

C}ginoﬁ/ S(m + v) (Kay(v) — 6o()) do (4.2.50)
Kat(v) — do(v)

/Sm+v Jim i dv. (4.2.51)
::a;:(v)

age is the kernel of the infinitesimal generator.

Proposition 4.2.16. The kernels of integral evolution systems satisfy Kgsiaqr =
Kat x Kys. If the evolution system is locally characterised, then additionally Ngsiqr =
Nas + Nag-
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Proof. By observing the semigroup property Egsrar = Eqs€ar and using a standard
integral transformation (2 := x + y),

EasratS(m) = / S(m+ 2)Kysrar(z) dz (4.2.52)
Ngsyat
EacuStm) = [ [ Stmet o+ pKa(o)Kaly) do dy (4.2.53)
Ngs J Nay
= / S(m+ 2) Ka(z — y)Kas(y) dy dz, (4.2.54)
Nai+Ngs Nys
=K1 +Kas(2)
we can conclude that Kgsigr = Kgp * Kgs and Ngsigr = Ngs + Nt O

4.2.3 Evolution Equations

This section presents a short discussion of evolution equations as defined for example
in [1, 7, 13, 14, 18, 30].

Evolution equations can also be seen as an implicit description of (not necessarily
locally characterised) continuous evolution systems. Or conversely, Definition 4.2.6
can be regarded as a “bottom-up” description of evolution equations.

Let &4 be the evolution operator of an evolution system with S(¢t + dt,m) =
(EatS)(t,m). The time-derivative of the state function is defined as

. S(t+dt,m)—-S(t,m) . E-1T
WS (t,m) := dltlglo o = dltlglo (7 S) (t,m). (4.2.55)
If A is the infinitesimal generator of the semigroup £y, we obtain a so-called evolution
equation,

8:S(t,m) = (AS)(t, m). (4.2.56)

Vice versa — under the conditions of the Hille-Yosida theorem (Theorem 4.2.4)
for example —, a formal evolution operator can be derived from an evolution equation

by
t+dt
S(t +dt,m) = S(t,m) + / (AS)(r,m) dr ~ S(t,m) + dt - (AS)(t,m) (4.2.57)

or from an exponential representation.
Accordingly under certain conditions an evolution system can be identified with
an evolution equation.

4.2.3.1 Abstract Cauchy Problems

In literature [1, 7, 13, 14, 18, 30| equations as in Equation 4.2.56 are called evolu-
tion equations, abstract parabolic equations or abstract Cauchy problems and usually
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discussed in the more general form

8S = A()S + G(t)  te0,T]
S(0) = Sy (4.2.58)

where & is a Banach or Hilbert space and S as well as G are functions [0,7] — &,
A:[0,T] - L(6,6) and S € 6.

The initial value problem in Equation 4.2.58 can be solved in different senses.
Usually it is required that

SeC([0,7],6)
S(t) € dom A(t) Vt € [0,T]
t— A)S(t) € C([0,T],8) (4.2.59)

or that there exists an approximation (S, )nen of S such that S, solves the equation
for approximations G,, of G [1| or if & is a Hilbert space, weak solutions can be
seeked etc.

If a “solution ... can be expressed in the form”

S(t) = U(0,)S(0) + / U5 )G (s) ds (4.2.60)
0

then U(s,t), 0 < s <t < T, is called “evolution operator or fundamental solution”
[18, p. 98]. A typical precondition is that A(¢) is the infinitesimal generator of an
analytic semigroup for all ¢ € [0,77] [1, 18, 30].

In the context of cellular automata it is sufficient to discuss constant (time-
independent) A and G because we required that the update rules do not change
over time (U(s,t) = U(t — s)). This allows to avoid the integral term in Equa-
tion 4.2.60 (by including G in A) and to weaken the preconditions for the existence
and uniqueness of a solution.

4.2.3.2 Parabolic Partial Differential Equations

If M 2V CR?% S =R?and if A is a second order elliptic differential operator,
the evolution equation is called parabolic partial differential equation [8, p. 350].
Of course we only observe linear parabolic equations with constant coefficients (in
nondivergence form),

d d
oS 0’8 oS
5 (o) = JZ_:I aijm(a v) — Z: bi%(t, v) — eS(t,v) (4.2.61)
where the ellipticity condition
d
Z Qaijviv; > H’UH (4.2.62)

ij=1
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is satisfied.

Classical solutions are characterised by additional requirements on the initial
condition or state (T = [0,00)), a Sobolev state space & C H}(V) (see for example
[8]) and

S(+, ) € C%[0,00), L*(V)) N C((0,00), L*(V)). (4.2.63)

Weak solutions of the partial differential equation can be found with & C H}(V)
and

S( ) ) € L2(07Tend§Hé(V)) (4.2.64)
8t8< ’ ) € LQ(OuTend§H_1(V)) (4.2.65)

where L? (O, Tond; H&(V)) imposes additional requirements on measurable functions

(0, Tena) — HE(V) [8].

4.2.3.3 Integral Equations

Let (M,9, 1) be a measure space and & := L(M) the set of integrable functions.
Let A be an integral operator such that the evolution equation has the form

S (t,m) = /M S(t,n) f(n,m) du(n). (4.2.66)

The kernel f is necessarily a (non-negative) function that is measurable in its first
argument.

Assume that f is the derivative of a function K : T'x M x M — S that satisfies
K(t,n,m) — 6(n,m) for t — 0. Then

_ A .. K(dt,n,m) — 6(n,m)
f(n,m) = 0:L(t =0;n,m) = dltlglo 7 .

(4.2.67)
And the evolution system with the evolution operator 4 defined by the function IC,
S(t+dt,m) = (ExS)(t,m) = / S(t,n) K(dt,n,m) du(n) (4.2.68)

M

is the “antiderivative” of the original evolution equation because

dt o S(t,n) du(n). (4.2.69)

— 0¢S(t,m) — 0tK(t=0,n,m)=f(n,m)

S(t+dt,m) — S(t,m) :/ K(dt,n,m) — d6(n,m)
M

/

Since the kernels Kg form a semigroup (€4 ), f can be interpreted as the “in-
finitesimal kernel”.



76 4. CELLULAR AUTOMATA AND CONTINUOUS EVOLUTION SYSTEMS

Example 4.2.17. The function § — if smooth enough — can be approximated using
the Taylor polynomial

S(t,m+v) = S({t,m)+v-V,S{t,m)+ (4.2.70)
1 d d
+3 DY Oy St m)vjv + . (4.2.71)
=1 k=1

This means that Equation 4.2.66 can be approximated for example (first order
polynomial) by

0.S(t,m) = /V (S(t.m) +v- VuS(tm)) £(v) do (4.2.72)
= S(t,m) /V f(v) dv+V,,,S(t,m) /va(v) dv (4.2.73)

if f does not depend on the location. Accordingly an integral equation can under
certain conditions be approximated by a partial differential equation.

4.3 Application Scenarios and Outlook

The last section in this chapter provides some application scenarios and underlines
the main idea behind evolution systems, namely to provide an analytical formalism
for the gap between continuous evolution systems and in particular implicit evolution
equations on the one side and cellular automata on the other.

4.3.1 A Simple Classification of Evolution Systems

Depending on the structure of the topological vector space M there exist different
ways to define a Banach space & C S™ which is a necessary precondition for evolution
systems and semigroup theory. The following list categorises different mathematical
approaches as evolution systems based on the structure of the underlying space.

e Trivial case: G is a Banach space.

— abstract Cauchy problems (Section 4.2.3.1)

— one-parameter semigroups in general

e If M is not discrete, then M must be a domain in a compact Hausdorff space.
Let S = R and set & := C(M) which together with ||S||ec := sup,,cas |S(m)]
is a Banach space.

— classical solutions of parabolic partial differential equations
(Section 4.2.3.2)
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e Also if S # R, C(M;S) might be a Banach space (compare [8, p. 285]).
e Let & be the Lebesgue space LP(M) where M is a suitable measure space.

— integral equations (Section 4.2.3.3)
— weak solutions of parabolic partial differential equations (Section 4.2.3.2)
e Assume that (S,|| - ||s) is an arbitrary Banach space. If (M, u) is a mea-

sure space define & as the Bochner-Lebesgue? space LP(M;S) with ||S|, =
Jas IS(m)||§ dpu(m) which is also a Banach space.

e If M is a discrete finite space!® (e.g. C Z%), let & be the Banach space siMl,

— (ordinary) cellular automata (Section 2.1)

— method of lines, finite difference method
e Let M be discrete finite set equipped with an arbitrary graphical structure.

— unaligned cellular automata (Section 2.2)

— finite element method

4.3.2 Quasilinear Evolution Systems

Cellular automata are often nonlinear systems or approximate nonlinear equations.
But such an application scenario conflicts with the definition of evolution systems,
which relies on the basic theory of strongly continuous semigroups and hence linear
evolution operators on &.

However under certain conditions we can try to maintain the basic characteristics
of evolution systems even if the evolution operators are not strictly linear maps. We
will therefore require a specific kind of nonlinearity in order to ease formalisation,
which actually might not even be a necessity for nonlinear evolution systems. Such
evolution systems will be called quasilinear or spatially linear evolution systems.

Definition 4.3.1 (Quasilinear Evolution System). We call an evolution system
quasilinear if the scalar evolution operators can be written as

LatmS = (]:dt (S(m)) © Proju,(m) ) S+ Ga (S(m)) (4.3.1)

=Ll (S(m))

where Fg(s) : SN¢t — S is a linear map for all s € S and Gg : S — S. The
homogeneous part Eg m(8) is a linear mapping & — S for all s € S. In this case a
future state at location m, S;y4:(m) can depend on S¢(m) in a nonlinear fashion.

9Bochner-Lebesgue spaces are a simple extension of Lebesgue spaces for functions with values
in arbitrary Banach spaces other than R.
10 A discrete space is always Hausdorff. A discrete space is compact if and only if it is finite.
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The evolution operators of such a system can also be written as

EauS =[] LamS =[] LE(Sm) S+ [ Gar(S(m)) (4.3.2)

meM meM meM

=:EH(S) =£1.(8)

where £ (syr) € L(&, &) for all s,,, € SM and €J,: 6 — &.

Since obviously Siia:(m) depends on Si(m), it is necessary that m € N(m) in
order to comply with the definition of neighbourhoods. Additionally if m ¢ N (m),
then it can happen that the £y are linear.

A quasilinear integral evolution system can be formalised as

EnS(m) = Lot = /N K (SOm).nm) ) dn + Ga(S(m). (433)

The main drawback in contrast to fully linear evolution systems is that standard
semigroup theory is not applicable because the evolution operators £z are not linear.
If G4 = 0, the linear operators £ g (s) still vary over time, which also does not comply
with the standard concept of semigroups. It is also not clear if and how infinitesimal
generators can be formalised and in which way an infinitesimal generator would
depend on the local state.

Note that this formalisation of quasilinear evolution systems corresponds to the
classification of (parabolic) partial differential equations. Instead of differential op-
erators, we deal with locally characterised evolution operators. Again this leads
to the question whether basic concepts form parabolic partial differential equations
(p.e. weak formulation, Galerkin approximation, maximum principles, etc.) can be
adopted for evolution systems and cellular automata.

4.3.3 Discretisation of Evolution Systems

Throughout Section 4.3.3 continuous state functions (e.g. M C RY) are written using
standard capital letters S : M — S and discrete state mappings (e.g. M C Z¢) using
the calligraphic typeface S : M — S. The same is true for all kind of operators.

The straight forward discretisation for evolution systems is time-discretisation.
Under the circumstances that the evolution operators Ey4 form a contraction semi-
group it is sufficient to choose a dt € T — T, without loss of generality dt := 1, and
to define the iterative system

S (m) = E1 Sy, (m). (4.3.4)

The resulting states satisfy Sy, (m) = E,So(m) and accordingly form an exact time-
discretisation of the original evolution system.
This situation is however only theoretical. Usually evolution systems are

e cither given in an implicit form as evolution equations and do not allow an
explicit formulation in terms of evolution operators (analytic solution),
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e or the semigroup property Fsi; = EsE; is by design (model) not an exact
equation but only an acceptable approximation for small s and t.

In order to obtain a cellular automaton from an evolution system it is also nec-
essary to have a discrete domain M. Independently of the discretisation approach,
a locally characterised iterative discrete system must be obtained. Local characteri-
sation is

e cither given by design (model),

e obtained by approximating a not locally characterised evolution system with a
locally characterised one

e or by choosing a discretisation method that yields spatially restricted neigh-
bourhoods.

The latter two cases can be found in the following linear example.

Example 4.3.2. A very prominent example for a not locally characterised evolu-
tion system is the Gaussian diffusion semigroup (M =R%, S =R, & = L' (M))

m—n]2
(EaS)(t,m) = / (drdt)~3e= " S(t,n) dn. (4.3.5)
Rd
The most obvious discretisation (dt = 1) of this system has the form
S(tig1,m) =Y aln,m)S(t;,n) (4.3.6)

neza

where a(n, m) describes suitable coefficients (compare Section 4.3.3.4). A locally
characterised approximation can be written as

S(tip,m)= > Bn,m)S(ti,n). (4.3.7)
neN (m)

Using Fourier transformation it can be shown [8] that a solution of the diffu-
sion or heat equation

9 S(t,m) = AS(t, m) (4.3.8)
with initial condition S(0,m) satisfies
m—n]|2
S(t,m) = / (drt)~3e T 5(0,n) dn. (4.3.9)
Rd

Obviously Equation 4.3.5 and Equation 4.3.8 describe the same evolution system.
Also for the heat equation there exists a straight forward discretisation (Z? C
R?) method: the method of finite differences

d
S(tisrm) = (S(ti, m+ en) — 28(t;, m) + S(ts,m — en)) (4.3.10)
n=1

which by definition is a locally characterised discrete evolution system.
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Even for a spatially interpreted domain in R¢ there exist different methods to
discretise functions S : R? — S:

e interpolation approach: S(z) := S(z) for z € Z¢
o S(2) = (S(z),SM(z), 5P (2)) for 2 € Z4

e volumetric: S(z) := f[ZI_ S(x) dx

Locthxoxlza bzt

In general a discretisation of M C R? can be interpreted as the approximation of
state functions S by a parametrised set of functions S, on [z1, 21 +1) X+ - - X [24, 24+ 1)
such that ||.S — Sp|| is minimal for a certain norm.

The choice for a specific discretisation method is of course influenced during
the process of modelling. Also the discretisation of the domain M itself must not
necessarily yield a regular lattice (compare the finite element method) despite this
is the most obvious approach.

As indicated before in an ideal situation, the error ||S(¢,z) — S(t, 2)| should be
minimal independently of t € T

4.3.3.1 Finite Difference Discretisation of Partial Differential Equations

For parabolic differential equations the method of finite differences is the standard
discretisation method. For example [14] provides advanced finite difference discreti-
sation methods for abstract parabolic differential equations with nonconstant coeffi-
cients and inhomogeneities.
Regard the equation
S = A(t,S)S + G(t,S) (4.3.11)

with differential operator A. Usually the time derivative is replaced by a Euler
forward discretisation scheme, which also implies a linearisation of the right hand
side.

S(t+dt,x) = S(t,x) + dt A(t, S(t,2))S(t,z) + dt G(t, S(t, z)) (4.3.12)

Differential operators in the right hand side are discretised using finite differences
which finally yields a difference equation.

4.3.3.2 Discretisation of Linear Evolution Operators

Usually a spatial discretisation yields a finite number of cells. If S is one-dimensional,
then SM is a finite-dimensional vector space over S which means that a linear map
£ € L(6,6) has a matrix representation and the iteration of global states can be
written as

Sir1=€E- 8 (4.3.13)
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respectively
St+1(m) = [,m . St (4314)

which means that the scalar evolution operators L, are the row vectors of the evo-
lution matriz £. According to the matrix representation there exists an indexing or
ordering of the cells m; where ¢ € {1,...,|M|} such that every cell m; corresponds
to a unit vector e;.

If S is multi-dimensional, then £ is a tensor respectively has a tensor representa-
tion but still every cell is associated with a unique index in N.

Let us now for simplicity assume that S is one-dimensional — otherwise we have to
deal with tensors instead of matrices. We can write the vector-vector multiplication
from Equation 4.3.14 as

| M|
St+1(mi) = ﬁml : St = Z l@j St(mj) = Z l@j St(mj) (4.3.15)
j=1 m;EN (m;)
since the scalar components /; ; of the evolution matrix are non-zero only if m; €
N (m;). Accordingly an evolution matrix is usually sparsely occupied.

Corollary 4.3.3 (Evolution Matrix). The evolution matriz of a cellular automa-
ton (discretised evolution system) with — necessarily — linear evolution operator has
the same shape as the adjacency matriz. For regularly arranged cellular automata
(regular discretisation), “matriz” can be replaced with “tensor”.

Proof. Follows from the definitions in Section 3.2. O

Note that for a regular discretisation the resulting evolution matrix features very
specific characteristics (Section 3.2.3).

4.3.3.3 Discretisation of Quasilinear Evolution Operators

At this point at the latest we can recognise that linear evolution systems are not the
main application area for cellular automata. Because usually a cellular automaton
is not a linear system.

For quasilinear systems a discretisation has the form

Siv1 =EH(S) - S + EL(Sy) (4.3.16)

with a matrix £7 (sys) € SIMXIM for all 55, € SIM| with the same characteristics as
the evolution matrix in the previous section (e.g. Corollary 4.3.3) and a component
wise mapping &7 : SIMI — sIMI,

In scalar form,

Sei(m) = £5(S(m)) - 8 +G(S(m)) (13.17)
= f(S(m)) . (projN(m) St) + Q(S(m)) (4.3.18)

where F(s) € SY*¥ (for equally sized neighbourhoods), £H(s) € S™IMl and G : S —
S.
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4.3.3.4 Discretisation of Integral Evolution Operators

Regard the following integral evolution system with M C R¢,
EuS(m) = LgtmS = / Kat(v) S(m + v) dv. (4.3.19)
Rd

A discretisation for example minimises [|S(z) —S(z)| 1 on cubes z € [z1— 1,2 +
2) X+ X [24 — 3,24 + 1) with volume 1. A possible discretisation of the evolution
operator respectively the integral kernel is given by

agr(w) ::/ Kat(v) dv (4.3.20)
w [_%7%)d
and
EaS(m) = LamS =Y ag(v)S(m+v) (4.3.21)
veZ4

for discrete m € M N Z4.
For simplicity assume that  is a probability density on V, ||&[ 1y = 1. In
order to maintain this normalisation for a local characterisation of x we can define

agr(w) = C Jus-g e pan®) dvlwl < p (4.3.22)
o lw]| > p i

where C' is the inverse of the integral of x over the corresponding set of cubes. C'
should ideally be as close to 1 as possible. This can for example be achieved by a
good (large) choice of p which may depend on dt.

In Example 4.2.17 a polynomial approximation of S was used to obtain a differ-
ential equation from an integral equation. Applying the method of finite differences
on the differential equation yields a locally characterised discrete evolution system
also if the kernel of the original integral formulation is not locally characterised.

If x is a probability density function, then the coefficients «(v) are composed of
the moments of the corresponding probability distribution. In [44] and Section 4.3.4
it is shown that a symmetric distribution greatly simplifies the resulting discrete
evolution system respectively the coefficients.

4.3.3.5 Outlook: Stochastic Approximation of Integral Evolution Oper-
ators

A further method for discretising an integral evolution system with a probability den-
sity function as kernel relies on a stochastic interpretation of the evolution process.
Let Ng : (2, P) — V be random variables with densities kg : V — R, then

EuS(m) = LggmS = /Vlidt(v) S(m+v)dv = E[S(m + th)]. (4.3.23)
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We can say that Ng randomly selects an element of V' or that Ng describes a
stochastic neighbourhood.

Let vq,..., v be realisations of Ny, then for & — oo

1 F
EZS(m +v;) — E[S(m + Na)] (4.3.24)
i=1
according to the law of large numbers.

The same results also apply for discrete random variables Ny : (2, P) — V C Z4
and accordingly also for discretised evolution systems. Furthermore for a finite set
of realisations, the support of the density must not necessarily be bounded in order
to obtain a bounded (stochastic) neighbourhood.

This approach was successfully used in [44].

If not a probability density but a function V' — [0,1], k4 can be interpreted as
a membership function [45] of a fuzzy neighbourhood set. However in both cases
further investigations are out of scope for this thesis but could provide interesting
results.

4.3.4 Application Example: Reaction Diffusion System

Regard the following quasilinear parabolic partial differential equation for S : T X
M — R? where M is a domain in R%.

OS1(t,x) = (D1 - S(t, ) ASi(t,z) + G1(S(t, z)) (4.3.25)
8th(t, 1‘) = (DQ : S(t, fL'))ASQ(t, a;) + G (S(t, .’L’)) (4.3.26)

The time discretisation of this system (i = 1,2) is given by
Si(t+dt,z) = S;(t,x) + dt (D; - S(t,2))AS;(t, ) + dt G;(S(t, ). (4.3.27)
Assume that there exists an integral representation in the form

Silt + dt, z) = / kot (0)Si(t, 2+ v) dv + dt Gy (S(t, 7). (4.3.28)

Because we deal with diffusion, we can assume that ;g (compare Example 4.3.2)
are Gaussian densities (variance o? = 2D;dt)

- _ lel?
Kiar(v) = (AD;dt )~ %e Dt (4.3.29)
The second order Taylor expansion of S;, 1 = 1,2 is
d
Si(t,z+v) ~ Si(t,x) + > v 00, Si(t, ) + (4.3.30)
j=1
1 1
+5 0 Oy, Si(t, @) + 5 > 0ju Ony Silt,x) (4.3.31)
j=1 J,le{1,...,d}

i#l
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and substituting in Equation 4.3.28 yields

d
Si(t +dt,x) = Si(t,x) /mi’dt(v) dv+ Z 0z, 5(t, ) /vj kit (v) dv + (4.3.32)

—_— =1 | —
@ @
1
£5 5 00, Sl 2) / o2 ki ge(v) do + (4.3.33)
j=1 —_—
&)
1
+§ Z Oz ;2 Si(t, ) /vjvl kiat(v) dv +dt G;(S(t, x)). (4.3.34)
jle{l,....d} -— .
J#l @
Because k; ¢ usually are radial symmetric probability densities we have
D=1 (4.3.35)
@=@=0 (4.3.36)
@ = o7 = 2D;dt (4.3.37)
and accordingly Equation 4.3.28 can be approximated by
Si(t +dt,z) = Si(t,x) + dt D;AS;(t,x) + dt G;(S(t, x)). (4.3.38)

If we finally set D; := D; - S(t,2), the original partial differential equation approxi-
mates the integral evolution system. The kernels must then be written as
_d ___)?
kiat(S(t,z),v) = (4dtwD; - S(t,z)) 2e D5 (4.3.39)
which also means that the variance of the diffusion distribution o? = 2dtD; - S(t, x)
depends on the density S at the actual location. This however suits the definition of
quasilinear evolution systems in Definition 4.3.1.

4.3.4.1 Discretisation Approaches — Cellular Automata

The finite difference discretisation of the differential equation yields the following
difference equation:

Si(t +dt,x) = S;(t, ) + dt G;(S(t,z)) + (4.3.40)
d
LD S(ta) Y (di)2 (Sit.z + dwe;) + itz — dwe;) — 25(t,2)) (43.41)
=1

The integral evolution system can be approximated using the following simple cubic
(Ngs = [—p, p]?) stencil method — neglecting normalisation —
Si(t+dt,z) = dt G;(S(t,z)) + (4.3.42)
p P

d d
+ Z Z :‘%’i,dt(S(t,&?),ledxej) Si(t,x—i—led;cej), (4.3.43)
j=1

lg=—p li=—p Jj=1
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A stochastic approximation of the integral evolution system can be obtained using

random variables IN; g ~ K; ¢ (S (t,z), ) respectively discrete realisations vy, ..., v
by
1 k
Si(t+dt,x) = - Z Si(t,x +v;) +dt G;(S(t, z)) — (4.3.44)
=1
— E[Si(t,z + Ny ar)] + dt Gi(S(t,z)). (4.3.45)

4.3.4.2 QOutlook: A Further Application Example

This approach was also used in [44] on a model for spatial epidemic spread, which
simulates spatially distributed infections on a three compartment population (sus-
ceptible, infected, recovered — also known as SIR-type epidemic models).

S(t+dt,x) = S(t,z)  — S(t,2) / aar(0)I(t 7 + ), dv (4.3.46)

I(t+dt,z) =I(t,x) + S(t,x)/adt(v)l(t,m +v),dv —Bal(t,x) (4.3.47)

R(t+dt,x) = R(t,x) +BaI(t,z) (4.3.48)
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Chapter 5

Stochastic Cellular Automata

Because in this chapter stochastic cellular automata will be defined as stochastic pro-
cesses, a short compendium on probability theory and stochastic processes precedes
the definition of stochastic cellular automata.

5.1 Formalisms of Probability and Stochastic Processes

This section recapitulates or introduces basic concepts of probability theory and
stochastic processes in a general form.

5.1.1 Basic Definitions

The following definitions serve as an introduction and should clarify notational con-
ventions. Especially the formulation of conditional probability can be rather com-
plicated.

Definition 5.1.1 (Probability Distribution |27, 28, 29]). Given a probability space
(©,2(,P) and a measurable space (T,9B), a measurable function X : (Q,2) — (7, *B)
is called random variable. A probability distribution on (T,B) is defined through the
push-forward measure Px := P o X 1.

Accordingly a probability distribution is always associated with a probability
measure, which can be either discrete P : T — [0,1] or continuous P : B — [0, 1].

Definition 5.1.2 (Expectation Value, compare [27]). The expectation value of a
random variable X is defined as

E[X] ::/QX(w)dP(w):/QX(M)P(dw):/QXdP. (5.1.1)

Definition 5.1.3 (Stochastic Independence [27]). A countable collection of sub-o-
algebras 2y := (Ut )ter is independent if for each finite subset 7 C T

P( ﬂ At) = H P(Ar) YV (Adter € H Ay (5.1.2)

teT” teT’ teT’

87
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A countable collection of random variables is independent if the induced collection of
o-algebras is independent. A countable collection of events (A;)er is independent if
Equation 5.1.2 holds for all finite subcollections. For two independent sub-o-algebras,
random variables respectively events the notation A I B is used.

5.1.1.1 Conditional Probability

In a direct approach the conditional probability of an event A given another event B

is defined as
P(ANB)

P(B)
A more abstract approach to conditional probability is based on conditional ex-
pectation.

P(A|B) = (5.1.3)

Definition 5.1.4 (Conditional Expectation [27, 29]). Let X : (Q,2(,P) — (T,B) be
a random variable. The conditional expectation of X given 2’ C 2 is a 2'-measurable
random variable denoted E[X || : (2,2, P) — (Y,B) for which equally either

(i) E[IoE[X|2]] =E[I4X] for all A’ € A’ or
(i) [ EX|TdP = [,, X dP for all A" € Q.
The random variable E[X|'] is only almost surely! unique.

If Y is another random variable (2,2, P) — (T1,B), we define E[X|Y] : (T,B) —
(Y,B) such that

/ X(w)dP(w)—/E[X]Y](v)dPy(U) Be®.  (5.14)
Y-1(B) B

It is possible to show that E[X|Y] oY is equal to the conditional expectation
E[X|o(Y)] by regarding the transformation

/ (EX|Y] oY) (w)dP(w) :/ E[X|Y](v)dP oY }(v) (5.1.5)
’ Y(A/)
where A’ € 0(Y) and o(Y) C 2 is the o-algebra induced by Y on © with Y ~1(8) C
o(Y) C 2 Also the notations E[X|Y =Y (w)] = E[X|Y] oY (w) and E[X|Y = v] =
E[X|Y](v) shall be used and E[X|Y] can be called conditional expectation of X given
Y.

Motivated by E[I4] = P(A), conditional probability can also be formalised in the
following way (compared to Equation 5.1.3).

Definition 5.1.5 (Conditional Probability [27, 29]). The conditional probability with
respect to A" C A is a function P(- |A")(-) : Ax Q — [0, 1] and equally either defined
as

! An expression holds almost surely (a.s.) or almost everywhere if there exists a zero-measure set
N such that the expression is valid for all elements in the complement N€ [6, p. 140].



5.1. PROBABILITY AND STOCHASTIC PROCESSES 89

(i) P(AJ") :=E[[4]] for all A € A or such that
(ii) [, P(AA)(w)dP(w) =P(ANA’) for all Ae A and A" € A"

According to Definition 5.1.4 the conditional probability of A given 2’ is a random
variable P(A[|) : (Q,2") — ([0, 1],Bjg,1) where Bg ;) is the corresponding Borel
o-algebra and E[P(A|A")] = E[l4] = P(A).

For a random variable Y : (©,2,P) — (Y,B) we can introduce the notations
P(AlY) oY =P(A|o(Y)) where o(Y) = o (Y 1(B)) CAas well as P(A]Y =v) =
P(A|Y)(v) analogously to the expectation value. In this case fP(A‘Y =Y(w)) =
P(AlY) oY (w),

P(ANY'(B)) = /

P(A|o(Y))(w) dP(w) = / P(A|Y)(v) dPy(v) (5.1.6)
Y-1(B) B

for B € B and
P(AlY =v) =P(Alo(Y))(w) we Y1 ({v}). (5.1.7)

Definition 5.1.6 (Regular Conditional Probability, compare [23]). If for a condi-
tional probability with respect to 2/ C 2 the function P(-|)(w) : A — [0,1] is a
probability measure for all w € Q we talk of a regular conditional probability (from
(Q,2") to (©2,2)) with respect to 2.

Given a random variable Y : (2,2, P) — (T, B) a regular conditional probability
with respect to Y “from (7,B) to (2,)” [23] is a function P(-|Y = ) :Ax T —
[0, 1] which

(i) is a measurable function (1,B) — ([0, 1], By 1)) for all A € 2L,
(ii) is a probability measure on (€2,2() for all v € T (compare Definition 5.1.6) and

(iii) which satisfies
P(ANY(B)) = / P(AlY = v)dPy(v) (5.1.8)
B

for all A € A and B € ‘B.
Y :(Q2P)— (Q,2), then P(-|Y = -): A x Q — [0,1] with (i), (ii) and

PANYHA)) = [ PAJY =w)dPy(w) (5.1.9)
A/
forall A € A and A’ € o(Y) C 2, is a regular conditional probability from (2,0(Y"))
to (2,20).
If ultimately Y = I : 2l — 2, then the equation

P(ANA) = . P(Alw) dP(w) (5.1.10)
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can be compared to Equation 5.1.3.
In contrast to conditional probability, regular conditional probability allows to
formalise P(A|w) even if P(w) = 0 respectively P(A|X = v) even if P(X =v) = 0.

Definition 5.1.7 (Conditional Independence |20, 27|). Let 2,..., 21 be sub-o-

algebras of 2. 2y, ..., 2 are said to be conditionally independent given Apyq if
k k
E[HXi Ql,m} =[[EXiI%s]  as. (5.1.11)
i=1 i=1
for any collection of bounded random variables Xi,..., X} where X; : (Q,2;) —

(Y,B). For two conditionally independent sub-o-algebras we use the notation 2; L
Ao | As.

Also conditional independence can be formulated for random variables: X I
Y | Z means X and Y are independent given Z; in signs either

E[l4l5|Z] = E[I4|Z] - E[I|Z] as. (5.1.12)
P(ANB|Z) = P(A|Z) - P(B|Z) as. (5.1.13)

forall A € o(X),B € o(Y).

5.1.1.2 Disintegration

This section is mainly based on [9, 23|, which provide a complete and compact
overview on regular conditional probability and disintegration.

Definition 5.1.8 (Radon Space [6, p. 313]). A Radon space is a separable? metric
space, for which every probability measure is inner regular, that is, every set can
be approximated by compact subsets from within with respect to this probability
measure.

Theorem 5.1.9 (Radon Space (23, p. 21]). A separable Hausdorff measurable space
(Q,20) is Radon (a Radon space) if and only if for every measurable function' Y from
(Q,20) into another measurable space (T,B) and any probability measure P on (§2,2A)
there exists a reqular conditional probability with respect to Y, P(-|Y = ) : Ax T —
[0, 1].

Proof. See [23]. O
In the following quote the mathematical denotations were adapted to the nomen-

clature of this thesis. Furthermore regular conditional probability is abbreviated by

RCP.

2«A topological space is called separable if there exists a countable dense subset.” [6, p. 242]
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Let (©,2) be a Radon space with Y : (Q,20) — (T,%B) a measurable
function, where (1,9) is a separable Hausdorff measurable space. If
P is a probability on (£2,2), then it follows from [Theorem 5.1.9| that
there exists a RCP P(-|Y = -) from (Y,B) to (2,A). The added
difficulty in disintegration problem is that of delimiting the support of
the probability P(-|Y = v). The space Q is partitioned into the fibers
{Y='({v}) : v € T}. Hence the natural question which appears is if
the probability [measure] P(-|Y = v) is concentrated on Y ~1({v}) for
all v € Y(Q). In sequence, we shall establish necessary and sufficient
conditions for the existence of such RCP. |23, p. 22|

From a less technical but specialised point of view:

[Regular conditional probability| rigorously defines the idea of a non-
trivial ‘restriction’ of a measure to a measure zero subset of the measure
space in question. ... In a sense, ‘disintegration’ is the opposite process
to the construction of a product measure. [48]

B* shall indicate a g-algebra on T that is complete with respect to all measures on
T. A function that is measurable with respect to 8B* is called universally measurable
[23]. We further assume that (©2,2() is a Radon space and that T is separable and
Hausdorff.

Definition 5.1.10 (Universally Measurable Disintegration |23, p. 24]). Given a ran-
dom variable Y : (Q,2,P) — (Y,B) a universally measurable disintegration with
respect to Y from (1,B) to (©2,2) is a function P(-|Y = -) : A x T — [0, 1] which

(i) is a measurable function (T, B*) — ([0, 1], B 1)) for all A € 2,
(ii) is a probability measure on (£2,2) for all v € T and

(iii) which satisfies
PANY'(B)) = / P(A]Y =v)dPy(v) (5.1.14)
B

for all A € A and B € B as well as
(iv) PY *{vh)|Y =v) =1forveY(Q) C T.

A function T — Q that assigns an arbitrary element from {w € Q : Y(w) = v} =
Y ~1({v}) to each v € Y(Q) C T is called selection function.

Theorem 5.1.11 (Existence of Universally Measurable Disintegrations |23, p. 25]).
Using the preconditions of the previous definition, if there exists a universally mea-
surable selection function Y (Q) — Q, then there exists a universally measurable
disintegration for every probability measure on (2,21).
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Proof. See [23]. O

It is possible to show that such a measurable selection functions always exists if
(£2,2) is a Suslin space? [23].

5.1.1.3 Markov Kernels

Definition 5.1.12 (Markov or Probability Kernel [23, 28|, compare also [4]). Let
(©2,20) and (Y,B) be measurable spaces. A Markov kernel from (,2) to (Y,B) is
a function I : Q x B — [0, 1] which satisfies

(i) K(w, -) is a probability measure on (T,B) for every w € 2 and
(ii) KC(-, B) is a measurable function on (£2,2) for every B € B.
Accordingly a kernel from (2,2') to (©,2() is a function £ : Q x 2A — [0, 1]
for which K(w, -) : 2 — [0, 1] is a probability measure and (-, A) : @ — [0,1] is
measurable. Compare the requirements with the definition of disintegration (Defini-

tion 5.1.10) and regular conditional probability (Definition 5.1.6).

Proposition 5.1.13 (Regular Conditional Probability Implied by a Markov Ker-
nel, compare [23|). Given a sub-o-algebra A" C A, a Markov kernel from (,2") to

(Q,2(,P) implies a reqular conditional probability with respect to A’ if for all A € A
and A" e A

!/

P(AN A :/ K(w, A) dP(w). (5.1.15)

Proof. Define P(A|A")(w) := K(w, A). Condition (ii) of Definition 5.1.5 is satisfied
according to Equation 5.1.15 which renders P(-|2')(-) a conditional probability.
Together with Definition 5.1.12 (i) we have a regular conditional probability. O

Definition 5.1.14 (Composition of Probability Kernels [28]). Let K1 be a proba-
bility kernel from (€2,2() to (Y,B) and Kg a probability kernel from (2 x 1,2 ® B)
to (£,€) then K1 ® Ky defined by

(IC1®IC2)(w,B):AIC1(w,dU) :/Cg(w,v,df)ﬂg(v,f):/BICl(w,dU)/Cg(w,U,df)

(5.1.16)
for B C Y x = is a probability kernel from (©,2() to (T x =,8 ® ).

Definition 5.1.15 (Product of Probability Kernels [28]). Let K1 and Ky be two
probability kernels from (€2,2() to (2,2). The product K1K2 defined by

(1) (w, A) = / Kx (w, dv) o (v, A) (5.1.17)

is also a probability kernel from (€,2() to (£2,2). In a not fully exact notion we can
also write (KC1/K2)(w, 4) = (K1 ® K2)(w, Q2 x A).

3«A Hausdorff space X is called Suslin space if there exists a Polish space Y and a continuous
surjective mapping Y — X.” [6, p. 322]
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Proposition 5.1.16 (Cartesian Product of Probability Kernels). Let K; be proba-
bility kernels from (€;,20;) to (Yi,B;) for i = 1,2. Then the function IC : (1 X
Qo) X 0(B1 x Ba) — [0, 1] defined as the product measure on o(By1 x Ba) for fized
first argument (w1,w2) € Q1 X Qo is a probability kernel from (Ql x g, 0(Ap X ng))
to (Tl X TQ,O‘(%l X %2))

Proof. IC((wl, wa), - ) is a probability measure for all (w1, ws) € Q1 X per definition.
It remains to show that K(-,B) is a o(2; x 203)-measurable function for all B €
o(B1 X By). So far, (-, B; x By) is at least measurable for all By x By € By X
By because the product of measurable functions (IC( -, B1)K( -, Ba)) is measurable.
A monotone class argument (compare |20, pp. 403-404] and [6, p. 23|) delegates
measurability for sets in o(81 x Bg) to measurability for sets in By x Bo: The sets
B € 0(B1 x B3) for which I(-, B) is measurable is a monotone class and the sets
By x By are contained in this class. Hence (281 x Bs) is a subset of this class. [

5.1.2 Stochastic Processes and Random Fields

A stochastic process describes a collection of random variables and stochastic depen-
dencies among them. Major interests of this theory and also important points of
attack include the discussion of joint distributions, local characterisations by condi-
tional probabilities, limits, prediction, nonlocal influence etc.

For the investigation of stochastic processes in the context of cellular automata
it seemingly suffices to observe discrete-parameter stochastic processes such that the
parameters describe the (discrete) cells and the (discrete) iterations. But on the
one hand because the theory is often discussed either in a discrete-parameter and
discrete-state or continuous-parameter and continuous-state fashion, and secondly
because a cellular automaton may be used to discretise a continuous process/system,
the following sections also deal with continuous-parameter processes.

However the nomenclature in this area is occasionally rather confusing — maybe
due to the diverse historical background. Basically a stochastic process is a collection
of random variables.

Definition 5.1.17 (Random or Stochastic Process [20, 28, 29]). Let (7, <) be a
totally ordered set. A stochastic process X := Xp := (Xi)ier is a collection of
random variables Xy : (2,2, P) — (Y,B) with indexing 7.

If T is a totally ordered countable set (usually N or Z), X is called discrete-
parameter stochastic process or sometimes also simply chain (compare Markov chains,
Section 5.1.3). If T'= R, we talk of a continuous-parameter stochastic process.

Random fields are understood as a generalisation of random processes with re-
spect to the indexing respectively parameter. The following quotations and Defini-
tion 5.1.18 give a very good impression of the purpose of introducing random fields
in the context of an investigation on cellular automata.

... for us a random field is simply a stochastic process ... defined over
a parameter space of dimensionality at least 1. Although we shall be



94 5. STOCHASTIC CELLULAR AUTOMATA

rather loose about exchanging the terms ‘field’ and ‘process’; in general
we shall use ‘field’ when the geometric structure of the parameter space
is important to us ... [2, p. 7|

Definition 5.1.18 (Random Field [2]). Given (22,2, P), (T,B) and a topological
space (T, 9), a measurable mapping X : Q — Y7 is called random field.

. T ... probably stands for ‘time’. While the whole point of this book
is to get away form the totally ordered structure of R, the notation is
too deeply entombed in the collective psyche of probabilists to change it
now. Later on, however, when we move to manifolds as parameter spaces

2, p. 7]

Compare Definition 5.1.18 also with the concept of random functions (Defini-
tion 5.1.19). The exact approach for defining random fields and also stochastic
processes is a matter of taste.

Definition 5.1.19 (Random Function [28]). Let X7 be a stochastic process from
(©,2,P) to (Y,B). For fixed w the mapping t — X¢(w) is called random function.

Random function corresponds to trajectory through the phase space.

5.1.3 Markov Processes

This section shall provide a short introduction to the formalisms of Markov processes.
Accordingly (7', <) is a totally ordered set. Some of the following definitions can
either be found as slight modifications or one-to-one copies — except for notation — of
definitions in [4, 20, 28|, which provide a detailed discussion of stochastic processes.

Definition 5.1.20 (Filtration [20, 28, 34|). Given a o-algebra 2, a filtration is a
collection of sub-o-algebras Ap := (Uy)er satisfying A C A, if s < ¢.

Definition 5.1.21 (Adapted Stochastic Process |20, 28, 34|). A stochastic process
Xr from (Q,2,P) to (T,B) is called adapted to a filtration Ay C A if X; is As-
measurable for all ¢t € T. A stochastic process is always adapted to its natural

filtration (o(Xs:s < t))teT'

Definition 5.1.22 (Markov Process [4, 20, 28|). A stochastic process X7 : (2,) —
(T,B) is called Markov process, if Xr is adapted to its natural filtration Ay C A
and the Markov property, which for all s > ¢ is equally either

(i) Xs L2 | Xy,
(i) P(Xs € B| ) =P(Xs € B| Xy) as. forall BB or
(iii) E[f(Xs)|2A] = E[f(Xs)|X¢] a.s. for all bounded measurable f: T — R,

is satisfied.
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When T'= N or T = Z we talk of a Markov chain. In literature Markov chains
are often assumed to have also a discrete state-space |4, 20]. A good approach
for constructing such a memoryless (compare Section 1.3.1) stochastic chain is by
specifying transition probabilities in the form of Markov kernels.

Since we observe random processes from (2,2, P) to (1,B) we will use Markov
kernels I : T x B — [0, 1] in a way such that

Ket(v, B) =P(X, € B| Xy =) (5.1.18)

respectively
Ks’t(Xs,B) = P(Xt € B | .As) a.s. (5119)

5.1.3.1 Transition Functions

This section introduces the concept of transition functions in order to facilitate the
construction of a connection between Markov processes and collections of Markov
kernels.

For the following investigations it is necessary that (Y, B) is either a Polish space?
with the o-algebra of Borel sets [4] or (rather similar) a locally compact separable®
metric space with the Borel o-algebra [20].

Neben den lokal-kompakten Hausdorff-Rd&umen sind die polnischen
R&aume von besonerer Wichtigkeit. Ein wesentlicher Grund dafiir ist, dafs
wichtigen Konvergenzsétzen fiir stochastische Prozesse Mafse auf polnis-
chen (aber nicht lokal-kompakten) Raumen zugrundeligen ... [6, p. 320]

Besides locally compact Hausdorff-spaces, Polish spaces are of particular
importance. A significant reason is that important convergence theorems
for stochastic processes require Polish (but not locally compact) spaces
... |6, p. 320]

Definition 5.1.23 (Transition Function [4, 20|, compare also |28, 29]). Given an
index set T, if for every (s,t) € T' x T with s < t a probability kernel Ks; from
(Y,B) to (T,B) is defined such that

(i) Kie(v, ) =6, forall t € T and

(i) Ksullut = Ksyt for all s <u <t e T (Chapman-Kolmogorov equation, product
defined in Definition 5.1.15),

we call the collection of kernels transition function and also write K(s,v,t,B) :
TxYxTx%B—]0,1].

1A topological space X is called Polish if there exists a generating metric d, for which (X, d) is
separable and complete [6, p. 320].

5«A topological space is called separable if there exists a countable dense subset.” [6, p. 242], see
also p. 90.
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Accordingly a transition function is a collection of Markov kernels satisfying a
certain semigroup property.

Proposition 5.1.24 (Transition Function of a Markov Process [4, 28]). Given a
Markov process Xp : (0,2, P) — (1,B), the function

K:TxYTxTx®B—[0,1]:(s,v,t,B)— P(X; € B|Xs; =v) (5.1.20)

1s a transition function i.e.

(1) K(s,-,t,-) : T xB — [0,1] is a Markov kernel (Definition 5.1.12) for fized
s, t with s <t,

(i) K(s,v,s,B) =1pg(v) and

(i11) K satisfies the Chapman-Kolmogorov equation
K(s,v,t,B) = / K(s,v,r,dx) K(r,z,t, B) (5.1.21)
T

for s <r <tandall (v,B) €T x B.

Proof. K(s,v,t, B) is a probability kernel for every s < ¢ because P(X; € B| X5 = v)
is a regular conditional probability. Requirement (ii) respectively Definition 5.1.23
(i) is clear. The proof that the Chapman-Kolmogorov equation — Definition 5.1.23
(ii) respectively (iii) in this proposition — is satisfied is more complicated. Complete
proofs can be found in [4, 28|. O

Definition 5.1.25 (Initial Measure [4, 20]). If X7 is a Markov process (©,2(,P) —
(Y,%) and tp := min T, then the probability measure Py induced by Xy on (Y, B)
is called initial measure.

Theorem 5.1.26 (Markov Process Induced by Transition Function [4, 28]). For a
given probability measure Py on (Y,B) and a transition function K : Tx T xT xB —
[0,1] there exists a unique Markov process.

Proof. This theorem is very prominent in literature on Markov processes [20, 28|. [
The transition probabilities of the resulting Markov process satisfy [4, 20|
P(X: e B| Xs=v)=K(s,v,t,B). (5.1.22)

The results on Markov processes and their transition functions can be summarised
as follows.

Corollary 5.1.27 (Identification of Markov Processes and Transition Functions). A
Markov process is always uniquely associated with a transition function.



5.1. PROBABILITY AND STOCHASTIC PROCESSES 97

Theorem 5.1.28 (Chapman-Kolmogorov Equation [4], compare [20]). A collection
of random wvariables Xt is a Markov process with initial measure Py if and only if
for every integer k and any family fo, ..., fr of non-negative measurable real-valued
bounded functions and all 0 =tg < --- < ty,

k

E[Hfi(Xti)} :APo(dvo)fo(Uo)/T/C(O,Uo,tl,dvl)fl(vl)...

=0

N '/rlc(tk1>Uk17tkadvk)fk(vk) (5.1.23)

k
:/rpo(dvo)fo(vo)il;Il/r/C(ti_l,Uz‘_l,ti,dvi)fi(vi) (5.1.24)

k

=E[fo(Xo)] [ [ ELfe, (Xe)|Xe,_, = via] (5.1.25)
=1

where K(s,v,t,B) := P(X; € B|Xs =v).

Proof. This theorem including proofs can be found in most works on Markov pro-
cesses [4, 20]. O

Note that E[f;(X:,)|Xt,_, = -] = E[fi(X4,)|X+,_,](+) is a measurable random
variable (1, B, Py) — ([0, 1],B91]) (compare Equation 5.1.5).
5.1.3.2 Markov Semigroups

This section formalises a commonly used functional analytic approach to transition
functions for continuous-parameter Markov processes, so-called Markov semigroups.
We use the notation L>°(T) for all bounded measurable functions T — R [20]. Then
Co(Y) C L>=(7T).

Definition 5.1.29 (Transition Operator |4, 20]). Given a Markov process X7 the
transition operators (Es) s;ter are defined as bounded linear operators L>(T) —
L*°(Y) such that for any bounded measurable function f: T — R and v € T

(Esuf)(W) =E[f(Xy)|Xs =0]  s<t. (5.1.26)
Sometimes |20, 28, 34| the following notation is used for Equation 5.1.26
(Estf)(Xs) = E[f(X0)[As]  as. (5.1.27)
This equation may be interpreted in the following context

Earf (W) = BlEe1 f(X4)| X, = v] (5.1.28)
= E[E[f(X:)|As]| Xs = v] (5.1.29)
= E[f(X¢)|Xs = v]. (5.1.30)
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Proposition 5.1.30 (Markov Semigroup [4, 20]). Given a Markov process respec-
tiely its transition function, the collection of transition operators (Es4)s<t s a (con-
traction) semigroup of linear operators on L (), which means (r < s <t)

(i) Esy is a linear operator on L>(T),
(i1) i+ is the identity operator,
(111) ||Es| <1 (contraction),
() &+ = & sE+ (semigroup property ),
(v) f >0 implies Esf > 0 (non-negativity preserving).

The collection (Es+)s<t is called Markov semigroup. Properties (ii-iv) are the classical
properties of a contraction semigroup (Definition 4.2.2).

Proof. A formal proof can be found in literature [4, 20, 29]. O

If K(s,v,t,B) := P(X; € B|Xs = v) is the transition function of the Markov
process X1, we can write

(Earf)(®) = ELF(X))| X, = 0] = /Tf(ﬁ)IC(s,v,t, d5). (5.1.31)

The transition operators can be identified with this transition function by [4, 20]
K(s,v,t,B) = (E4+lB)(v) veT, BeB. (5.1.32)

Sometimes also the transition function is regarded as a semigroup (of Markov kernels)
and then called transition semigroup [4, 28|.

Theorem 5.1.31 (Markov Process Induced by Semigroup [20, 29]). Given a Markov
semigroup (properties (i-v) in Proposition 5.1.30) and an initial measure it is possible
to construct a Markov process.

Proof. See |20, 29] for a formal proof. O

The following corollary recapitulates the results from this section (compare Corol-
lary 5.1.27.

Corollary 5.1.32 (Identification of Continuous-Parameter Markov Processes and
Markov Semigroups). A continuous-parameter Markov process is uniquely associated
with a Markov semigroup.
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5.1.3.3 Further Characterisations of Markov Processes

Definition 5.1.33 (Homogeneous Markov Process, compare [20, 28]). A Markov
process is called homogeneous if the transition function is invariant under translations
(s,t) = (s+wu,t+wu). In this case also the corresponding semigroup(s) is (are) called
homogeneous and it is sufficient to define & := (& )ier = (€o,t)ter respectively
Kr = (Ki(v, B))ter := (K(0,v,t, B))ter-

Equation 5.1.26 can then be written as
Eaf)W) =E[f (Xspa)| Xs =v] veT. (5.1.33)

For continuous-parameter Markov processes and especially for ' = R, a lot of
additional concepts can be introduced. Among them the Feller property.

Definition 5.1.34 (Feller Semigroup, Feller Process [20, 29]). A homogeneous Markov
semigroup &r is a Feller semigroup if

(i) & is a mapping Co(Y) — Co(Y) for all £ € T and
(ii) limy o4 [|Ef — flloo = 0 for all f € Co(T) (Feller property).
The associated Markov process is called Feller process.

If T is compact, resolvents and generators of Feller processes can be introduced
[20, 29].

5.1.4 Multiparameter Markov Processes

Multiparameter stochastic processes can be seen as an extension of one-parameter
processes. Per definition, a multiparameter process is a random field (see Defini-
tion 5.1.18) — either with discrete or continuous parameter. However, in literature
especially Markovian multiparameter processes are often associated with a parameter
set in R?, which is also the case for [20], which served as a basis for this section.

We can informally interpret ... a Markov process as a (one-parameter)
process whose ‘future’ values depend on the past only through its current
value. While this is perfectly intuitively clear (due to the well-ordering
of the ‘time axis’), it is far less clear what a multiparameter Markov

process should be. ... We will also see how this multiparameter theory
can be used to study intersections of ordinary one-parameter processes.
[20, p. 391]

Let T be a compact separable metric space® equipped with the Borel o-algebra
and let (T, <) be a half-ordered multidimensional set, usually 7' C Ri together with
s < tif and only if s; < ¢; forallt =1,...,d. Let further s A t denote the element
wise minimum.

Sor the one-point compactification of a locally compact separable metric space [20]
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Definition 5.1.35 (d-parameter Filtration [19, 20]). A d-parameter collection of
o-algebras (;)ier is called d-parameter filtration if s < t implies s C 2.

Definition 5.1.36 (Commutation [19, 20]). A d-parameter filtration 207 is called
commuting, if for all s,t € T

As L Ay | Ay (5.1.34)
or equivalently if for all bounded 2(;-measurable random variables X,
E[X|s] = E[X|As.¢] a.s. (5.1.35)

Definition 5.1.37 (Multiparameter Markov Process |20, p. 392|). A stochastic pro-
cess X is called multiparameter Markov process if there exists a d-parameter fil-
tration Ar and a family of operators Er such that for all v € T, there exists a
probability measure P, on (Y,B) and

(i) Xr is adapted to Ap,
(ii) ¢+ X is right-continuous’ P,-a.s. for all v € T,

(iii) %Az is a commutating filtration and 2l; is complete® with respect to P, for all
veETandallteT,

(iv) forall s,t €T, f € Co(Y) and v € T,
Ef(Xs) =Ep,[f(Xiss)[™As]  Po-as. (5.1.36)
and
(v) Po(Xo=v)=1foralveT.

A multiparameter process is sometimes also called set-indexed process. Also for
multiparameter Markov processes, £ is a (multiparameter) semigroup? [20].
Furthermore Equation 5.1.36 is equivalent to

£1F(v) = EIEF(X)|Xa = v] (5.1.37)
= E[E[f(Xt+S)|QlS] ’Xs = 'U] (5'1'38)
= E[f(Xi45)| Xs = 0]. (5.1.39)

Define the parameter helper o as [20]

5.1.40
5.1.41

o1(r) = (r,0,0,...,0)
o9(r) = (0,r,0,...,0)

5.1.42

)
)
)
5.1.43)

(
(
(
(

T“A function f : RY — R is right-continuous (with respect to the partial order <) if for all
t € RY, limgyyr s f(5) = f().” [20, p. 236]

8i.e. contains all zero-measure/null sets [6, p. 63]

9For an exact formal definition see for example [17, p. 28].
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Definition 5.1.38 (Marginal Semigroups [20, p. 396]). The marginal semigroups
E1,5=1,...,d of a d-parameter Markov process (& );er are defined such that

g’rj"f(v) = goj(r)f(v) = g(,r,)f(v) (5144)
forall fe€ L*(Y) and v e Y.

As a direct consequence,
&=8& & (5.1.45)

if t = (t1,...,tq).

5.1.5 Markov Random Fields

If the topological space (T',9) of a random field is — or, more correctly and simpler,
is replaced by — a graph G = (M, E, p) and the random field satisfies a certain local
stochastic feature, it is called Markov random field |21]. Surprisingly the notation
Markov random field is only used in connection with graphs as parameter set, which
are discrete parameter sets.

We assume that the neighbourhoods are not ordered respectively that the graph
is not weighted and simple. It is furthermore necessary that the underlying graph
is undirected (respectively symmetric) since stochastic dependence is a symmetric
relation.

For a collection (x,)nens the notation zxn := (z,)neny where N C M shall de-
scribe the corresponding subcollection.

Definition 5.1.39 (Markov Random Field, compare [15, 21]). Given a simple undi-
rected graph G = (M, E) with/respectively a symmetric neighbourhood mapping
N : M — PB(M) and a collection of random variables Xy := (Xy)men i€ a
random field on M, we call X a Markov random field if the local Markov property
is satisfied.

This definition is valid if m € N(m) and if m ¢ N(m). In case of a reflexive
neighbourhood structure i.e. if m € A (m) the local Markov property simplifies to

Xm L Xapn(m) | XN (m)\{m} m € M. (5.1.47)

We also define two further Markov properties for Markov random fields.

Definition 5.1.40 (Pairwise and Global Markov Property [15, 48]). The pairwise
Markov property for m # n with m ¢ N (n) — and accordingly n ¢ N (m) — is defined
as

Xm L X | X\ fmny- (5.1.48)
The global Markov property for A, B,C' C M such that every path between a vertex
in A and a vertex in B contains a vertex in C' is defined as

X4l Xp| Xe. (5.1.49)
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It is easy to show that the global Markov property implies the local Markov
property and the local Markov property implies the pairwise Markov property [48].

While the preceding definitions are also valid for continuous state spaces T, the
following statements as originally proposed in [21] and [16] are not. The reason for
this may be the historical connection to the Ising model [21].

Definition 5.1.41 (Local Characteristic [21]). The local characteristic or also local
conditional of a Markov random field is defined as a function L, : Y™ — [0, 1] for
every m € M,

Lin(@y) =P (X = Tm | Xn(m)\{(m) = TN (m)\m})
=P(Xm = &m | Xor\{m} = Tar\(m})- (5.1.50)

The collection & := (Ly,)menr 1s called local specification.

The local specification £ may be interpreted as a mapping Y™ — [0, 1]M.

When constructing a Markov random field these conditional probabilities should
be consistent in the sense that they yield a joint probability distribution on Y™,
which is a mapping T™ — [0,1]. The Hammersley-Clifford theorem provides a
condition for probability distributions to describe a Markov random field. This
theorem is the main result of basic Markov random field theory.

Definition 5.1.42 (Gibbs Distribution, compare [15, 16]). For a given graph denote
the set of all cliques!? as €. A probability mass function P : Y™ — [0, 1] satisfying

P(ay) = [[ folan)  ap eV (5.1.51)
Cee

where fo only depends on the components of x); with index in C is called Gibbs
distribution.

In the original form an exponential notation of Equation 5.1.51 is used.

Theorem 5.1.43 (Hammersley-Clifford [16], compare [15]). Assume Xar as a ran-
dom field on an undirected finite graph has a positive joint probability distribution
on YM . Xy is a Markov random field if and only if the distribution is a Gibbs
distribution.

Proof. This is a prominent theorem. For one of the earliest proofs see [16]. O

The Gibbs distribution defines the Markov random field as a whole, P(zy;) =
P( Xy = zp).

10The nodes within a clique are connected to each other. In other words a clique is a complete
subgraph. See also Definition 3.2.19 and Definition 3.2.20.
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Application and History of Markov Random Fields. Especially in the con-
text of this work, [21] provides an interesting application of Markov random fields on
cell growth models by Eden [37] (not related to the Garden of Eden cellular automa-
ton), Williams and Bjerknes [49] (simulation of tumour growth using biased voter
model) and Richardson [41]. These works are the basis of many interesting publi-
cations and must also be seen in the context of pattern formation [40] and image
processing.

5.1.6 Bayesian Networks

Bayesian networks are used to represent joint probability distributions
over sets of random variables. A Bayesian network is made up of two
components: a directed acyclic graph, and a set of conditional probability
tables. Each node in the graph represents a random variable and for each
node there is a probability table specifying the conditional distribution of
the variable given (each possible combination of) the values of its parents
in the graph. [11]

We will use the notation of neighbourhood mappings to indicate the “neigh-
bouring” vertices of a vertex (Section 3.2). Note that acyclic implies nonreflexive
(m ¢ N(m)) and that A(m) is the set of vertices that feature a directed connection
towards m.

Definition 5.1.44 (Bayesian Network, compare [11, 15, 24]). A directed acyclic
simple graph G = (M, E) together with a collection of discrete random variables
X = (Xim)menm with states in T and conditional probabilities for all m € M

P(Xm=2m | Xny =21,..., Xy, = Tp,,) {n1,...,ng, } =N(m) (5.1.52)
where z, € T, is called Bayesian network.

In order to allow this short notation, — as in Section 5.1.5 — T zr(,,) is understood
as the subcollection of xp; = (T )men with indices in N(m).

From the acyclic structure of the graph it is possible to derive the Markov As-
sumption which is a local Markov property for Bayesian networks:

Proposition 5.1.45 (Markov Assumption [11, 24]). Each variable is independent
of its nondescendants, given its parents.

X, L XM\Nfl(m) \ XN(m), (5.1.53)
which also can be written as

P(Xm = Tm | Xapw-1(m) = Tanw—1(m)) = (5.1.54)
=P (Xm = m | Xn(m) = CUN(m)). (5.1.55)
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Proposition 5.1.46 (Joint Distribution [11, 24]). The joint probability distribution
of a Bayesian network satisfies

PXy=zm) = [[ P(Xm=2m | Xntm) = Tarm))- (5.1.56)
meM
Proof. Can be found in literature. O

For continuous states the preceding notations can not be used. The next section
will introduce a class of stochastic process with continuous states suitable for use
with cellular automata. The following quote describes a method for “simulating”
continuous distributions.

Unlike the case of discrete variables, when the variable X, and its par-
ents ... are real valued, there is no representation that can represent all
possible densities. A natural choice for multivariate continuous distribu-
tions is the use of Gaussian distributions. These can be represented in a
Bayesian network by using linear Gaussian conditional densities. In this
representation, the conditional density of X,, given its parents is given
by

P(Xm = v|Xpr(m) = U) ~ Norm(ap + Zai, o?) (5.1.57)

That is, X, is normally distributed around a mean that depends linearly
on the values of its parents. The variance of this normal distribution is
independent of the parents’ values. If all the variables in a network have
linear Gaussian conditional distributions, then the joint distribution is a
multivariate Gaussian (Lauritzen and Wermuth, 1989). [24]

Corollary 5.1.47 (A Bayesian Network is a Markov Random Field). Every Bayesian
network is a Markov random field.

Proof. Since an acyclic graph only has one-vertex cliques, Proposition 5.1.46 delivers
a Gibbs representation of the joint probability distribution. O

5.2 Formalism of Stochastic Cellular Automata

This section introduces a class of stochastic processes that is an extension of Bayesian
networks (Section 5.1.6) and at the same time a special case of multiparameter
Markov processes (Section 5.1.4) as well as Markov random fields (Section 5.1.5).
Such a stochastic process will be referred to as stochastic cellular automaton.
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5.2.1 Basic Concepts

Regard a discrete set of nodes M called cells of a graph Go with neighbourhood
mapping A such that the neighbourhoods are equally sized with k neighbours each.
The neighbourhoods may be ordered N (m) = (ni,...,ng) or unordered N (m) =
(ni,...,ng) (Definition 2.2.2).

This graph then is k-regular, simple as well as directed and represents the second
topological feature of a stochastic cellular automaton. In case of ordered neighbour-
hoods there exists an additional mapping w : M x M — N (Theorem 3.2.4). This
however does not hinder the following discussions.

A second (trivial) graph G is given by a totally ordered discrete parameter set
(T, <) like for example (N, <) such that there exists a directed edge between two
consecutive elements of T'. The elements respectively nodes in T  are referred to as
iterative steps.

Definition 5.2.1 (Product Graph). Given two graphs G; = (M,N) and Go =
(T, <) as discussed before, define the directed acyclic simple k-regular graph G =
(T x M, E) as the graph tensor product G := G; x G4 such that each node is an
element from {(t,m) :t € T,m € M} and

E=JUU U {(tn).t+1,m)} (5.2.1)

teT meM neN(m)

We call this graph the product graph or simple the graph of a stochastic cellular
automaton.

Every node (t,m) can be interpreted as a cell m € M at a specific iterative step
t € T. Figure 5.1 shows an illustration of such a product graph. Compare this
graphical structure also with the concept of nets.

On every directed acyclic graph there exists a canonical partial order < with
a < b if and only if there is a directed path from node a to node b [48]. For the
(product-) graph G this partial order can be decomposed as

(s,n) < (t,m) <= s<tAncN'™(m) (5.2.2)
which also explicitly causes
(t,n) # (t,m) VteT mneM m#n. (5.2.3)
Define for all (s,n), (t,m) € T x M, (s,n) A (t,m) as
max{r € T:r <s,r<t,J€M:1€N*"(n)NN""(m)}. (5.2.4)

For a stochastic cellular automaton it is necessary to define an abstract proba-
bility space with certain filtrations.
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Definition 5.2.2 (Probability Space and Filtrations). Define the probability space
respectively the filtrations of a stochastic cellular automaton as follows: Let (£2,%21)
be a Radon space (Definition 5.1.8), P a probability measure on (£2,2() and (d;):cr
a filtration such that s C Ay if s < t. Let (Utm),m)erxm be a second filtration
with ;,, C 2 for all t € T and m € M and s, C Ay, if (s,1) < (¢, m).

See Figure 5.2 for an illustration of the inclusion relations among the various
o-algebras.

Each cell shall take states form the set of states S according to some probability
distribution. Or in other words for every cell there shall exist a random variable
from the common underlying probability space into the state space.

Definition 5.2.3 (Random States). Given a product graph (as in Definition 5.2.1)
as well as a probability space and filtrations (as in Definition 5.2.2), let (S,B) be a
separable Hausdorff measurable space.

Associate each node (t,m) of the product graph with a random variable S, :
(92,2, P) — (S,B) and let the stochastic process (St m),m)erxm be adapted to the
filtration (A¢m)ter,mem in the sense that Sy, is Ay ,-measurable for all ¢t € T' and
m € M.

The random variables (S¢m)m)erxm are then called random states and the
multivariate random variables S; := (S¢m)men are called global random states.

As a direct consequence of this definition, the stochastic process (S;)er is adapted
to the filtration (A¢)ier.

Definition 5.2.4 (Markov Property for Stochastic Cellular Automata). It is required
that the Markov property
Se1m L Ae [ Sy nr(m) (5.2.5)
is satisfied for all t € T"and m € M.
Since (2,%2l) is a Radon space, there exist for all ¢, m regular conditional prob-
abilities from (S¥,o(B*)) to (Q,As41,m) with respect to S A(m) (Theorem 5.1.9).
These regular conditional probabilities P( - [S¢ ar(m) = ) Will also be called stochastic

update rules.
As an immediate consequence, Siy1., L St | St,/\/(m) as well as Sii1;m L

St M\N(m) | Star(m) and
P(Sir1,m € BIS; = sym) = P(Sir1,m € B|St,/\/(m) = SN(m)) (5.2.6)
for any sp; € SM.
For cellular automata in general we declared that the update mechanism is equal

for all cells and iterative steps. In the context of a stochastic (Markov) process this
feature is called homogeneity.

Definition 5.2.5 (Homogeneity of Transition Probabilities). Let
P(StJrl,m € B|St,/\/'(m) =35) = P(Ss+1,n € B|Ss,/\/(n) = 35) (5.2.7)

for all t,s € T and m,n € M where B € B and § € SF.
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Figure 5.1: Horizontal layers represent a (directed) graph G2 with nodes M and
edges indicated by dashed lines (compare this graph with the graph representation
of the second topological feature of a cellular automaton Section 3.2). The whole
graph is the tensor product of a trivial graph G with nodes T' (sketched vertically)
and Go. Arrows represent a selection of directed edges of the product graph. The
product graph can be regarded as a graph representation of a cellular automaton
that depicts cells separately for every iterative step.

Figure 5.2: Filtrations for stochastic cellular automata. Circles indicate o-algebras
and arrows represent the inclusion relation. The horizontal axis concatenates itera-
tive steps (T'). The positive vertical axis represents elements of M such that circles
above the horizontal axis represent o-algebras 2, ,,, and circles below the horizontal
axis represent o-algebras 2.
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5.2.2 Definition of Stochastic Cellular Automata

The definitions of the previous section can now be used to define stochastic cellular
automata.

Definition 5.2.6 (Stochastic Cellular Automaton). A stochastic cellular automaton
consists of

(i) aset of cells M,

(i) a k-regular simple directed graphical structure on the set of cells (A) which
together with a totally ordered set of iterative steps (T') forms a product graph,

(iii) a separable Hausdorff measurable state space (S, ), a Radon probability space
(2,2, P) with filtrations (%4¢)ier and (Atm) ¢, m)eTxnmr and

(iv) a collection of random variables (St ) (t,m)erxnr from € to S which is adapted
to (Qlt’m)(mm)e:px a and satisfies the homogeneity property as well as the Markov
property for stochastic cellular automata.

Note that in contrast to deterministic cellular automata, which are iterative sys-
tems, a stochastic cellular automaton is a stochastic process. For a given initial global
random state Sp, the push-forward measure P o S; Vis called initial distribution.

In analogy to the theory of stochastic processes we also call the collection
(St.m)(t,m)eTxm @ stochastic cellular automaton.

5.2.3 Immediate Results and Conclusions
This section elaborates some characteristics and mathematical properties of stochas-
tic cellular automata.

5.2.3.1 Markov Kernels

For this and the following sections a stochastic cellular automaton shall be given, let
all variables be defined as in Definition 5.2.6.

Definition 5.2.7 (Local Kernel). We call a Markov kernel from (SF,o(B%)) to
(S,B) written K : S x B — [0, 1] which satisfies

’C(g, B) = P(StJer S B‘St’j\/’(m) = §) VteT,meM (5.2.8)
a local kernel.

The existence of a local kernel implies homogeneity of the transition probabilities
and vice versa. From the local kernel further probability kernels can be constructed.

Definition 5.2.8 (Local Characteristic). For every m € M we define the local
characteristic as the Markov kernel £, : SM x B — [0, 1] with

Lin(sm, B) == K(Projur(m) sam, B) = K(snr(m)» B)- (5.2.9)
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L, actually is a probability kernel because proj AN(m) 1S @ measurable function
an therefore L,, is measurable in its first argument for all B € 8. That L,, is a
probability measure in its second argument is clear.

Because Sti1,m L Sy anwm) | Searm) (Definition 5.2.4), we can write

,Cm(SM,B) = P(St—&-Lm S B‘St = SM) = (5.2.10)
= P(St+1,m € B‘St,/\/(m) = 5./\/'(m)) = /C(SN(m),B) (5.2.11)

Definition 5.2.9 (Global Kernel). The global kernel £ : SM x o(BM) — [0,1] of
a stochastic cellular automaton is defined as the Cartesian (“semi”™) product of the
local characterisations L.,

E(sar, Bar) : ( T Lontsar. - ) ) (5.2.12)

meM

where By € o(BM) and sy, € SM.

It is clear that £ is a probability measure in its second argument. Also because
of Proposition 5.1.16 the (full) Cartesian product of the probability kernels £,, is a

probability kernel from (S, o(BM ))M to (SM,o(BM)), it remains to acknowledge

that the projection (SM )M — SM is a measurable mapping in order to see that & is
a probability kernel.

For every sy; € S™, the local characteristics £(syz, - ) are obviously the marginal
measures of the global kernel £(spy, - ).

5.2.3.2 Chapman-Kolmogorov Equation

Theorem 5.2.10 (Chapman-Kolmogorov Equation). A stochastic cellular automa-
ton satisfies the following Chapman-Kolmogorov equations.

P(St+2,m S B’St = SM) (5.2.13)
= E(sm,dq) L / H Ln(sa,dgn) Lim(q, B) (5.2.14)
sM SM em
<, H K (sxtny» dpn) K(p, B) (5.2.15)
SN neN(m

= ’P(St+27m S B’St,./\/?(m) = SNQ(m)) (5.2.16)
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Proof. We only prove (;) Replacing £ with I in Equation 5.2.14 yields

/ H K(sn n)den IC(Q/\/(m)v B) (5.2.17)
neM
= K(sar(n)> dan) K(sarn), dan) K(gnmy, B) (5.2.18
/gN(m)XgM\N(m elj\_f{m N(n n¢lj\_/[(m) N (n) ) K(an(m): B) ( )
~ [ TI Klowdon) Koxon B) [ T Ko da).
SN (m) nEN (m) SM\N (m) ngN (m)

(5.2.19)

The second integral in Equation 5.2.19 can be written as [],,¢ () K(spar(n),S) and
is equal to 1. ]

Lemma 5.2.11. Forn ¢ N'(m), m ¢ N(n) and N'(m) NN (m) # 0,
Stan L Stn | St_1 M (m)nN (n)- (5.2.20)

Proof. Set X := SNMUNWION() and N := N(m) N N(n). Regarding the
equation for conditional independence proves the lemma.

P(St,m € A, St,n S B’St_le = SN) (5221)
= /X/C(p/\/(m)\/\/(n) X sn, A) K(Par(n)\W(m) X SN, B) dp (5.2.22)
= / K(p x sy, A)dp / K(p x sy, B)dp (5.2.23)

SN (m)\N (n) SN (n)\N (m)
= P(St’m € A|St_1’N = SN) P(Stm € B|St_1’N = SN) (5224)
O

As a consequence Sty L St | 1 Ar(m)na(n)- An we can conclude (without
proof) the following:

Corollary 5.2.12 (Local Markov Property). The local Markov property
r > (s,n) A (t,m) = Stm L Ssn | Ar (5.2.25)

1s satisfied.

5.2.3.3 Global Markov Process

Furthermore the global evolution of a stochastic cellular automaton is a Markov
process.

Proposition 5.2.13 (Global Markov Process). The global states (St)ier form a
homogeneous Markov process.
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Proof. (St)ter is of course adapted to the filtration (2(;);er. The classical Markov
property Si1 L Ay | St is satisfied because the Markov property from Definition 5.2.4
implies that Siyq,, L A; | St for every m € M. Homogeneity of (S;)ter follows from
Definition 5.2.5 together with Equation 5.2.6. Ul

Proposition 5.2.14 (Global Kernel and Global Markov Process). The global kernel
E of a stochastic cellular automaton is the transition kernel of the global Markov
process (Si)ier-

Proof. £ is associated with the stochastic process (S;)tcr because

5(5M, I1 Bm) = I Lo(sar. Bu) (5.2.26)

meM meM
— H P(Stlll,m(BmHSt = sm) (5.2.27)
meM
EP( N Sitim(Bu)|Si = su) (5.2.28)
meM
_ p(sm eI Bm‘St - 5M>. (5.2.29)

meM

(;) holds because Sip1,m L Sit1n | St for m # n (Corollary 5.2.12). Since the
assignment of a probability kernel (transition function) to a Markov process is unique
it follows that

5(SM,BM) = P(St+1 S BM|8t = SM) (5.2.30)

for all sy € SM and By € o(B™M). It may be necessary to use a monotone class
argument as in Proposition 5.1.16. O

& also satisfies the classical Chapman-Kolmogorov equation
P(Siez € Byl =su) = [ €(sar.da) €0, ). (5.231)
S
The previous considerations raise the question, under which conditions a Markov
process (S;)ser with states in (S, 0(BM)) is also a stochastic cellular automaton?

Lemma 5.2.15 (Local Kernel Induced by Global Kernel). Let (S)ier with S =
(Stm)mem be a Markov process with states in (SM,o(BM)), filtration (As)ter and
kernel € : SM x o(BM) = [0,1]. (Stm)tmyersar is a stochastic cellular automaton
with global kernel & if there exists a k € N, a kernel K : S¥ x B8 — [0,1] and a
neighbourhood mapping N : M — M* such that

E(sar, B x SMM™) = K(spr(my, B) (5.2.32)

for every m € M and B € 8.
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Proof. (i) We need to prove that there exists a product graph (as defined in Defini-
tion 5.2.1) on T' x M: We can assume that T is totally ordered. Together with the
mapping N this requirement is satisfied.

(ii) There exists an additional filtration (¢ m )¢ m)erxm as defined in Defini-
tion 5.2.2 and the random variables S;,, are adapted to this filtration: Define
(RA¢,m) (tm)erxm as the natural filtration of the stochastic process (Sim)(m)erx M
At = 0(St.m). Then Ay, C Ay for all t € T and m € M because

I1 Sim(Ba) =5[1( 11 Bm> (5.2.33)
meM meM

for arbitrary By, € B where m € M.
(iii) We have to show that the Markov property (Definition 5.2.4) is satisfied,

Strtm L Ae | S n(m)- (5.2.34)

This can be concluded from
P(Sii1m € B|S; = sp1) = P(Siy1 € B x SIS, = 55) = (5.2.35)
= E(sar, B x SMM™) = K(spr(my. B). (5.2.36)

(iv) K is the local kernel and £ is the global kernel of this stochastic cellular
automaton: Obviously

]C(s./\f(m)v B) =P(Sty1,m € B\St,/\/(m) = SN(m)) (5.2.37)
and
&(sar, TT Bu) = €(sa, () (B x 84N (5.2.38)
meM meM

= [ &(sa, B x SM\M) (5.2.39)

meM
= I K(sw) Bu) (5.2.40)

meM
where B,,, € B for all m € M shows that £ is the global kernel. O

There may however exist different conditions — and more elaborate proofs — under
which a (global) Markov process can be identified as a stochastic cellular automaton.
The previous lemma however gives a general idea of how such a situation would look
like. If it is not explicitly known that a global random state S; is the product of
random states [[,,c s Stm, it might be necessary to require that the transition prob-
abilities of the global Markov process are disintegrations (Definition 5.1.10) rather
than regular conditional probabilities. A detailed investigation is out of the scope of
this thesis.

A primary conclusion from this section is that stochastic cellular automata also
allow an alternative definition (compared to Definition 5.2.6) which only implicitly
features the graphical structure defined in Definition 5.2.1.
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5.3 Application Scenarios and Outlook

The aim of this section is to demonstrate the application of statistical methods
on stochastic cellular automata and to provide some approaches for reducing the
computational effort by finding deterministic representations of stochastic cellular
automata.
Since stochastic cellular automata are settled between Bayesian networks and
multiparameter Markov processes, obviously results from both areas can be adopted.
Finally an artificial application scenario is discussed in detail.

5.3.1 Introduction

As an introduction this section contains a short discussion of statistical and proba-
bilistic information in stochastic cellular automata and some considerations on the
Monte Carlo method.

5.3.1.1 Statistical Information in Stochastic Cellular Automata

The (stochastic) update rule for a stochastic cellular automaton is defined as a prob-
ability kernel K : S¥ x % — [0,1]. This function can be thought of as an implicit
representation of an (explicit) function F that maps (a posteriori) information about
the states of neighbouring cells onto (a priori) information about the state of a cell
in the next iterative (time) step.

We characterise different types of information:

e possible (a posteriori) information about states of neighbouring cells:

— actual states of the neighbouring cells

— distribution of the random states of the neighbouring cells
e cases for (a priori) information about the state of a cell:

— actual state of the cell
— distribution of the state of the cell
— weaker information about the distribution of the state of the cell
And we can also distinguish two different ways of how a stochastic update rule

defined through a probability kernel maps information about neighbouring random
states onto information about a new state:

(K1) actual states (realisations of random states) of neighbouring cells — distribu-
tion of a new random state

SF = (B = [0,1]): (s1,...,58) — P(-) :== K((s1,....8k), ) (5.3.1)
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(K2) distributions of random states (possibly a posteriori) + a priori information
about the distribution of a new random state (in fact, a conditional probability
distribution)

(B 5 [0,1)F = (B = [0,1]) : (Pr,.... P) s PCPr. o P = (5.3.2)
/ //c 511y, ) dP(s) - - dPy(sy) (5.3.3)

Since integral operators are linear, the abstract mapping F in form of (K2) is
multilinear with the limitation that only convex linear combinations of the form
dPj1 + (1 — ) Pjo are permitted:

(Pl,...,5Pﬂ +(1 —(5)]3j2,...,Pk) — (5.3.4)
'—>5P(‘|P1,...,Pj1,...,Pk)+(1—5)P(‘|P1,...,Pj2,...,Pk) (535)

Definition 5.3.1 (Multiconvex mapping). We may call F in form of (K2) a multi-
conver mapping.

This feature is due to the fact that the set of probability measures is closed under
convex combination.

5.3.1.2 Interpretation of Stochastic Cellular Automaton Models

Although stochastic cellular automata are defined as an iteration (or collection)
of random variables through Markov kernels, especially the observation of single
trajectories (realisations of random variables) allows different and more abstract
interpretations of the iteration process (see Figure 5.3).

(U1) Iteration of stochastic states, random variables or their distributions using a
probability kernel. This situation corresponds to the definition of stochastic
cellular automata and is a straight forward application of Markov kernels (K2).

(U2) Iteration of probability distributions, which are chosen randomly depending
on the distributions of the neighbouring cells. Such an iteration represents a
single random trajectory of a stochastic cellular automaton. For calculating a
new stochastic state (distribution), a realisation of the neighbouring random
states is mapped (K1) onto a probability distribution for the new stochastic
state of the actual cell.

(U3) Iteration of states, which are chosen randomly depending on the states of the
neighbouring cells. The corresponding update mechanism consists of applying
the kernel on a deterministic state in order to obtain a probability distribution
(K1) and then choosing a realisation of this distribution as the new state of a
cell.
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Figure 5.3: Different interpretations of the iterative process of stochastic cellular
automata. Iterative steps are indicated by vertical lines. For comparison, at the top
we can see an iteration of deterministic states in S (deterministic cellular automaton).
Below (U1) the iteration of random states (random variables) PP is sketched. The
third row (U2) represents a trajectory of a stochastic cellular automaton and the last
row (U3) is a different interpretation of a trajectory. Of course a cellular automaton
features multiple input arguments for an update rule (neighbourhood), for simplicity
multiple states (stochastic or deterministic) are indicated by P respectively S. Arrows
with a positive vertical component indicate an increase in entropy, arrows with a
negative vertical component indicate decrease of entropy.

5.3.1.3 Simulation of Stochastic Cellular Automaton Models

For a cellular automaton with random states, (a posteriori) information about the
state of a cell — if not available directly — can be gathered from realisations of the
random state (p.e. through parameter estimators). In fact the empirical measure
deduced from realisations of a random variable is equal (converges uniformly almost
surely) to its distribution at least for real valued random variables (Glivenko-Cantelli
Theorem, compare [27, p. 353]).

Hence we can say that a very large number of realisations of a random state
contains almost the same information as its probability distribution. The realisation
of random variables destroys the entropy but the observation of a large number of
realisation (at least partially) restores the entropy.

This is of course also the basis for the application of the Monte Carlo method
on which simulations of stochastic cellular automaton models usually rely when the
Markov kernel does not allow an explicit calculation or is not given explicitly at all.

Basically a large number of simulations with one of the methods (U2) or (U3)
is observed and the different outcomes are combined to a probability distribution
for the final state of the stochastic cellular automaton. Two different Monte Carlo
approaches can be distinguished:
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e Multiple runs with the method described in (U3) and using the final empirical
distribution.

e For every step a large number of realisations are mapped onto new states which
are then combined to an empiric distribution. Compare also with (U2).

The application of the Monte Carlo method can be compared to the situation
of a deterministic (evolution) system when no analytic solutions exist and iterative
numerical approximations must be used. Generally it would be favourable if there
exists an “analytic” method to calculate the final global state (i.e. its distribution)
from the initial global state. We will however see that greater “analyticity” often also
means reduced entropy.

Results from the field of Markov chain Monte Carlo methods (compare [46]) could
be used also for stochastic cellular automata to analyse the computational effort and
accuracy of such simulation approaches.

Furthermore stochastic cellular automata can also be used to describe implicit
systems like for example the Ising model (compare mean field approach).

5.3.2 Classification of Random States

Instead of observing abstract random variables, different representations of proba-
bility distributions can be used to formulate the iteration of random states in a more
accessible way.

5.3.2.1 Absolutely Continuous Random States

Theorem 5.3.2 (Radon-Nikodym, compare [6, p. 281]|). Let P, be the measures
B — [0, 1] associated with the random states St ,. Assume that there exits a o-finite
measure ju on (S,B) such that't P, < p for all (t,m) € T x M. Then there exist
probability densities pym(-) : S — Ry such that for all B € B

P(Sim € B) = Po(B) = / pem(s) du(s). (5.3.6)
B
Proof. Literature. O

Let all random states S, be absolutely continuous with densities p;,,. The
local kernel implies a mapping (K1)

F:SF 5 (S=Ry):(s1,...,58) — p(s|st,...,s) = K((s1,...,5%),s) (5.3.7)
and a multiconvex mapping (K2) F from (S — R4 )* to (S — R)

(Proveeom) = s) = [ [ plslsnsecspa(sn) o pelon) du(sn) -+ din(se)

(5.3.8)
p(-) is a marginal density of the joint density of S and S; for alli=1,... k.

"y is absolutely continuous with respect to p, v < p, if u(N) = 0= v(N) =0 [6, p. 279].
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5.3.2.2 Parametrised Random States

Definition 5.3.3 (Parametrised Random States). The random states of a stochastic
cellular automaton are called parametrised random states if there exists a distribution
or family of distributions Disty with parameter space © and

Sim ~ Dist, ,, (5.3.9)
for all (t,m) € T x M and some 6; ,, € ©.

The family of distributions (Distg)gece is called a stochastic model for the states
of a stochastic cellular automaton. The restriction to parametrised states is always
associated with the introduction of a stochastic model for the random states and
also presents a very strong restriction, comparable to reducing the state space in a
deterministic cellular automaton.

Since a probability kernel maps the distributions of the neighbouring cells onto
a new distribution (K2), there exists a mapping

F:08 5 0:(0,...,60,) — 0, (5.3.10)
which satisfies

St,m ~ DiStgi \V/’I’Ll € N(m) — StJer ~ DiSt]:-(e (5311)

17"'7976) ’

Compared to the general form of (K2) we can not assume that F is multiconvex or
multilinear.

Because the kernel can also be used to map actual states onto a new distribution
(K1), there also exists a mapping

F:SF 5 0:(s1,...,81) 0 (5.3.12)
with
Stn; = 8i Vn; € N(m) — Stt1,m ~ DiStf-‘(sl,...,sk) . (5.3.13)

Proposition 5.3.4. Let for alli=1,...,k, P; be the probability measure on (S,*B)
of the distribution Disty, associated with the parameter 0;. Then

/S.../Sf(sl,,,,,Sk)dpl(sl)...dpk(sk) = F(01,...,60). (5.3.14)

Proof. Without proof. O

For the probability measure P : 8 — [0, 1] associated with the random variable
S ~ Disty we also use the notation P(-|f) in order to avoid having to explicitly
mention the distribution of the associated random variable.
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5.3.2.3 Discrete Random States and Discretisation of Random States

Besides parametrised stochastic states, a discretisation of the state space S can be
used to obtain a deterministic representation of random states even if there exists
no common family of distributions (i.e. stochastic model).

Definition 5.3.5 (Discretised Random States). Let S be a (bounded) domain, which
can be discretised into r compartments s; = S;, j = 1,...,r. The probability mea-
sure of a random state (£2,A,P) — (S,B) can then be approximated by a proba-
bility function S := {s1,...,8,} = Uj=1Sj — [0, 1] respectively {1,...,r} — [0,1]
and consequently also by a vector in [0, 1]". For such a vector p’ € [0, 1]", obviously
2—1pi=1

Analogously to the previous section, (K1) can be represented as a mapping
Fi8 50,17 (51, s0) o B (5.3.15)

and (K2) yields
F (00 = 0,17 (B, Bk) = P (5.3.16)

Proposition 5.3.6. Let p; = (pi1,...,pir) be discrete distributions fori=1,... k
and assume that S = {s1,...,s.}. Then

T T
Z s Z f(Sjl, c. 7Sjk)p1:jl < 'pk,jk = f(ﬁl, . ,ﬁk) (5.3.17)
=l jp=1
Proof. Without proof. O

The configuration of a neighbourhood is determined by the product distribution
of k random variables (probability vectors with dimension r)

PN(m) =P1® - @pk €[0,1]" ®---®[0,1]" (5.3.18)
k

which is a tensor of type (k,0).
Since an integral transform is a linear operation, it is clear that also for discrete
random states the local kernel (K2) respectively F defines a (convex) linear mapping

A

F:[01] ® 20,1 = [0,1] :pi @ @ P = 7 (5.3.19)

of (k,0)-tensors onto (1,0)-tensors. Accordingly there exists a multilinear — or more
accurately a multiconvex — mapping [0,1]" x --- x [0,1]" — [0, 1]" which obviously
corresponds to F (see Proposition 5.3.6) such that

Fipr@---@p) = F(P1, - k) (5.3.20)

Definition 5.3.7 (Transition Tensor). In correspondence with Markov chains we
call F' and also F transition tensor.
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A transition matrix for ordinary Markov chains is obviously a (multi-) convex
mapping.

Let (sj,,...,58j,) be a realisation of random states of a neighbourhood. This (de-
terministic) state configuration corresponds to the distribution vectors (ej,,...,e;,)
and

Flep ® - ®es) = Flsj,-o55). (5.3.21)

We can say that the vectors of the form F'(s;,,...,s;,) present a basis of [0, 1]".

5.3.3 Pseudo-Stochastic Cellular Automata

In this section some special cases for which there exist deterministic representations
of stochastic cellular automata are presented. These types of stochastic cellular
automata will henceforth be called pseudo-stochastic cellular automata.

5.3.3.1 Deterministic Iteration of Random States

Given a stochastic cellular automaton with random states S¢,, : (2,2, P) — (S,B),
assume that there exists a measurable function F : (S¥,0(B%)) — (S,B) such that

St—l-l,m = -F(St,nla ey St,'ﬂk) Vte T, me M (5322)

where N (m) = (n1,...,ng).
In this case the corresponding local kernel satisfies

K(5,B) =P(St+1,m € B|St’j\/‘(m) =5) (5.3.23)
1 §eF !B

=P(Si nim) € F IB|Si nr(m) = ) = 5.3.24
(St N (m) St N (m) = 5) {0 olse ( )

and accordingly can be written as (5, B) = [r-15(5). For the iteration of distribu-
tions (K2) this means

P(B|P,...,P) :/S---/S]I;_lB((sl,...,sk))dPl(sl)...de(sk). (5.3.25)

In contrast to the formalisms with deterministic states in S, the update function
F is required to be measurable (with respect to the product-o-algebra). Since F is
measurable, the distributions of all individual random states S;,, for higher times
can be obtained from the given initial condition as push-forward measures.

Example 5.3.8. If S is finite, the associated (pseudo-) stochastic cellular automa-
ton is a Bayesian network,

P(St41 = sep1,m | St = sem) = H P(St+1,m = St41m | Sen(m) = StN(m))
meM
(5.3.26)
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and the joint distribution is a product of local kernels (Proposition 5.1.46)

P(Sr=srm) = H P(St41 = st | St = senm) - P(So = som)  (5.3.27)

teT
- H H H]'—_I{St-u,m}(St,/\/(wz)) 'P(SO = SO,M)- (5.3.28)
teT meM
As a consequence, P(ST - ST’M) = P(SO = SoyM) if St+1,m = f(st,np KRN St,nk)

for all t € T and m € M where N (m) = (n1,...,ng). Sr itself is a random
variable (Q,2, P) — (ST*M Br ).

In the general case, for not necessarily finite state space S, there exists a global
(pseudo-stochastic) evolution operator that maps the distribution of a global random
state onto the distribution of the global random state in the next iterative step. This
global evolution operator is a measurable mapping

€= 11 Foproixgm : (", Bar) = (Y, Bur). (5.3.29)
meM

Compare the definition of local and global evolution operators in Section 4.1.

5.3.3.2 Deterministic Iteration of Absolutely Continuous Random States

Let pt,m be the densities of the random states S; ,,,. Assume that F is a measurable
differentiable mapping S¥ — S. The random state St+1.m = F(Stmys---,Sn,) has
the density function

dF~1(s)

Pr1m(8) = [P (*) + prame (D] (F7H(s)) - ‘ds . (5.3.30)

Bringing this equation in the form

dF (s
pens) = [ [ gy one s ssipn(on) - o) dusn) - dutsn)
(5.3.31)
and comparing with Equation 5.3.8 shows that
F(s1,---y86)(8) = K((51,...,88),8) = (5.3.32)
dF (s
= p(s]s1,...,8) = ’ds() L1053 (51,5 sk)- (5.3.33)

5.3.3.3 Deterministic Iteration of Parametrised Random States
Assume that in addition to the measurable mapping

F: (SF, (%) — (S,B) (5.3.34)
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which also implies a mapping (Stn,, ..., Stn,) = St+1,m, there exists a stochastic
model Disty, 6 € © for the random states and a mapping

F:08 5 0:(01,...,0,)— 0 (5.3.35)

such that S, ~ Disty, for all n; € N (m) leads to Siy1,m ~ Distg.
Accordingly

Si ~Distg, i1=1,....k = F(S1,...,Sk) ~ DiSt]:'(é'l ) (5.3.36)

and

k
P(B|F(6:,...,0) = /;13 [ P(dsil6)). (5.3.37)
=1

Definition 5.3.9 (Conjugate Update Rules). We call F and F conjugate update
functions.

Again we cannot make any general statements about the (multi-) linearity of F.
The following example (Example 5.3.10) shows a stochastic model (parametrisation)
for which there exists an almost linear conjugate update function, namely the family
of normal distributions.

Example 5.3.10. A good but rather theoretic example for conjugate update rules
is where the random states are normally distributed (Disty = Normy) on S = R
and the update function F is a linear map R¥ — R. In this case F can directly
be obtained from F or vice versa. Compare the second quote in Section 5.1.6.

k
Si~Norm, ,» = Y a;S; ~ Normgu (5.3.38)

His0 Py o, Yo (o)
=1

There exist two different approaches for simulating such a pseudo-stochastic
cellular automaton model.

e The direct approach is to generate a realisation of the initial global random
state and then iterate the resulting deterministic states using the function
F. Doing this repeatedly for many different realisations of the initial global
states delivers an empiric distribution of the final global random state. See
Figure 5.4 left-hand side for the estimated expectation value.

e Deterministic iteration of meta states. Given a global initial random state
(distribution) with independently distributed random states including pa-
rameters (0., )menm, it is easy to iteratively calculate the parameters of
the distribution of the global random state at an arbitrary time using the
function F. This scheme itself is also a deterministic cellular automaton.
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From realisations of the obtained final distribution we could again estimate
the expectation value (Figure 5.4 right-hand side) or any other parameter.
For the normal distribution this is obviously not necessary since the expec-
tation value is included in the parameter.

Listing A.1 shows the source code of an implementation in Octave. This im-
plementation was also used to generate the images in Figure 5.4. The distortions
in the right image can be smoothed out by averaging over a larger number of
realisations of the final global state. Even then the computational effort of this
parameter-iteration approach is much lower.

3;

L o
h T

Figure 5.4: Application example of conjugate update rules (Example 5.3.10). Left:
[teration of randomly generated initial conditions. Right: iteration of parameters
and estimated expectation value. Estimation of the expectation value is actually not
necessary, since the expectation value is contained in the parameter. The graph-
ical representation of the actual expectation value is equal to the left image. See
Listing A.1 for the Octave source code.

-
‘.

5.4 Example: “Game of Life” — Stochastic Formulation

In this section an example for the application of the stochastic formalism on a deter-
ministic cellular automaton is presented. This particular scenario is however purely
theoretical and rather abstract since the underlying deterministic “model” is the
“Game of Life” cellular automaton. This application example was also published in
[43] whilst this thesis was being written. Several phrases and formulations from [43]
are translated from German without quoting due to their generic character.

5.4.1 Application of the Cellular Automaton Formalism

The “Game of Life” cellular automaton is defined by the following parameters:

(M) The cells are regularly arranged on a rectangular two-dimensional lattice and
we use periodic boundary conditions.



5.4. EXAMPLE: “GAME OF LIFE” - STOCHASTIC FORMULATION 123

(N) The neighbourhood is a Moore-neighbourhood which also contains the actual
cell itself and accordingly consists of 9 cells altogether.

(S) The state of a cell is either “dead” or “alive”, we use the representation S =

{0,1}.

(F) The local update rule F is given as
(S(t,n))neN(m) = S(t,m) fo(3) + (1= S(t,m)) fa(2) (5.4.1)

where f, =1 2.3 and fg =1 3 and the aggregate X is defined as

Z(t,m):é S St (5.4.2)

neN (m)\{m}

which is a sum over the states of the (eight) neighbours excluding the actual
cell.

The following cellular automaton is a continuous version of the “Game of Life”.
Because of our theoretical approach we can say that the previous original formulation
is a discretisation of this virtual model.

(S) Let the state space S be the interval [0, 1].

(F) The local update rule F must be altered with f, = H[g 1 and f; = H[g 1y Or
9’9 9’9
similar. See Table 5.1 for an explanation of the values. A smoothed version of
the functions f, and f; can be achieved for example by using functions

1 — —
iR —[0,1]: 2 — 5 (tanhx )\xl — tanh = )\IEQ) . (5.4.3)

See Figure 5.5.

Due to the special choice of the functions f), and f)4 we can see in the top
centre of Figure 5.6 that the continuous-state cellular automaton with very small A
respectively f, = ]I[%, 1y delivers the same typical behaviour as the original discrete-
sate “Game of Life” cellular automaton.

Because f)q, — H[%’%) and frq — ]I[%%) for A — 0, this transition can be
used for identifying the smoothed update method with the original formulation for
which f, = H[%%) etc. See also Figure 5.6.

For larger A we can expect different behaviour since the rule set deviates from
the “Game of Life” configuration.
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Figure 5.5: Smoothed update functions for the “Game of Life” cellular automaton.
The figure shows the functions fy, (blue/crosses) and fy 4 (red/circles) and their
discretised versions for r = 9 (see Table 5.1). There also exist different ways for
defining the values of a discretisation other than by maximum.

5.4.2 Pseudo-Stochastic Formulation
(S) Let (Stum)(t,m)erxm be stochastic variables (2,2, P) — (S, B) where S = [0, 1].

(K) Define the (pseudo-stochastic) local kernel through a measurable function (com-
pare Section 5.3.3.1)

F (Sn)nef\/(m) = <5maé Z Sn) = [Smfa + (1 - SM)fci] (Et,m)'

neN(m)\{m} :ig‘(,sm)
::Et,m
(5.4.4)
Accordingly Si11,m = F ((St,n)ne/\/ (m)) and
P(St+1,m € B‘(St,n)ne/\f(m) - g) =1 < §eFB (5.45)

If we assume that for every random state Sy, there exists a probability density
pe,m S — Ry, the transformation of random variables defined in Equation 5.4.4 can
be formulated as a transformation of probability densities.

In this case

orm(s) = 8( @ ,Ot7n> (85) := 8" Pty * -+ * prng(88) (5.4.6)

is the density of Y ,,. Since f,q4 are piecewise monotonic, the densities 7,4 of
fa.d(E¢,m) can also be obtained using the transformation theorem. The density of
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Original Game of Life Continuous States, k=9, lambda = 0.01 Continuous States, k=9, lambda = 0.55
. - = e, 1

Figure 5.6: This figure shows the lattice of different versions of the “Game of Life”
as defined in Section 5.4.1 after 100 iterations. The initial conditions were generated
randomly with continuous states and rounded to discrete states for the original ver-
sion of the “Game of Life” (top-left). For small A the behaviour of the continuous
models approaches the behaviour of the discrete original system. For an increased
size of the neighbourhood k£ = 21 (compared to the default Moore neighbourhood
with & = 9) the patterns are less tight. For values of A greater than 2 the individual
continuous states begin to jump between very high and very low in every iteration.

the random state in the next time-step pt1 4, finally (multiplication and convolution)
yields

pre1m(p //7 s)yalt /ptm< ) ptom (1— t) dedtds.  (5.4.7)

We obviously achieved a deterministic formulation of the pseudo-stochastic cel-
lular automaton defined in the beginning of this section. Without doubt this for-
mulation is not practical for implementation respectively simulation on a computer
System.

A further approach for obtaining the density p;41,, consists in observing a dif-
ferent decomposition of F:

The function G defined in Equation 5.4.4 maps values in S onto linear (convex)
combinations X := {df, + (1 —9)f4,6 € [0,1]} in the function-space S — S,

G:S=X:0=0fa+(1—=0)fa=:fs. (5.4.8)
The inverse of G can be defined as
Fo() —Jul) _

-1. . .
g .X—)S.fa()l%fa(')_fd(.)

(5.4.9)
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Accordingly we define the density ¢, of G(Stm) as the formal transformation

- dg—" (fs
Ve (f5) = prn (G (f5)) )dfg)( = pt.m(9). (5.4.10)
Using the functional derivative formalism for % it might be possible to obtain

more accurate results.
Altogether a future state Si41 ., takes a value of the form fs(s) with probability
pt.m(0)om(s). The expectation value of Siy1,, can be calculated explicitly as

E[Sh11.m] = /S /S £5(5)ptm (8) 7. (5) d ds. (5.4.11)

A simplified pseudo-stochastic formulation, which finally allows an explicit for-
mulation of the update rule, can be obtained by combining the functions f, and

fa-

(K) As we see in Figure 5.5, the difference || f, — fql| is usually rather small. In this
sense we can substitute the random variable respectively function G(St,) =
St - (fa — fa) + fa by E[G(St,m)] = G(E[Stm]) which means that

Str1m = F((Stim)nenm)) = Jaiss.m](St,m) (5.4.12)

5.4.3 Discretised Stochastic Formulation

(S) Let the continuous state space S = [0, 1] be discretised into r compartments
(Table 5.1) such that the probability densities of random states can be repre-
sented as (stochastic'?) column vectors p, &, . ..

1 2 3 4 r
_0_ 1 2 3 r=1
r—1 r—1 r—1 r—1 r—1

R N R E R RE N N I N C= N

Table 5.1: Discretisation of the state-space of the continuous formulation of the
“Game of Life” into r compartments. Since the original formulation of the “Game of
Life” can be understood as a discretisation with » = 8 +1 compartments, the distinct
values % respectively % can be used to find corresponding intervals [%#) for the

continuous formulation.

In contrast to the previous section, where % = %Z?:l Sn;, we now define

Y= Z?’:l Sn,. Accordingly the discretised density (probability function) & is the

(discrete) convolution of 8 vectors from [0, 1]" and hence a vector in [0, 1] +7(=1),

12The term stochastic is sometimes used to indicate that the sum of elements of a vector equals
one.
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The evaluation of f, 4(3) respectively the corresponding transformation can be
formulated using the scalar product fjd&’ which requires that also f, 4 € [0, 1]7+7"=1).
The evaluation ﬁ;d(wﬁ) then corresponds to the scalar product f_;—d - €.

With the simplifications from Equation 5.4.12,

|
—

F=EGS) =3 61 (5.4.13)
j
:((T_Ll,...,%l)~ﬁ)ﬁ+<(%,...,%)-ﬁ)ﬁ (5.4.14)

—GE[Sy]) = Gf (5.4.15)

for a matrix G € [0, 1) +7(r=1)xr,

Since f is a mixture of f, and f;, we can give the following interpretation of the
evaluatlon f ( ) = f-a: If the mass of ¢ is concentrated in the compartments around
N 2 and ‘3 then the result of f & is near 1. If on the other hand the probability in this

region is small, then f & should be near 0.

Following this observation we define the following (“column-stochastic”) matrix
in [07 1]T><(7”+7(7’—1))

Il
o

1.1 (17"'71)_]?1—
F::B+5.F:<; ;>+5-F: : : (5.4.16)
0 0 7T

This matrix actually delivers the desired behaviour: ¢ = || f”l_l f leads to a result
p = F'& with its mass concentrated in the compartments with higher indices. If & is
orthogonal to f, the mass of the resulting vector is concentrated in the compartments
with lower indices.

In other words, the orthogonality of & and f determines if the cell is rather “alive”
or “dead” in the next step. The vertical transition of the rows in the matrix F' must
not necessarily be linear. For example if z is the row-index, then z* (1 — fT) +
(1 —2)* ' fT is also a valid transition. However the matrix F has to be “column-
stochastic”. In the bottom-left corner of Figure 5.8 a visualisation of a typical mass
distribution of F' is shown.

This somehow heuristic approach for the matrix F' can be proved — or at least
motivated — using a more general transformation theorem for piecewise monotonic
functions (also known as Frobenius-Perron operator) on Sii1m = f(Xim).

d,
prr1m(y Z om (f ‘ fd ) ’ (5.4.17)
Y
where f; are the monotonic components of f (see Figure 5.5 and Figure 5.7).
A straight forward discretisation of the functions used in Equatlon 5 4.17 is given
by fi; = fi(z17) yielding a vector representation fi. f; and |( 1| can be
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0 0
0 02 04 06 08 1 0 02 04 06 08 1

Figure 5.7: Transformation of a random variable by a piecewise monotonic function.
The left figure shows a function f of the same type as in Equation 5.4.3 and the
inverse functions f;. 21 of its monotonic components f12. The figure on the right
depicts the derivatives (f; J)" of the inverse functions.

obtained in the same way. Let furthermore the components of f;l be rounded to
natural numbers.

The evaluation o ( fi_l(y)) and the multiplication with |(f;'(y))’| can be repre-
sented as a single matrix-vector multiplication A;-&. The z-th component of i y1.m
is the sum of two products d;, - & = Z;Zl aizj0; where a;z; # 0 = fgl = x.
Accordingly aj, has the general form (x,...,%,0,0,0,...,0) where elements with
lower index are greater than zero for small x and elements with higher indices (ac-
tually still lower than the half of the index range) are greater than zero if x is large.
az, has the structure (0,...,0,%,%,%,...,%) vice versa. The multiplication with the
z-th component of |( f;ﬁl)’\ implies that rows a;, are more weighted for very small
and very large x. Together the matrix F' = A; + As has the same structure as in
Equation 5.4.16.

In either case the matrix F' can be thought of as a (local) transition matrix of
the stochastic cellular automaton. By multiplication with a diffusion matrix (from
left and right), a smother version of F' can be obtained.

We can avoid the use of a transition tensor because Y aggregates the random
states of the neighbourhood (respectively their multivariate distribution) into a one-
dimensional distribution.

(K) The deterministic update rule F : ([o, 1]T)9 — [0,1]" is given by

(ﬁt,n)neN(m)HF(G.ﬁt,m)-( D ﬁm) (5.4.18)
neN(m)\{m}

During simulations (see Listing A.2) with this model /system, we can observe the
same patterns as for the continuous-state version. A dynamic visualisation (compare
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Figure 5.8) shows that the variation of the matrix F'(G - pt,,) and also its eigen-
vectors is marginal. This corresponds to the conclusions already made in context of
Equation 5.4.12.

Variance

Matrix F at Random Location Eigenvector of F at Random Location
07

0
01234567 8 9101112131415

Figure 5.8: Iteration of discrete distributions as of Equation 5.4.18. The images
on the top show the mean and variance of the random states on a lattice of 100
by 100 cells after 50 iterations. The discrete distributions of the random states are
represented as vectors in [0, 1]'°, which means that the state-space [0, 1] has been
discretised into 15 compartments. The bottom-left depicts a visualisation of (a square
version) of the transition matrix F' at a random location on the lattice (brightness
indicates greater weight). The bottom-right figure shows the eigenvector (€ [0, 1]'°)
corresponding to the eigenvalue 1 of the stochastic “transition” matrix F'.

Furthermore (compare Figure 5.9) we can observe that the distribution of X is —
corresponding to the central limit theorem — bell-shaped and that its only evident
variation consists in different locations of its peak, which is yet always concentrated
around the middle.

For the distribution of random states there exist two characteristic shapes. The
left plot in Figure 5.9 shows the distributions of a large number of randomly chosen
cells — the first type of distribution concentrates its mass in a certain region of lower
indices and the second concentrates is mass in the very high indices (“alive”).

From a comparison of the matrix F' and its main eigenvector depicted in Fig-
ure 5.8 and the distribution of ¥ in Figure 5.9 we can see that a lower expectation
value E[X] yields a higher chance for the cell for “being alive” in the next step etc.
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State Distributions (rho) Neighbourhood Distributions (sigma)

0.35

03

0.25

0.2

0.15

0.1

0.05

Figure 5.9: The left plot shows the state-distribution vectors g of a large number of
randomly chosen cells at different iterations. The right figure shows a large number
of distribution vectors & of X.

5.4.3.1 Parametrised Stochastic Formulation

This final section concerns a stochastic formulation with random states in S = {0, 1}.
Accordingly a random state is always Bernoulli-distributed with a parameter 0; ,,, €
[0,1]. Corresponding to the previous section the distribution of a random state can
also be described by a vector gy ;m = (1 — 0¢m, 9t,m)T € [0,1]2.

Since the distribution of ¥ is a convolution of k probability vectors from [0, 1]2,
& is a vector in [0, 1]V,

Analogously to Equation 5.4.16 there exists a “column-stochastic” matrix F €
[0, 1]>*(N+1) such that

o —Oi41.m L. D=\ =
fratm = (1&:2 ) — (( Al )o—t,m. (5.4.19)

i

The distribution of ¥ is a generalised binomial distribution (also known as Poisson
binomial distribution) with

Otmi = Z [H Ot.n H (1 — 9t,l)] (5.4.20)

|Aj=(i-1) lLnea  1eac
ACN (m)

where A are subsets of A/(m) containing (i — 1) elements.

—

Together with f: Gt,mf:; + (1 — 6¢m) fa we have

Orirm = (Oum(fa— f) "+ F1)Grm. (5.4.21)

Obviously Equation 5.4.21 can be interpreted as an iteration of deterministic
states. This update function is conjugate to the pseudo-stochastic formulation in
Equation 5.4.4.



Chapter 6

Summary, Conclusions, Outlook

To conclude this thesis, this final chapter provides a summary of the presented and
developed concepts. Additionally a discussion on possible future investigations covers
some ideas that did not make it into the final version or would be very interesting
to work on in the first place.

6.1 Overview of Cellular Automaton Concepts

The basic idea and general perception of cellular automata was analysed in the
introduction. A textual description was set up to summarise the most characteristic
features of a prototype of a cellular automaton.

T topology 1 topology 11 S GcCcsM
iteration regular based on
arrangement alignment

Table 6.1: Textual description of the prototype of cellular automata.

The update rules map the states of a neighbourhood onto a new state indepen-
dently of the location of the neighbourhood and without any restrictions on the type
of mapping. Also the set of states is not restricted in any way. It was solely discussed
that the local update rules must be consistent and defined in a way such that there
cannot arise state configurations for which the update rules are not defined.

6.1.1 Basic Definitions of Cellular Automata

From this starting point the most intuitive (but also complete) definition approach
was developed in a rather straight forward fashion. The most significant charac-
teristic of the approach used in Section 2.1 to define ordinary cellular automata is
clearly the alignment of cells on a regular lattice in Z%¢ and the use of this alignment
in order to implicitly define a regular neighbourhood structure. This index-based
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approach is also the only case for which boundary conditions of cellular automata
were introduced.

The second more abstract definition approach of unaligned cellular automata in
Section 2.2, which from a logical point of view should have come before the index-
based approach, neglects the alignment of cells and features an explicitly defined
neighbourhood mapping.

Based on a clear differentiation between the alignment of cells (first topological
feature) and the construction of neighbourhoods (second topological feature) the
third chapter provides different mathematical concepts for the description of the
topology of cellular automata.

T topology I topology 11 S G CcsM
N A J
N v N
N N
N G

Table 6.2: The two basic concepts for defining cellular automata are distinguished
by the presence of an alignment of cells. The first two rows represent ordinary cel-
lular automata in the index-based approach with a regular arrangement on Z¢ and
an implicit definition of neighbourhoods through a relative index tuple J as well as
the vectorspace approach with an abstract alignment V' = M — M and vectorised
neighbourhoods m + N where N C V. The third and fourth row shows defini-
tion approaches for unaligned cellular automata by explicitly defined neighbourhood
mappings A respectively a graphical structure G = (M, E).

The update rules can — without any restrictions except compatibility — be arbi-
trary mappings from either a set or a tuple of states onto a new state.

6.1.2 Locally Characterised Evolution Systems

Since cellular automata are often used to model continuous-space and continuous-
time systems, a big question always concerns the formalisation of space discretisations
and the construction of update rules, which approximate the underlying continuous
model in a sufficient manner. A conclusion from Chapter 4 is that cellular automata
are closely related to strongly continuous semigroups on Banach spaces and that
the local characterisation of update rules is a very special characteristic of cellular
automata. Furthermore evolution equations in differential or integral form can often
easily be translated into a cellular automaton formulation.

From a top-down perspective the global evolution operator of cellular automata
£ :6 — & can be decomposed into scalar components £ = [],,cas Lm- The second
topological feature then implies that the mappings L,, actually only depend on
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certain dimensions of their domain & C SM namely SN(m) | This approach is used
for the definition of locally characterised evolution systems.

T topology 1 topology 11 S S CcsM
R topological Na Banach space
vectorspace

Table 6.3: Locally characterised evolution systems are basically semigroups on a
Banach space & with a certain local characterisation (Ng) of the evolution operators
Eat-

The evolution operators £y form a semigroup and are constructed as a product
of scalar evolution operators with a spatially independent component F in the form
Ly, = Foprojys(m)- Since this formalism is rather abstract (compare Section 4.3.1), a
special case of integral evolution operators is investigated in a more detailed fashion.

T topology I topology 11 S G cCcsM

Ry (M, 2, 1) Kat Banach space LY(M)

Table 6.4: Locally characterised integral evolution systems evolve measurable func-
tions from a measure space (M, 2, 1) into a Banach space S using integral operators
with kernels KCy;.

The scalar evolution operators can explicitly be written as
LatmS :/ Kat(m,n)S(n) du(n). (6.1.1)
Nag(m)

In order for semigroup theory to be applicable and evolution equations to be
a valid alternative formulation it is necessary that the global evolution operator is
linear £ € L(G,6), which is a very strong requirement but can be neglected for
discrete time respectively be bypassed by observing quasi-linear systems.

Finally Chapter 4 also discusses discretisation approaches and outlines applica-
tion scenarios for reaction-diffusion systems.

6.1.3 Definition of Stochastic Cellular Automata

Stochastic cellular automata can be formalised as stochastic processes. A formal
approach regards the states of all cells in all iterative steps as random variables
which together form a multiparameter stochastic process.
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T topology 1 topology 11 S S csM
G1 =N Go 2N (S,B) (Q,2,P) —
separable - (S,98)
Hausdorff

Table 6.5: The definition of stochastic cellular automata as multiparameter stochas-
tic processes does not explicitly define an update method but rather relies on the
description of random states as random variables on a product-graph G; x Gs.

The graphical structure G = G x G2 is used to define stochastic dependencies
through a filtration of o-algebras in the underlying probability space (2,2, P) and
through a specialised Markov property.

An equivalent iterative definition approach describes the update mechanism for
random states through probability kernels.

T topology I topology II S & csM

N N (S,B) (Q,2A,P) —
separable — (S,9)
Hausdorff

Table 6.6: At every iterative step each cell is associated with a random state.

A local “Markov” kernel K defines transition probabilities from the random states
of a neighbourhood N(m) to a new random state for the actual cell m. With the
help of local characterisations a global transition kernel can be defined as a product
comparable to evolution systems. The resulting global stochastic process is a Markov
process itself.

A complete mathematical formalisation is in both cases much more complicated
than for deterministic cellular automata. Methods for reducing the complexity of the
mathematical description are necessary. A rather theoretical application example
concludes the section on stochastic cellular automata.

6.2 Outlook

Among the many aspects, that seem worth discussing but are out of the scope of
this thesis, some shall be briefly mentioned in form of keywords:

e cellular automata with fuzzy states

e eigenvectors of global evolution operators and equilibrium states for stochastic
cellular automata

Further topics that are not included in a sufficient manner in this thesis, should
be discussed in more detail:
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Nonlinear Evolution Systems. In Chapter 4 evolution systems with linear evolution
operators were discussed. For a more general application scenario quasilinear
evolution systems were introduced in Section 4.3.2. However the basic theory
of semigroups is only applicable for linear evolution operators.

Nonlinear semigroups can for example be targeted using distortions of infinites-
imal generators or fixpoint theorems for nonlinear maps. The theory of non-
linear differential equations also relies on these techniques and also leads back
to abstract Cauchy problems.

Also for locally characterised evolution systems it should be possible to inves-
tigate nonlinear evolution operators. Especially for integral evolution systems
a nonlinear evolution operator has the form (compare Equation 4.2.28)

EauS(m) = LagmS = /IC(dt,S(n),n,m) du(n). (6.2.1)

Stochastic Neighbourhoods. A basic concept for stochastic neighbourhoods was pre-
sented in Section 4.3.3.5 as a discretisation method for integral evolution sys-
tems with L'-normed kernels.

However, a stochastic neighbourhood may also be intrinsic to a model or sys-
tem. In this case a random neighbour also causes a random input state for
an update rule such that we ultimately deal with random states respectively
stochastic cellular automata. Hence the formalisation of stochastic neighbour-
hoods should be compatible to the formalism of stochastic cellular automata.

Topology. In the context of Markov processes (and especially Markov chains) the
iteration of distributions is a linear process. The local kernel of a discrete-state
stochastic cellular automaton can be interpreted as a multilinear map and as
a tensor.

Since also the second topological feature can be characterised by adjacency
tensors, it would be interesting to find a common tensor representation of the
neighbourhood structure and the update rule.

Lattice Boltzmann Method. The Boltzmann equation describes a distribution of par-
ticles on the space T' x M x V. Correspondingly, every pair (¢, m) is associated
with a density and a probability distribution on V and a stochastic cellular
automaton formulation of the Boltzmann equation is obvious.

A discretisation of M and V' (and also T") yields a velocity model as described in
Section 3.1.2. During the diffusion process every discrete velocity is associated
with one of the neighbouring cells. The collision process is often modelled
(Bhatnagar—Gross—Krook) as a linear approaching of a so-called equilibrium
distribution.

A detailed formulation of the lattice Boltzmann method using the stochastic
cellular automaton formalism would be a very interesting challenge.
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Appendix A

Code Listings

Listing A.1: Deterministic Iteration of Distributions. Note that the computational
effort in the second approach (iteration of parameters) is significantly lower since the
loops are not nested.

global SIZE = 100;
global ITERATIONS = 100;
global MONTECARLO 4000;

global pl = rand;

global p2 = rand;

global p3 = 2*rand;

global p4 = 2*rand;

global p5 = rand;

global p6 = pl + p2 + p3 + p4 + pb;

/ generate normally distributed random values from parameters
function S = Norm(theta)

global SIZE;

S = randn(SIZE).*theta(:,:,2) + theta(:,:,1);
end

4 (global) update function
function S = F(8)
global SIZE pl p2 p3 p4 pb5 p6;
S = ( p1*S(:,:) + p2*S([SIZE,1:SIZE-1],:)
+ p3*S([2:SIZE,1]1,:) + p4x*S(:,[SIZE,1:SIZE-1])
+ p5*S(:,[2:SIZE,1]) )/p6;
end

4 (global) conjugate update function (parameter space)
function theta = Fhat(theta)
global SIZE pl p2 p3 p4 pb p6;
theta(:,:,1) = ( plxtheta(:,:,1) + p2*theta([SIZE,1:SIZE-1],:,1)
+ p3*theta([2:8IZE,1],:,1) + pd*theta(:,[SIZE,1:SIZE-1],1)
+ pbxtheta(:,[2:SIZE,1],1) )/p6;
theta(:,:,2) = ( pl*theta(:,:,2) + p2*theta([SIZE,1:SIZE-1],:,2)
+ p3*theta([2:SIZE,1],:,2) + péd*theta(:,[SIZE,1:SIZE-1],2)
+ p5*theta(:,[2:S8IZE,1],2) )/p6;
end

4 initial parameters
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theta0 = cat(3,rand(SIZE)*0.1,rand(SIZE)*0.1);

A
B

zeros (SIZE) ;
zeros (SIZE) ;

/ iterate multiple times with random initial conditions
for i = 1:MONTECARLO

S = Norm(thetaOl);

for t = 1:ITERATIONS

S = F(S);

end

A=A+ S;
end

/ iterate the parameters
/ and then generate a random global state multiple times
theta = thetal;
for t = 1:ITERATIONS
theta = Fhat (theta);
end
for i
B
end

1:MONTECARLO=*10
B + Norm(theta);

A
B

A/MONTECARLO;
B/MONTECARLO/10;

Listing A.2: Some excerpts from the discrete random state formulation of the “Game
of Life”. The code makes use of the parallel package for Octave.

/ k is the number of neighbours ezcluding the local cell

alpha_stencil_8 ..
1 1;

L [ 1 1
[ 1 0 1 1;
[ 1 1 1 ] 1;

alpha_stencil_8 alpha_stencil_8 / sum(sum(alpha_stencil_8));
[xx,yy,weight] = find(alpha_stencil_8);
alpha_stencil_8 = [xx,yy,weight ,2%ones(size(xx,1),1)];

function Sigma = acc_neighbourhood (S, stencil)
for every cell accumulate (gather) the states
of neighbouring cells as wector
the result is a 4d matriz and the input must be a
2d matriz for collection of states
or 3d matriz for collection of distributions
the stencil weights are ignored
the third dimension ts used to accumulate distributions.
size of 3rd dimension then is T
size of 4th dimension is number of mneighbours k
Sigma = zeros(size(S,1),size(S,2),size(S,3),size(stencil,1));
for i = 1:size(stencil,1)
Sigma(:,:,1:size(S,3),1i) = shift (...
shift(S,stencil(i,1)-stencil(i,4) ,1),stencil(i,2)-stencil(i,4) ,2);

IR I I R

end
end

function out = convolute (neighbourhood)



out = vec(mneighbourhood (:,:,:,1));
for i = 2:size(neighbourhood ,4)
out = conv(out,vec(neighbourhood(:,:,:,1i)));
end
out = permute (out,[3,2,1]1);
end
function sigma = convolution_of_neighbouring_distributions (rho, stencil)

/ helper function to calculate convolution
4 first dimension of meighbourhood should have size 7
/ output size of 3rd dimension is v + k*(r-1)

/ for every cell convolute the discrete distributions of

4 all neighbouring cells. the result is a r+(r-1)*(k-1) vector
/ where k %is the number of mneighbours.

/ 3rd dimension of result of acc_neighbourhood has size 7

4 4th dimension of result of acc_nmeighbourhood has size k

sigma = acc_neighbourhood (rho, stencil);
cells = mat2cell(sigma,ones(1l,size(sigma,1)),...
ones (1,size(sigma,2)) ,size(sigma,3) ,size(sigma,4));
cells = parcellfun(4,@convolute,cells,
,false, ,false,...
,size(sigma,1), ,0);
sigma = cell2mat(cells);
end
function B = transition_matrix_stochastic_linear

(f, B1, b2, lambda, r, k = 0, r2 = 1r + (r-1)*(k-1))
f = f/max(f);

B = (Bl + b2xf’).~(4/sqrt(lambda));
B = Bxdiag(1l./sum(B,1));
end
function rho_local = discrete_distribution_to_discrete_distribution

end

(rho_local, sigma_local, transition_matrix, B1l, b2, G,
lambda, kappal, kappa2, r, k = 0, r2 = r + (r-1)x*(k-1))

sigma_local = permute(sigma_local,[3,2,1]1);

rho_local = permute(rho_local,[3,2,1]);

f = G*xrho_local;

F = diffusion_matrix(r,-1) “kappal * transition_matrix(f,...
B1,b2,lambda ,r,k,r2) * diffusion_matrix(r2,1) kappa2;

F = Fxdiag(1./sum(F,1));

rho_local = F * sigma_local;

rho_local = permute(rho_local,[3,2,1])/sum(rho_local);

function S = F (S, sigma, transition_type, transition_matrix,

end

lambda = 1.0, kappal = 0, kappa2 = O,
r =0, k =0, r2 = r + (r-1)*(k-1))
G = matrix_f_dead_alive(lambda,r,k,r2);

[transition_matrix, Bl, b2] = transition_matrix_prepare
(transition_matrix,lambda,r,k,r2);
cells_sigma = mat2cell(sigma,ones(1l,size(sigma,1)),

ones (1,size(sigma,2)),size(sigma,3));
cells_S = mat2cell(S,ones(1,size(S,1)),ones(1,size(S,2)),size(S,3));
cells_S = parcellfun(4,transition_type, .
cells_S,cells_sigma,{transition_matrix},{B1},{b2},{G},...
{lambda},{kappall},{kappa2},{r},{k},{r2},
,false, ,false,...
,size(S,1), ,0);
S = cell2mat(cells_S);
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