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Abstract

The formation and maintenance of correct patterns of different cell types is essential in developmental
and synthetic biological system. While there are experimentally and theoretically well established models
describing pattern formation with long-range interactions, the theoretical description of pattern formation
with short-range interaction lags behind. For these interaction types, detailed models as well as conceptual
ideas like the lateral inhibition model are available for specific systems. However, more general conceptual
frameworks appear not to be widely developed for or adapted to pattern formation with biological cells.

This thesis aims to contribute to such general conceptual frameworks by studying a minimal model which
is obtained by a threefold discretization. Spatial discretization is achieved by using the biological cells
itself, usually placed on a grid, as basic units. The internal cellular details are aggregated into a small finite
amount of discrete “states”, effectively corresponding to fixed points of a continuous dynamical systems
description. Since changes between such states take a finite amount of time, additionally a discretization
in time can be employed. The natural mathematical model with such a threefold discretization is a so
called cellular automaton (CA). The spatio-temporal dynamics in a CA is described by an update function
called “rule”. CA will be used in different variants throughout this thesis: starting with a basic CA, and then
branching out from this basic version to include additional motives found in biological system in a one by
one fashion - always removing the previous addition before adding the next element as central theme for
a chapter.

As a first variant of this model class, the formation of axial patterns, more specifically the iconic French
Flag, is studied. Using a basic 3 and 4 state CA, evolutionary algorithms, consensus procedures, and
engineering approaches are employed to find dynamical rules which produce said French Flag. For the
3 state space, a single type of rule is found which solves the task by partially rewriting and partially
sorting random initial patterns. These two patterning approaches, rewriting and sorting, can also be used
individually to create axial patterns in 4 state space. They show different properties when characterized
with regard to robustness to noise and asynchrony, kinetics, and scaling, and can be modified to handle
different initial conditions and target axial patterns.

After having identified rules for which form a specific target pattern without a specific initial condition or
external inputs, subsequently rules which allow the pattern to be flexibly programmable through external
inputs are investigated. Such inputs could come from organizer cells or optical stimuli. By mapping the
problem to a network, a limited set of rules which allow for the maximum flexibility of creating any target
pattern upon appropriate external input are found. The ten representative members of this set of rules all
follow an information conservation criterion, which can be shown to be sufficient for maximum flexibility,
but have different kinetics of pattern formation. Extending the problem to several dimensions allows for
robustness against noise, and combining several dynamical rules improves the robustness against the
timing of the external inputs.

CA usually assume a synchronous update, which is also found in some biological systems like in ver-
tebrate somite development. However, synchrony may not always be a given. To study conditions under
which the assumption of synchrony is valid, noise is included in the time point of the update together
with a signaling delay as a buffer against it. With this model it is investigated how active synchronization
algorithms can conserve an effectively synchronous update. Results include that in general with more
information available to them, synchronization algorithms are more successful in conserving synchroniza-
tion, although that relationship is not strictly monotonic. The algorithms are also applicable in several
dimensions and regular as well as irregular interaction topologies, and can deal with quenched and an-
nealed noise. Coupling pattern formation to synchronization shows that dynamical rules which quickly
reach a steady state are more robust to asynchrony. Additionally coupling the synchronization to the pat-
tern formation, an additional class of rules which frequently change the current pattern appear as robust.



As a next modeling approach, short range interactions are combined with the classical morphogen gra-
dient constructing axial patterns. It is shown that the local interactions can help to smooth boundaries
between the different homogeneous fields of cell types in a noisy environment. Particularly successfully is
the direct addition of the gradient and the short range signaling input, which even in the presence of com-
parably strong noise in the local signaling can still improve the boundary roughness, all while preserving
the general scaling properties of the morphogen gradient pattern formation.

Biological cells are inherently mechanical objects which exert forces on each other. Furthermore, they
grow, divide, and die. To include those aspects, the CA dynamics is coupled to a vertex model which
effectively changes the underlying grid the CA cells sit on. It is shown that even in such a potentially
dynamic and varying environment, “Salt-and-Pepper” patterns can still be formed successfully.

To take the minimal CA models closer to integrating experimental data directly and bridge the gap to
more detailed but also more specific models of pattern formation with local interactions, a general class
of probabilistic CA mimicking simple verbal models is trained to emulate experimentally observed pattern
formation processes in the small intestine epithelium of mammals. Comparison to available experimental
test data shows that CA models have the potential to provide a platform to mathematically represent verbal
biological models and check if the proposed verbal mechanisms match the available experimental data.

Finally, an outlook on how CA models can be generalized with the use of network theory is given and it
is discussed how the recently available large scale “-omics” data-sets can be incorporated in the modeling
process.



Zusammenfassung

Die Bildung und Erhaltung von korrekten Zelltypmustern ist wesentlich fir Systeme in der Entwicklungsbi-
ologie und der synthetischen Biologie. Wahrend es fir die Musterbildung mit langreichweitigen Interaktio-
nen sowohl theoretisch als auch experimentell etablierte Modelle gibt, hinkt die theoretische Beschreibung
fir Systeme mit kurzreichweitigen Interaktionen hinterher. Fir diese Art der Interaktion sind in erster
Linie fUr spezifische Systeme detaillierte Modelle und konzeptionelle Ideen vorhanden. Aligemeine Uber-
greifende Konzepte scheinen jedoch bis jetzt nicht entwickelt oder nicht an die Musterbildung mit biologis-
chen System angepasst worden zu sein.

Diese Dissertation zielt darauf ab zu einem derartigen allgemeinen, konzeptionellen Rahmen beizutra-
gen indem, ein minimales Model untersucht wird, das durch eine dreifache Diskretisierung konstruiert wird.
Raumliche Diskretisierung wird dadurch erreicht, dass die biologischen Zellen selbst als grundlegende
Einheiten des Modells, Ublicherweise auf einem Gitter verteilt, benutzt werden. Die intrazellularen Details
werden in eine endliche Anzahl von diskreten Zustdnden aggregiert. Diese Zustande entsprechen effektiv
den Fixpunkten einer Beschreibung durch nichtlineare, kontinuierliche Systeme. Da die Wechsel zwis-
chen solchen Zellzustanden eine endliche Zeit bendtigen, kann zuséatzlich eine Diskretisierung in der Zeit
genutzt werden. Das natlrliche mathematische Modell, welchem eine derartige dreifache Diskretisierung
inhdrent ist, ist der zellulare Automat (CA). Die raum-zeitliche Dynamik eines CA wird durch eine Aktu-
alisierungsfunktion, die ,Regel“ genannt wird, beschrieben. CA werden im Rahmen dieser Thesis in un-
terschiedlichen Variationen benutzt: Ausgehend von einem grundlegenden CA zweigen unterschiedliche
Modellvarianten ab, die zusatzliche Motive beinhalten, die in der Entwicklungsbiologie gefunden werden.
Dabei wird Ublicherweise Stiick fir Stlick vorgegangen, indem zuerst das zuvor hinzugefliigte Motiv wieder
entfernt wird, bevor das nachste Motiv als zentrales Element eines Kapitels dieser Arbeit hinzugefigt wird.

Als erste Variante dieser Modelklasse wird die Bildung von axialen Mustern, genauer die Bildung der
ikonischen ,French Flag®, betrachtet. Unter Verwendung von CA mit 3 und 4 Zustdnden werden evolu-
tiondre Algorithmen, Konsensusprozeduren und konstruktive Ansétze benutzt um dynamische Regeln zu
finden, welche diese ,French Flag® produzieren. Im 3-Zustandsraum wurde eine einzige Art von Regel,
die das Problem durch teilweises Uberschreiben und teilweises Sortieren des urspriinglichen Musters 18st,
gefunden. Die zwei Herangehensweisen — "Uberschreiben" und "Sortieren" — kénnen im 4-Zustandsraum
auch jede fir sich genutzt werden, um axiale Muster zu erzeugen. Sie haben dabei unterschiedliche Eigen-
schaften im Bezug auf Robustheit gegentber Rauschen und Asynchronitét, Kinetik und Skalierung, und
kénnen modifiziert werden, um mit unterschiedliche Anfangs- oder Zielbedingungen umgehen zu kénnen.

Nach der Indentifikation von Regeln, welche ein spezifisches Zielmuster bilden ohne von einem spez-
ifischen Anfangsmuster auszugehen, wurden im Folgenden nach Regeln gesucht, die eine flexible Pro-
grammierbarkeit des Zielmusters eines Zellfeldes durch externe Eingaben fir wenige Zellen des Feldes
erlauben. Derartige Eingaben kdénnen von einer ,Organizer® Zelle oder durch externe optische Stimuli
erzeugt werden. Indem das Problem auf ein Netzwerk abgebildet wird, konnte eine beschrankte Menge
von Regeln identifiziert werden, die, gegeben passende externe Eingaben, die maximale Flexibilitat der
Erzeugung jedes gewlinschten Zielmusters erlauben. Die 10 reprasentativen Mitglieder dieses Regelsets
gehorchen alle einem Informationserhaltungskriterium, von dem gezeigt werden kann, dass es hinreichend
fir maximale Flexibilitat ist, aber zeigen im Allgemeinen eine unterschiedliche Musterbildungskinetik. Eine
Erweiterung des Problems auf mehrere Dimensionen erlaubt die Erhéhung der Robustheit gegenlber
Rauschen, und die Kombination mehrerer unterschiedlicher dynamischer Regeln verbessert die Robus-
theit bezuglich der zeitlichen Koordinierung der externen Eingaben.

Fir CA wird Ublicherweise ein synchrones Update angenommen, welches sich auch in biologischen
Systemen wie der Somitogenese in Wirbeltieren findet. Diese Synchronizitdt mag jedoch nicht in allen
Kontexten voraussetzbar sein. Um zu untersuchen, unter welchen Bedingungen die Annahme der Syn-



chronizitat valide ist, wird ein zeitliches Rauschen zusammen mit einer Verzégerung als Puffer gegen das
Rauschen in das Model integriert. In diesem Rahmen wird untersucht, wie aktive Synchronisationsalgorith-
men ein effektiv synchrones Update erhalten kénnen. Es wird gezeigt, dass Synchronisationsalgorithmen
besser funktionieren je mehr Informationen sie verarbeiten kénnen, auch wenn dieser Zusammenhang
nicht monoton ist. Diese Algorithmen kdnnen auch in mehreren Dimensionen und sowohl auf regularen
als auch auf irregularen Gittertopologien angewendet werden, und sie kénnen sowohl mit ,quenched” als
auch mit ,annealed” Rauschen umgehen. Die Kopplung der Musterbildung an die Synchronisation zeigt,
dass dynamische Regeln, welche rasch einen Gleichgewichtszustand erreichen, robust gegenuber Asyn-
chronitat sind. Bei einer zusétzlichen Kopplung von Synchronisation an die Musterbildung zeigt sich, dass
dann auch die Klasse der Regeln, welche haufig das aktuelle Muster wechselt, relativ robust gegentber
Asynchronitat ist.

Als weitere Modellvariation werden die kurzreichweitigen Interaktionen mit klassischen Morphogengra-
dienten zur Konstruktion axialer Muster kombiniert. Es wird gezeigt, dass lokale Interaktionen dabei helfen
kdénnen glatte Grenzen zwischen homogenen Zelltypfeldern in der Prasenz von Rauschen zu erzeu-
gen. Insbesondere ist die direkte Summe von kurz- und langreichweitigen Signalen erfolgreich, welche
sogar im Falle von relativ starkem Rauschen des lokalen im Vergleich zum globalen Signals die Gren-
zrauigkeit verbessert, wahrend die allgemeinen Skalierungseigenschaften des Morphogengradienten er-
halten bleiben.

Biologische Zellen sind inharent mechanische Objekte, die Krafte auf einander austiben. AufB3erdem
wachsen sie, teilen sich und sterben. Um diese Aspekte in ein Model zu integrieren, wird die CA Dynamik
in ein Vertexmodel integriert, welches das dem CA zugrundliegende Gitter, auf dem die Zellen platziert
sind, modifiziert. Es wird gezeigt, dass selbst in einer solch potentiell dynamischen und wechselhaften
Umgebung ,Salt and Pepper* Muster erfolgreich erzeugt werden kénnen.

Um die minimalen Modelle naher an die Integration von experimentellen Daten heranbringen zu kénnen
und ein Briicke zu detaillierten aber spezifischeren Musterbildungsmodellen mit lokalen Wechselwirkun-
gen zu schlagen, wird eine allgemeine Klasse von probabilistischen CA, welche einfache verbale Modelle
eines biologischen Prozesses abbildet, trainiert, einen beobachteten Musterbildungsprozess im Dinndarm
von Saugetieren nachzubilden. Ein Vergleich mit experimentellen Daten zeigt, dass CA Modelle das Po-
tential haben eine Plattform zu bieten, um verbale biologische Modelle, welche aus experimentellen Daten
erzeugt werden, mathematisch abzubilden und zu Uberprifen, ob die verbal vorgeschlagenen Mechanis-
men zu den verflgbaren experimentellen Daten passen.

Schlussendlich wird ein Ausblick darauf gegeben, wie CA Modelle mithilfe von Netzwerktheorie verall-
gemeinert werden kdnnen und es wird diskutiert wie die seit kurzem vorhandenen ,-omics* Datensatze in
die Modellbildungsprozesse eingebunden werden kénnen.

vi
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1 Introduction

One of the most intriguing processes in nature is the development of organisms from a single cell, the
fertilized egg, to complex, multicellular beings, consisting of 10! cells in the case of humans [1]. This
process is studied in developmental biology [2, 3] and involves, amongst other processes, the specification
of cell types at correct positions relative to each other. While a correct formation of cell type patterns
leads to functioning organisms, failures in the pattern formation process can lead to malformations or
death. As an example, perturbations in the Notch signaling pathway, one of the major molecular means
of communication between cells, can lead to an incorrect formation of arteries, wrong spacing of sensory
organs, or malformation of pigmentation stripes [4]. Thus, the study of how patterns form is central to
understanding successful and failed development.

The pattern formation process itself is characterized by a self organization of the cells into these pat-
terns, sometimes augmented by external signals. It involves changes of cell fate, cell division, death
and migration steered by mechanical, chemical and electrical interaction between cells. They are studied
experimentally using a small set of so-called “model organisms”. These exemplary species are often con-
venient to work with experimentally [5, 6, 7], have an interesting phylogenetic position [5, 7], and, finally,
are simply investigated by many [6, 8]. Examples include the worm Caenorhabditis elegans, the fruitfly
Drosophila melanogster, the zebrafish Danio rerio, the African clawed frog Xenopus laevis, the mouse Mus
musculus, and a few hand full of other species. From a phylogenetic coverage perspective this leads to the
situation where a very few spots in the phylogenetic tree out of the 1.2 million known species and predicted
8.7 million eukaryotic species [9] are covered, as well as “local perturbations” around them. Although it
might thus seem difficult to form general statements about pattern formation processes in developmental
biology by studying only a small number of selected examples, it is assumed that only a comparably small
number of different signaling pathways exist, which are conserved across many species [10], and thus the
found principles can be hoped to be more widely applicable. Additionally, different species are remarkably
similar in early development, exemplified by the close resemblance of the embryos of mammals to each
other [11].

What are the pattern formation processes found in developmental biology? An example in a model
species is the specification of sensory organ precursors on the drosophila thorax, which involves a prepat-
tern, which gets further refined by local cell-cell interactions [12]. Another example is the segmentation in
vertebrae, which usually involves locally coupled oscillators in cells whose phases get slowed and arrested
by moving wavefront converting the temporal oscillations into a spatial pattern [13]. Yet, despite the (par-
tially) available knowledge about some specific examples, “How do cells know where they are” is a simple
question without a simple answer [14].

Understanding why a developmental mechanism works a certain way and not another, not only requires
a detailed molecular knowledge about the specific developmental example, but also a complete picture of
what can be achieved with the same or similar molecular ingredients in other contexts. Synthetic biology
provides another approach to investigate pattern formation by recombining or recreating the molecular
ingredients. In contrast to developmental biology, where usually the focus is more on knocking out com-
ponents of a system in order to determine their necessity, synthetic approaches determine the sufficiency
of components by a bottom-up approach [15]. Beyond sufficiency tests, creating intelligent, soft materials
consisting of synthetic cells which are able to be programmed to form desired spatio-temporal patterns
with the aim of creating new technologies is a goal major goal in synthetic biology [16].

From a theoretical perspective, there has been a long standing interest in extracting general patterning
principles from experimental observations. A concept that received ample attention was that of the mor-
phogen [17]. Coined as term by Turing, morphogens are chemical substances diffusing through a tissue
and performing chemical reactions [18]. In Turing’s work, two of these morphogens, a long range inhibitor



and a short range activator, act together to form stationary pattern of varying concentration of with finite
wavelengths. Wolpert introduced in his solution to his famous French Flag problem of forming an axial
pattern in the form of the eponymous Flag a spatial dependence of the morphogen concentration, usually
called morphogen gradient, that is read out by the cells to instruct them about their position [19, 20]. Al-
though in his seminal 1969 paper Lewis Wolpert complained that "A feature of developmental processes
which is not often discussed is the extent to which there are, or will emerge, general or universal prin-
ciples which are applicable to development in the same way that there appears to be universal rules for
genetics, or, of more relevance, for the transcription and translation of genetic material at the molecular
level" [20], the time has changed since "[p]attern formation [was] a rather neglected area of developmental
biology" [20]. Both above proposed mechanisms of forming a pattern have since found solid experimental
underpinning [21, 22, 23, 24, 25, 26].

Apart from the long ranging morphogens, cells can also communicate with signals of shorter range.
The probably most well known example for this type of communication is through the interaction of the
transmembrane receptor Notch and its counterpart ligands Delta and Jag, whose binding to the Notch
receptor leads to a cleavage of the intracellular domain of Notch which subsequently modulates the ex-
pression of target genes [27]. Depending on the system and target genes, this may lead to a inhibition
or induction [28], or even synchronized oscillations [29]. Due to its transmembrane nature, Delta-Notch or
Jag-Notch signaling relies on direct cell-cell contact and is thus strictly local. With synthetic approaches,
Notch can also be modified to target different genes and bind with different ligands, even diffusible ones
[30, 31, 32]. While being the probably most well known mean of short range communication between
cells, also Eph/Ephrin [33] as well as membrane tethered Wingless [34] in the class of membrane bound
molecules, or Gap Junctions [35], small channels between the membranes of adjacent cells which allow
the direct passage of molecules, have been studied. While there have been specific, mostly detailed mod-
els developed for the different means of local communication, a general study of pattern formation with
local interactions in a unified framework seems to be missing. The benefit of such a general study could
be the discovery of general patterning strategies as well as limits of the described patterning processes.
For synthetic systems, these could be used as design instructions and bounds.

In order to conduct such a general study, using a simple coarse grained model has the advantage of
potentially not requiring detailed prior information about the properties of the individual model components
at the expense of relying on prior intuition about the cellular phenomenon [36]. Simple models have been
shown to be able to reproduce complex dynamics and showing independence of many detailed model
parameters [37]. Furthermore, since if a phenomenon of interest is recapitulated in a quantitative model,
this indicates that all necessary players and interactions may have been identified, or, in the case of a
negative results, that the phenomenon is not understood at the desired level yet [36]. Thus, the model
class of top down, agent based models can be seen as a way to formalize and generate hypothesis
about the understand such processes [38]. To keep it as simple as possible, the modelling framework
chosen throughout this thesis are cellular automata (CA). Developed by Ulam, von Neumann, Conway
and Wolfram [39, 40, 41, 42, 43, 44], they naturally encompass local interactions in a discretized space
with a discrete set of states and a discrete time dynamics, with the latter two assumptions being motivated
by the usual mapping of many molecular states to few cell fates [45] between which transitions than usually
happen on larger time scales. In addition to a basic version of this model, variants which systematically
include other pattern formation motives like organizer cells, long range signaling through morphogens,
mechanical interactions, cell movement, division and death will be investigated to study the consequences
of the combination of different motives.

This thesis is organized as follows: After an introduction to the molecular foundations of local, short
range interactions in cellularized systems (chapter 2), CA are introduced as model systems with a dis-
cussion of the thereby made modelling assumptions (chapter 3). As a first goal, CA rules which form a
specific pattern are investigated (chapter 4), followed by introducing organizer cells and searching for CA
rules which are able to form any pattern upon appropriate organizer input (chapter 5). Then the effect
of (a)synchrony is studied chapter 6. The effects local interactions can have in smoothening boundaries
created by a global gradient are the focus of a equilibrium and a non-equilibrium model in chapter 7. CA



are combined with vertex models to include mechanical interactions, cell migration, division and death in
chapter 8. How CA models can be used to approximate experimental data is explored with a probabilistic
CA model for the case of small intestine tissue homeostasis in chapter 9. Finally, the found results are
summarized and future avenues of research discussed (chapter 10).






2 How Do Cells Interact Locally? - Molecular
Components of Short Range Interactions

2.1 Local Interactions

While for the manner of exchanging signals between individual cells there would in principle be a myriad of
different possible signal carriers and ways of processing these signal carriers to influence gene expression
levels, only a small number of conserved signaling pathways are found in nature [10]. For short range
interactions, the probably most commonly discussed pathway is the Notch signaling pathway which is thus
the main focus of this section. Other means of exchanging signals between close by cells have been
experimentally studied and will be summarized briefly as well. The concept of local interaction on spatially
discrete systems can also be found in purely synthetic, non cellularized systems. For a brief description
of such a system see appendix A.1. Another synthetic system based on DNA nanorobotic arms [46] has
been proposed by Simmel and coworkers [47, 48].

2.1.1 Notch Signaling Pathway

The Notch signaling pathway, usually assessed to be among the major developmental signaling pathways,
is highly conserved among metazoans [58, 59, 60]. For a recent general reviews see [27] and [60].

Notch is a transmembrane protein, comprised of an extracellular part, a transmembrane part and an
intracellular domain (NICD) (fig. 2.1 (a, b)). Briefly, the unidirectional signaling is initiated by a ligand
binding to the extracellular domain of Notch, allowing a cleavage of NICD from the transmembrane part.
The NICD translocates into the nucleus and activates transcription of target genes (fig. 2.1 (a, b)).

Canonical ligands of the usual variants Notch1-4 are Delta (DII1,3,4)/Serate (fig. 2.1 (a)) and Jagged
(Jag1,2), which are all transmembrane proteins [53]. Thus, direct cell-cell contacts are necessary to intro-
duce signaling. Upon binding, the mechanical stretch of Notch makes its extracellular domain susceptible
to cleavage through the ADAM'-metalloproteinase, allowing a subsequent cleavage of the NICD through
a vy-secretase [4] (fig. 2.1 (c)). The NICD translocates into the nucleus, where it acts as transcription factor
which modulates downstream targets by assembling a transcription activation complex together with the
CSL? protein and co-activators like Mam?®, SKIP*, and HATs® [4, 27] (fig. 2.1 (c)). Since no modification
of NICD occurs during its translocation to the nucleus, the activation strength only depends on the nu-
clear concentration of NICD [60]. Activated target genes may include Noich itself, as well as Jag and
Hes, which in turn represses itself, Delta and differentiation factors [27, 52, 58] (fig. 2.1 (c)). After expres-
sion, Notch may be glycolized by Fringe (increasing (decreasing) the sensitivity for Delta (Jagged) ligands)
and can subsequently be cleaved by Furin-like convertase into intracellular and extracellular domains and
transported to the plasma membrane [27, 60].

Delta from the same cell may also inhibit the Notch receptor by binding without introducing the necessary
cleavages for signaling (“cis inhibition”) [53] (fig. 2.1 (c)). In contrast to the usual trans activation with a
ligand from a different, the response to cis inhibition is sharp and not graded [61].

Notch signaling strength depends on the contact area between the sender and receiver cell, with a larger
contact area leading to a larger signal strength [4, 28, 62] (fig. 2.1 (d)). Since the signaling involves direct
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Figure 2.1 Delta Notch Signaling. (previous page) (a) Complex of NOTCH1 (EGF11-13) bound to DELTA-LIKE
4 (N-EGF2) [49, 50], created with VMD [51] (VMD was developed by the Theoretical and Computational Bio-
physics Group in the Beckman Institute for Advanced Science and Technology at the University of lllinois at Urbana-
Champaign.). (b) lllustration of the principle idea of Notch signaling: The extracellular part of Notch binds to a ligand
attached to a neighboring cell, initiating a cleavage of the Notch intracellular domain (NICD). The NICD translo-
cates onto its target on the DNA and enables transcription of the downstream target genes. (c) A more detailed
view, adapted from [27] and [52]: The possible canonical ligands Delta DIl1,3,4 and Jaged Jag1,2 bind to the Notch
(Notch1-4) receptor [53], which, through mechanical pulling, exposes the extracellular part to cleavage through the
ADAM-metalloproteinase followed by a subsequent cleavage of the NICD through a ~-secretase [4]. The NICD
translocates into the nucleus where it assembles a transcription activation complex together with the CSL protein
and co-activators like Mam, SKIP, and HATs [54], which modulates the expression of target genes. This target genes
may include the Notch receptor Jag/Ser, Notch itself, and Hes, which in turn can inhibit Delta expression, differenti-
ation factors and its own expression [27, 52]. Glycolization of Notch trough Fringe can modulate the Notch receptor
to increase (decrease) its affinity to Delta (Jagged) [27]. Expressed Delta ligands of the same cell can inhibit Notch
receptors (cis-inhibition), preventing binding of Delta from other cells [55]. (d) Notch signaling strength depends on
the contact area between cells. The signaling can potentially not only reach directly neighboring cells, but via filopo-
dia also cells further away [4, 56] (e) For initially similar cells, concentration fluctuations lead to a stable expression
(repression) of Delta (Notch) in one and Notch (Delta) in the other cell [57]. (f) This leads to “Salt-and-Pepper” like
patterns of cells with high/low Notch (low/high Delta) expression [28]. (g) Conversely, the Jag concentration dynam-
ics has a fixed point for large Jag concentration in both neighboring cells [57], leading to a lateral induction (h) of Jag
concentration.

contact between cells, a naive expectation would be a pattern wavelength of at most 2 cells when the
interaction range is the length-scale determining the pattern range [28]. Yet, even in this case it is possible
to achieve large wavelength signaling by using filopodia, i.e., protrusion of the cell which can reach cells
further away [56] (fig. 2.1 (d)). As shown by Yaron et al. [63], juxtracine signaling, and thus Notch signaling,
is inherently noisy regardless of receptor density or cell-cell contact area, and for proper readout temporal
integration of signal is necessary.

The pattern which is formed depends on the expressed ligand [27, 28]. A detailed modelling of the
dynamics of the Notch pathway is usually achieved using the framework of differential equations, e.g., in
[64]. Starting with a 2 cell model, an expression of Jag upon NICD activation has stable fixed points for
no Jag expression in both cells, or a high Jagged expression in both cells [27, 57]. If one of the cells has
a nonzero Jag concentration, expression of Jag is induced in the other cell (“lateral induction”). If Hes is
expressed upon NICD activation, this leads in turn to a repression of Delta expression in the cell, leading
to a low expression of Delta together with a large expression of Notch in one of the cells and a large
expression of Delta and low expression of Notch in the other (“lateral inhibition”) [27, 57] (fig. 2.1 (e, f)).
On a larger scale, this causes a so-called “Salt-and-Pepper” expression of Notch and Delta. Depending
on the exact time scales of the expression dynamics, anti-synchronized Delta-Hes oscillations may appear
during neurogenesis, leading to a dynamic “Salt-and-Pepper” pattern [65]. Hes oscillations, coupled and
synchronized between cells through Delta Notch interactions, are also the basis of the clock and wavefront
mechanism of vertebrate somitogenesis [13].

The Notch signaling pathway is also able to discriminate between different Delta ligands by triggering
either pulsatile (DII1) or sustained (DIl4) activation dynamics, which in turn activates either Hes1 or Hey1/L
genes, respectively [66, 67].

The Notch signaling pathway can be modified synthetically to change its function. Through genome
engineering, an optogenetic allele of Delta can be integrated in the genome of Drosophila melanogaster,
which can inhibit endogenous Delta activity upon activation [68]. By exchanging the extracellular and in-
tracellular domain of Notch, i.e., the recognition domain of the ligand and the effector domain affecting the
transcriptional output, the so-called “synNotch” pathway is able to affect differentiation, spatial patterning
and boolean decissions in many mammalian cell types [30]. Using this approach, the possibility of affect-
ing cell-cell adhesion and thus changing the mechanical properties of cells has been demonstrated [31].
The extracellular domain of the Notch receptor can further be modified to detect arbitrary diffusible, syn-



thetic morphogens [32]. Different synNotch pathways can be engineered to not share common signaling
intermediates and are thus functionally orthogonal to each other [30].

2.1.2 Eph/Ephrin Singaling

Ephrins and their receptors Ephs are families of membrane bound molecules similar to Notch and its
ligands [2]. They each divide into two classes, A and B, where binding between receptors and ligands of
the same class but not the opposite class is possible®[2]. In contrast to Notch, they are not only capable of
forward signaling’, but also reverse signaling® and bidirectional signaling [33]. Similar to Notch signaling,
signals may also be exchanged between non nearest neighbor cells via protrusions [69], but also exchange
of signals at a distance via exosomes is possible [70].

Eph/Ephrin signaling influences the mechanical properties of cells with their main signaling target being
the actin cytoskeleton [2]. Their sole interaction can mediate cell-cell adhesion, and the effects of their sig-
naling can induce cell-substrate adhesion, cell migration and axon extension [71]. However, the signaling
may also induce repulsive effects. The effect of a particular Eph/Ephrin interaction is not straightforward,
but depends on the cell types, the number of receptors and their clustering, the total intensity of the Eph
signals, and crosstalk with other pathways [2, 71]. Eph/Ephrin interactions in neural cells have been found
to guide cell migration over large distances and establish left-right asymmetries, as well as playing a role in
tissue separation and boundary formation processes [33]. Eph/Ephrin signaling can also influence cell dif-
ferentiation, e.g., in the small intestine epithelium it regulates stem cell renewal by controlling their position
and thus exposure to proliferation factors [71, 72].

2.1.3 Gap Junctions

Gap junctions are small channels in the cell membranes of animals that connect two adjacent cells. They
consist of 6 connexin molecules forming a half channel called connexon, which adheres to a connexon
of an adjacent cell forming a gap junction bridging an approximately 2-3nm gap between the two cells
[35, 73]. Connexons are able to transport ions, small molecules, hormones or messenger molecules
like cAMP through their approximately 1.5nm channels, allowing for local signal relay between cells [73].
Signaling through gap junctions can be regulated rapidly by adjusting the membrane potential across the
channel, as well as their probability of opening [35]. A slow regulation is possibly via changing connexin
synthesis, assembly, modification, or degradation rates [35].

In the context of electrically excitable cells, gap junctions have been discovered as a possibility to allow
for electrical transmission between cells, permitting, amongst others, the ability to synchronize cells re-
garding electrical and mechanical output [35]. Further, by sharing signaling molecules across cells, spatial
gradients can be buffered locally. As an example from a developmental application, it has been shown that
gap junctions are essential for correct color pattern formation in zebrafish, although the exact mechanism
is unclear [74].

Channels and pumps in cell membranes can more generally be used to exchange ions with the envi-
ronment, most famously used by neurons, but also non-neural tissue is capable of using bioelectricity and
gap junctions for computational purposes, even on the tissue level [75].

2.1.4 Tethered Wingless

Wingless (Wnt) is a diffusible morphogen and ligand of the Wnt pathway, a key pathway in embryonic
development, e.g., eponymously during development of the wing in Drosophila [2]. Through genome
engineering Wnt was expressed in a membrane tethered form, which surprisingly produced, apart from a
temporal delay, a similar pattern than diffusing Wnt [34].

5Exception to this rule is EphA4 binding both A and B ligands [2]
’Signal is transduced in cell with receptor
8Signal is transduced in cell with ligand



2.1.5 Synthetic Systems: Signaling Between Artificial Cells

Attempting to bottom up construct artificial tissue made of cells proposes unique challenges. To separate
the inner chemical milieu of the cells from the external environment, a form of compartmentalization is
needed [76]. The permeability of said compartments needs to be chosen carefully to allow external supply
with chemical energy to allow the non equilibrium operation of the cells as well as passing of signaling
molecules® [16]. Different approaches have been proposed based on phospholipid membranes [16], DNA
[77], integrated proteins [78], peptides [79] and proteins [80], as well as polymeres [81], all with different
mechanical and chemical properties. To allow the passage of signaling molecules, membrane pores like
« hemolysin or transmembrane receptors can be integrated and facilitate information exchange with the
environment [16]. The “cell type” of these closed compartments is then determined by the concentration of
certain molecules. For open compartments, the “cell type” can be realized by immobilization or selective
binding of reaction components [16].

The exchange of signaling molecules through membranes is dependent on the membrane and signaling
molecule composition. Smaller, apolar molecules like 30OC6-HSL might pass directly through the mem-
brane, larger, charged molecules like arabinose might need membrane pores [26]. Another possibility is
the use of membrane free compartments which allow the direct exchange of proteins [82].

As an example, Dupin et al. have shown that in emulsion-based artificial cellular compartments with
synthetic in vitro gene circuits artificial signalling and differentiation processes can be realized [26].

2.1.6 Intermediate Summary

To summarize so far: There are various options for exchanging signals locally. They can be membrane
bound, diffusion or bio-elelectricity based. Depending on the concrete choice of signaling option, the
communication might be an one or two way street. There may be crosstalk between different means of
communication. The signaling can for example affect gene expression and cellular mechanics. The sig-
naling pathways can be modified synthetically, or the whole “cellular’ system can be created synthetically
by constructing some form of computational circuits which are compartmentalized and stand in contact to
each other by some mean of exchanging signals.

2.2 Other Developmental Motives Interacting With Local Signaling

While local, short range interactions between cells are an important factor in development and homeostasis
of tissues, other developmental motives may act at the same time and thus the combined influence of short
range interactions with said motives can open up completely new possibilities and challenges for pattern
formation. In the following section, some of these motives are described and their interplay with patterning
through local signaling discussed.

2.2.1 Organizer cells

Organizer cells are cells that do not receive or act on any signals they receive from other cells, i.e., are au-
tonomous, but signal themselves to their surroundings. The most famous example of this is the Speemann-
Mangold organizer [2, 83], a group of cells in amphibians that determines the fate of the cells around them
show by grafting experiments. Another type of cell that acts as organizer cells are the anchor cells in C.
elegans Vulva development steering the fate specification of the six vulva precourser cells in a row [28, 84].
Also other types of signaling centers are known in developmental biology like the Nieuwkoop center [2].
From a synthetic perspective, signaling centers could be engineered using optogenetic manipulation, e.g.,
of Delta-Notch signaling [68]. Having control over the signals cells send to their neighbors could have the

®Continuous production of signaling molecules requires energy and nutrient supply, but may either be emulated by a passive,
large reservoir with low permeability or active production in cells [16]



advantage of inducing changes in patterns at cellular resolution while only addressing a single or a small
number of cells with external signals.

2.2.2 Morphogen Gradients

Morphogen gradients, as described in chapter 1, are a solution to the problem of axial pattern formation by
using varying concentrations of diffusible molecules read out by cells to determine the type of a cell. They
can potentially interplay with short range interactions as shown in Drosphila development: In the early
development, when the embryo is not yet cellularized, spatial pooling by diffusion of downstream effectors
can increase the precision of spatial localization [14, 85]; In the wing imaginal disc, communication via the
Fat signaling pathway generates precise positioning of a boundary in a sharp Wingless gradient [14, 86].
During the specification of sensory organ precursor cells in the bristle formation, local interactions act
as a refinement of a gradient prepattern [12]. In the chick embryo during primitive streak formation, a
combination of local and global signaling has recently been shown to be a good explanation of the available
data [87].

In synthetic systems, SynNotch [30] is an example of an engineered signaling toolkit that can both
encompass direct contact interactions [31] as well as interactions with diffusible morphogens [32], allowing
in principle for a combination of both signals.

For a potential coupling of different signals into a gene expression output different possibilities exist
[88, 89]. If, for simplification, the input function between activator concentration and promoter activity is
approximated by a logic approximation'®, and both input signals (activators) are required to bind to the
promotor for high expression, this can be modeled by an AND gate [89]

f=A460(c; — K1)0O (c2 — K2) . (2.1)
If binding of either is sufficient, this corresponds to an OR gate [89]
F=A[0(c1 —K)+06(cs— Ka)— 0O (c1 — K1) O (e2 — K3)]. 2.2)
If the inputs are additive, also a SUM representation [89, 90] may be chosen

f=Aic1 + Agco. (2.3)

2.2.3 Synchronization

Synchronization of chemical oscillations is an actively studied motive in developmental biology, see e.g.,
[18, 91]. The basis of chemical oscillations is usually a negative feedback with delay [89]. More complex
motives are known, for example the Repressilator which involves an additional step [89, 92], or combina-
tions of negative and positive feedback with the possible inclusion of a bi-stable behaviour for increased
robustness [89].

When coupled, oscillators can synchronize their oscillation. Coupling between the oscillators can for
example occour by sharing a common element in their feedback loops [93]. An example of coupled oscil-
lations in developmental systems is the zebrafish segementation clock [13]: The expression of the Hes/Her
gene experiences a negative feedback with delay, leading to an oscillation of the expression level; addi-
tionally, the expression is influenced by the NICD, while the Hes/Her protein can repress Delta expression;
this allows for an influence of the Hes/Her gene expression of one cell on the Hes/Her gene expression of
a neighboring cell via Delta/Notch interactions through direct cell-cell contacts.

Oscillations have also been shown in synthetic systems, e.g., of artificial oscillators in droplets [94],
and synchronization has been studied with cell-free genetic oscillators in a spatially distributed system of
on-chip DNA compartments via diffusive molecules [95].

'For an activator concentration ¢, the rate of production f of a target protein is the given by a step function f = A© (¢ — K)

instead the usual model of a Hill function f = A <.
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2.2.4 Cellular Mechanics, Cell Growth, Division and Death

From a physicists perspective, a simplified description of a cell might be of a soft sphere filled with a fluid.
As such, it has a hydrostatic pressure associated with it, as well as pressure forces acting on it from the
contact with other cells or external fluid. The membrane of the cell may stick to other cells, e.g., through
the cadherine glykoproteins at the surfaces. The cell also has an internal mechanical structure consisting
of a network of proteins linked together, the cytoskeleton. Cells can grow, regulated by the respective rates
of biosynthesis of molecules relative to the degradation rates. Cell division, also a regulated process, can
increase the number of cells in a tissue, as well as cell death, which in case of apoptosis is again highly
regulated, can decrease the number of cells in a tissue.

All these motives can have an impact on patterning by local interaction. In the case of cell division and
death, simply the existence or non existence of cells might influence the resulting pattern. The size of the
cell can have an impact on the strength of the short range signals exchanged between cells [4, 28, 62].
Cell movement within the tissue might change the topology of the network of local interactions. Cadherine
proteins mediating mechanical adhesion might also be involved in signal transmission [96, 97].

The other way round, the local interactions might also have an influence on the discussed motives. Notch
signaling can influence tissue growth [98]. Eph/Ephrin can modify the mechanical properties of cells by
targeting the actin cytoskeleton [2] as influence cell adhesion and migration [71] (see also section 2.1.2).
The synNotch signaling platform can be programmed to influence cell adhesion [31].

2.2.5 Outlook on the Following Chapters

In the following chapter 3, a computational model for patterning with local interactions is presented. Then,
in chapter 4, the simplest version of this model is used to investigate how pattern formation due to local
interactions can lead to global patterns. After that, the model is supplemented one by one with the addi-
tional motives discussed in this section and the sole interplay of each of motive with local interactions is
investigated - organizer cells (chapter 5), synchronization (chapter 6), morphogen gradients (chapter 7),
and cellular mechanics, cell growth, division, and death (chapter 8).
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3 How to Model Local Interactions? - Cellular
Automata

In the previous chapter, the biological basis of pattern formation by local interactions have been presented.
In this chapter, the main modelling tool used in this thesis to investigate these pattern formation processes
is introduced: cellular automata (CA)'. While very simple in their structure, in their native formulation
CA already rely only on local interactions to form patterns and are at the same time able to produce
complex spatio-temporal dynamics, rendering it a great candidate for a model. The first section of the
chapter discusses the possibly simplest and most famous version of CA, so called elementary CA (ECA).
This framework gets generalized in the next section, followed by a discussion of possible classification
quantities and examples of modeling biological and artificial systems with CA. In the final section, light is
shed on the assumptions behind CA as modelling tool, as well as a discussion of their advantages and
disadvantages.

3.1 Elementary Cellular Automata

CA are a general modeling tool developed by Ulam, von Neumann, Conway and Wolfram [39, 40, 41,
42, 43, 44]. For didactic purposes, first the simplest form of CA, so called elementary CA (ECA), are
introduced. The model is then generalized and central definitions and results from cellular automata theory
is summarized.

A elementary cellular automaton is a grid of cells holding a single value z! € {0,1} each, where i €
{0, ..., L — 1} specifies the position along the grid with size L and ¢ specifying the time step (fig. 3.1 (a)).
The values of the cells in the bulk of the grid are propagated in time according to a dynamical function, the

rule,
o r

:Ul

($$—17x§7x§+1)- (31)

The rule is a input-output mapping specifying the next value of cell ¢ given the current values of cell ¢ as
well as the current values of cell i — 1 and 7 + 1, the nearest neighbors. All cells of the grid are updated
simultaneously according to the rule. The resulting dynamics over several steps in time is usually depicted
by drawing the values of the grid for each time step underneath the previous one (fig. 3.1 (b)). Since this
graphical representation is visually reminiscent of the so called kymographs used in other fields to depict
space and time dependent variables, see, e.g., [99], this terminology will be used onward.

To be able to talk about rules in an efficient manner, they are enumerated by first assigning an order to
the inputs of the rule by interpreting them as three digit binary numbers and second arrange the outputs
into a single number by bringing them into a sequence according to their descending input number. This
single output number is yet again interpreted as binary number unambiguously specifying the rule (cp.
[42]). Converting to a decimal number yields the usually used identifier for the rule (fig. 3.1 (c)).

It is possible to reformulate each ECA rule in an algebraic or boolean [100] form, e.g., rule 165 can be
rewritten as 2} 7' = - (2!, @ 2t ;) oras 2!t = (1 + 2!, +2l,;) mod 2[101].

As infinite systems cannot be simulated practically, boundary conditions have to be chosen to fully spec-
ify the simulation. The usual types of choices are either fixed or periodic boundary conditions (fig. 3.1 (d)).
Fixed boundary conditions can be used when they are known for the system to be modeled or when the
influence of a certain choice of boundary values on the dynamics is of interest. Periodic boundary condi-
tions have a use-case if the problem at hand is cyclic, e.g., in tube like cellular structures, which appear in

T“GA” will be used as an abbreviation both for the singular and plural form throughout the thesis
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Figure 3.1 Elementary Cellular Automata. (a). A cellular automaton consists of a grid of cells holding a variable
each which can take only the values 0 (depicted by white) or 1 (black). The system is propagated in time by a
so called rule, a function which specifies which value a cell takes in the next time step given the value of the cell
and its immediate two neighbors. All cells are updated simultaneously according to the same rule. (b) Simulation
of rule 165 from random and seed initial condition, presented in a space-time graph, a so called kymograph. (c)
Rules are enumerated by ordering their outputs according to the magnitude of the inputs in binary (e.g., the input
010=0104 = 214 contributes to third entry from behind in the binary rule string), and then interpreting this number
as a binary and converting it to decimal, here 10100101, = 1651¢. (d) lllustration of periodic and fixed boundary
conditions for rule 135 and as geometrical scetch. While in the periodic boundary conditions the behaviour introduced
by the seed is not influenced by interactions “across” the boundary, the fixed boundary influences the kymograph.
(e) To start the dynamics, initial conditions have to be chosen. Here, the examples “seed” (homogeneous with a
single differing site) and random initial condition are exemplified.

developmental system in the notochord for example [102], or when being interested in the “bulk” behaviour,
with the hope that system is large enough that influences “across” the “boundary” do not influence the bulk
behaviour on the relevant timescales. The latter is illustrated in fig. 3.1 (d), where the left kymograph with
periodic boundary conditions could also be achieved by simulating a larger system with the same initial
condition (homogeneous white with a single black in the middle) with fixed boundaries that are a distance
larger than the spatial extension of the shown system from the current boundaries of the system away.

To start the dynamics an initial value for each cell needs to be specified. Typical initial conditions are the
homogeneous initial condition (each cell has the same value), the “seed” initial condition (homogeneous
except for one differing cell), or the random initial condition where usually among all possible 2% initial
conditions a sample is drawn with equal probability (fig. 3.1 (e)).

Exemplary kymographs for all 256 ECA rules for both seed and random initial conditions and periodic as
well as fixed boundary conditions can be found in appendix A.2.1.

3.2 General Cellular Automata

Abstracting from the initial example of an ECA, a more formal definition based on [103] of CA can be
formulated for the purpose here as:

Definition 3.2.1. A cellular automaton C is a tuple C = (S, T, N, f, Iy, B,U) where
(i) Sis asetofk states, S = {0,....k — 1}

(i) 7 is a tessellation of a subspace D of the Euclidian space R", D C R", consisting of active sites
¢; € Ta enumerated by i € {0,..., L} and boundary sites b; € Tp enumerated by j € {0, ..., Tg}
with 7 =TaU 7B

L
(iii) \ is a neighborhood function ' : T — J T that maps every site ¢; to a finite sequence N (¢;)
=0
consisting of distinct cells.

(iv) f is the update function (local update rule) f : SmaxilN(¢i)l . § governing the update dynamics of
each site ¢;,

v (et +1) = f ((@ (e t) X 1) (3.2)
(v) Iy is the initial condition I : 7 — ST, assigning every active site c; an initial value x (c;, t)
(vi) B is the boundary condition 75 — T2, giving a value to each boundary value z(b;, t)
(vii) U (t) is an update schedule Ny — {0, ..., L}L, specifying which cell updates at a certain time step ¢.

Some notes on this definition:
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(a) «—
(b) (c) Moore neighborhood  von Neumann neighborhood

(d) Synchronous Update Random Sequential Update

%3 C e

Figure 3.2 CA Definition. (a) In 1D CA, the neighborhood can be specified by a radius which is the distance
in number of cells in which ceIIs are counted as belonging to the neighborhood. In the shown example r = 2.
(b) Hexagonal tessellation of the plane (c) Square tessellations of the plane with examples of the Moore and von
Neumann neighborhood. (d) Kymograph of ECA rule 135 with fixed boundary conditions from the same random
initial condition with a synchronous and random sequential update, respectively.

o
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1. Typical tessellations in one dimension are the above mentioned line with fixed or periodic boundaries.
For two dimensions, square, triangular and hexagonal tessellations are common (fig. 3.2 b, c¢), but
also irregular tessellations may be used to cater the model to biological systems (cp. appendix A.7).

2. In one dimension, the neighborhood function is usually specified by assuming that it is symmetric and
giving a radius r determining the number of cells included in the neighborhood in one direction from
the cell in question (fig. 3.2 (a)), i.e., ECA would be » = 1 CA. Radii larger than one can be realized
in a biological setting by either communicating with diffusible molecules or via filopodia [104]. In two
dimensions on square grids the usually used neighborhoods are the von Neumann neighborhood
including the cell itself and the neighbors at its faces, as well as the Moore neighborhood, additionally
including the cells at corners of the original cell (cp. fig. 3.2 ¢).

3. The size of the neighborhood |N (¢;)| may depend on the cell ¢; when the tessellation is irregular,
e.g., a cell might have 5 or 6 neighbors.

4. The boundary condition B is simply a set of cells that does not follow the cellular automaton dy-
namics f, but is either fixed or follows some externally imposed dynamics. This allows an external
influence on the pattern formation.

5. In the usual case the update schedule contains all cells in T4, i.e., a synchronous update. Other
well known update schemes are random update (at each point in time a random cell updates with all
cells having the same probability of updating) and random sequential update (the update sequence
is random, but all cells have to perform an update before the sequence is reshuffled) (fig. 3.2 (d)).
Also more complex update schemes beyond this definition with the order depending on the states of
the cells are possible and will be discussed in chapter 6 and appendix A.6.1.

6. For the update function f some constraints have been given names. If f does only depend on the
sum of the values of the states in the neighborhood (including the cell to be updated itself),f =

f ((Zlfi(fi” ci) ,t) , this rule is called “totalistic’. If f depends on the sum of the values of the
states in the neighborhood excluding the cell itself, and the value of the cell itself, the rule is called

“outer totalistic”.

7. If the update function f is not a deterministic, but a probabilistic function where each output is chosen
with a certain probability depending on the inputs, the CA is called probabilistic.

3.3 Classification of Cellular Automata

Classifying CA serves the purpose of creating groups with homogeneous properties, enabling to predict
the behavioral characteristics of the class members by investigating a few representatives and have a
common identifier for the class object that enables a common research language [103]. For CA, a formal,
universally agreed classification scheme has not been reached yet. Here, a few well known schemes
which will be used later are briefly described. For a more comprehensive overview see the recent review
[103].

3.3.1 Equivalence classes

The idea of equivalence classes can easily described for elementary CA. In total, there are 22" = 256
ECA rules. It is possible to reduce the number of possible different dynamical behaviors by grouping
together rules which show exactly the same dynamics after either exchanging the left and the right side
in the inputs of the rule as well as mirroring the initial condition, or exchanging the values of the states
(colors) in the rule as well as the initial condition, or doing both at the same time (fig. 3.3). If mirroring
the side, exchanging the colors or applying both at the same time would for every case lead to a different
rule, together with the original rule each equivalence class could be expected to have 4 members and
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thus there are 24@ = 64 classes. Actually, 88 equivalence classes are found since sometimes one of the

equivalence operations leads back to the original rule or to another equivalent rule. The behavior of each
rule in a class is equivalent and can be computed from the behavior any other rule in the same class by
making the appropriate exchanges (color, direction, or both), i.e., for a characterization it is enough to
analyze a single member of the class. For other types of CA and research problems, similar equivalence
classes can be found, see e.g., chapter 4. While the behavioral mapping for equivalence classes is one to
one, the downside is their sheer number, limiting their use quite considerably.

Left-Right Symmetric
Rule 120

Color
Symmetric

Figure 3.3 88 Equivalence Classes. The 256 ECA rules can be subdivided in 88 equivalence classes: each rule
has associated rules which can be generated by exchanging left and right, exchanging the meaning of the colors or
both at the same time.

3.3.2 Wolfram Classification

A way more condensing classification has been proposed by Wolfram [44]. By visual inspections, he
identified 4 kinds of behavior, which the respective members of a class follow for almost all initial conditions.
The behaviors are exemplified in fig. 3.4:

(W1) Class 1 consists of rules which quickly converge to a homogeneous final state.

(W2) Class 2 rules exhibit “a simple stable or periodic structures” [43, p. 17] in the long term behavior.
(W3) For class 3, this behavior appears to be chaotic.

(W4) For class 4, “complicated localized structures, some propagating” are found. [43, p. 17].

It is claimed by Wolfram that this classification is able to order all one dimensional CA [44], although it is
admitted, that the classification if often formally undecidable [105], which was shown by Culik and Yu [106].

The Wolfram classification scheme can arguably still be seen as the most influential since its widespread
use and being the reference point for other classification schemes [103].
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simple behavior, “almost all initial condition lead to exactly the same uniform final state” [105, p. 231], showcased
here by rule 0 and 251. Class 2 (second row), with “many different possible final states, but all of them consist just
of a certain set of simple structures that either remain the same forever or repeat every few steps” [105, p. 235],

showcased here by rule 15 and 108. Class 3 (third row), depicting a behavior that is “complicated, and seems in
a mixture of order and randomness” [105, p. 235] with localized structures which are produced, move around and

many respects random” [105, p. 235], showcased by rules 45 and 150. Class 4 (fourth row), with rules that “involves
interact [105].

Figure 3.4 Wolfram Classes. Examples for the 4 Wolfram classes: Class 1 (first row), consisting of rules with very



3.3.3 Rule Tables Based Schemes

The rule table or “genotype” of the rule [103] determines the update dynamics of each site. Since the rule
table is quite small compared to the data from simulating the rule from many initial conditions to determine
the “phenotype” of the rule, a characterization of the rule solely based on its table promises a low resource
possibility of classifying the rules. Due to the strong non-linearity of the rules where slight changes in the
rule table can change the kymograph strongly (cp. fig. A.1), defining a parameter based on the rule table
that projects the essential features of the spatio-temporal dynamics is a challenging task. In the following
we describe a few such parameters.

1. Langtons \: Langton’s Lambda is a parameter defined in reference to a so called “quiescent” state
g which, when it is the sole input, maps to itself, f(q,q,q,...) = ¢. Then, X is the fraction of inputs
that do not map to the quiescent state,

N
k! |—nq

= (3.3)

with n, the number of input configurations that map to ¢, k£ the number of states and | N| the size of
the neighborhood [107] (fig. 3.5 (a)). &Vl is the total number of inputs. Of course, it is also possible
to calculate A with respect to a state that is not quiescent. For the example in fig. 3.5 (a), with a
k = 2 state rule with a neighborhood size of |[N| = 3 and quiescent state ¢ = 0, kNl = 8 and
ng = ng = 4 and thus A = % In general, A = 0 maps all inputs to the quiescent state, i.e., it is the
most homogeneous rule, while the most heterogeneous one, represented by an equal mapping to
all possible states, has A = 1 — % From A = 0to A = 1, the Wolfram classes 1-3 lie approximately in
increasing order [107]. Class 4 rules are dispersed at the transition between class 2 and 3 rules as
the transition length, i.e., the time the CA takes for a periodic behavior to emerge, increases [107].

2. Kolmogorov Complexity: The Kolmogorov complexity of a string z is defined as the length of the
shortest program running on a Turing machine that outputs = and halts®. Naively, a more complex
rule is expected to produce a more complex kymograph [108]. Unfortunately, the Kolmogorov com-
plexity can not be computed directly [109], it is only possible to give an upper bound [109]. The
usual way to achieve this is writing down the outputs of the rule table as a string and compressing
that string with a lose-less compression method like the Lempel-Ziv compression algorithm [110].
The estimator for the complexity is then the length of the compressed string plus the length of the
compression algorithm (fig. 3.5 (b)). Since the latter is the same for all rules, i.e., an additive con-
stant, it can be dropped when comparing complexities from the same estimator.

3. u-Sensitivity: The u-sensitivity is defined [103, 111] as the changes in the output of the rule by
changing one of the sites in the neighborhood

1 L of

M:W Z Zf (3.9)

C1C2...C|N| q=1 80(1

with the Boolean derivative [112]

ﬁ _ {0 iff<clv"'ch7“'vc\N\> :f(cl,...éq,...,cw|> (36)

Ocq 1 otherwise

with p € [0, %} for ECA (fig. 3.5 (c)). The u sensitivity is low for rules producing ordered behavior
and large for rules with chaotic behavior [111].

2More specific, the Kolmogorov complexity of a string = is defined as
Ko(xly) = min{l (P), ¢ (P,y) = 0} (3.4)

with Turing machine ¢, programs P, length function [, and input string y. y is usually taken as empty string, and since different
Turing machines ¢ changing the result only be a constant, both references are usually dropped.
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Figure 3.5 Quantitative Classification Schemes Schemes to classify rules quantitatively include the rule table and
pattern based schemes. Into the former category fall Langton’s A (a), the Kolmogorov complexity of the rule (b) and
the p sensitivity. The latter quantity can be split up in schemes which focus on local properties and schemes which
focus on global properties. The Kolmogorov complexity of the pattern (d) as well as the single site entropy (e) in
spatial or temporal direction are examples for schemes focusing on local properties, while looking at attractors and
transients (g) focus on global properties. Information integration or synergy (f) may fall in both categories.

3.3.4 Spatio-temporal Dynamics Based Schemes

Looking more on the “phenotype” of a rule, i.e., the spatio-temporal dynamics a rule generates for a cer-
tain initial condition, may also be a fruitful approach to classify CA. Wolframs classification based on visual
inspection (section 3.3.2) is one possible approach. More quantitative approaches take either small snap-
shots of the spatio-temporal dynamics and calculate an observable from these snapshots (local pattern
based), averaging over snapshots from different initial conditions, or try to classify the dynamics more
based on the whole spatio-temporal dynamics, possibly for all initial conditions (global pattern based).

1. Kolmogorov Complexity: Interpreting the pattern as string allows to assign each pattern a Kol-
mogorov complexity by using an estimation algorithm as described in section 3.3.3 (cp. fig. 3.5 (d)).
To arrive at a single number for a rule, ensemble averaging over many initial conditions and either
additional temporal averaging or using a pattern snapshot from time ¢t >> L can be used.

2. Single Site Entropy: Intuitively, looking at the number of occurrences of the states in a pattern
(spatial dimension) or along the time trace of a fixed cell (temporal dimension), a different frequency
distribution can be expected for different rules, with rules producing fixed and/or homogeneous pat-
terns having a more peaked frequency distribution, while rules producing chaotic patterns/time traces
have a more uniform frequency distribution. This intuition about the frequency distribution can be
quantified by the Shannon entropy of a rule. The information theoretic Shannon entropy over a
discrete probability distribution p; is defined as [113]

k—1
H=-> p;log, (p;)- (3.7)
i=0
It quantifies the amount of information that can be expected to be acquired by drawing a sample from
the distribution or, phrased differently, the number of yes or no questions that have to be asked on
average to identify the sample. [114, 115]. Interpreting now the either spatial or temporal frequency
distribution as probability for the occurrence of a certain state and performing appropriate ensemble
averages, the so called single site entropy of a rule can be defined [107] (cp. fig. 3.5 (e)).2

3. Information Integration/Synergy: To introduce information integration, first the concept of mutual
information has to be introduced. The mutual information between I two CA states z! and x§+s is
defined as [114]

t_ , +s _ b
= pf(: AmE )b> — (o) < () e

with ¢ and j being the spatial positions of the cells and the sum runs over the possible states. It
measures the reduction in uncertainty in the knowledge about m§+s when learning z. Now the
information integration or synergy can be defined [116, 117] as the difference between the mutual
information between a state x! and a set of states T and the sum of the mutual information between

z! and the individual members of Y,

Sy =1 (x’i;'f) — Z (I (xﬁ,x)) . (3.9)

S

3Note that there are also classifying attempts for CA using entropy concepts with a more complex “unit cell” than a single site by
combining several sites together, the so called block entropies [116].
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For example, for the T containing the same cell at the previous time step as well as the two neighbors
at the previous time step (cp. fig. 3.5 (f)), the information integration/synergy is

Sy =1 (xf;x’;fj,xﬁfl,xﬁﬂ - zl: (I (mf,xﬁlﬂ) (3.10)
j=—1

As a “whole” - “sum of the parts” quantity it measures the dependencies that are introduced by the
rule between the chosen states in T at z!. Phrased differently, it measures how much more was
learned about z! by knowing the states in T at the same instance than what was learned about
t . . . . . . . . . .
x; in total by knowing each member of T individually. When testing different information processing
features as classification proxies for Wolfram’s CA rule classes, the information integration or synergy
was found to perform best [117]. Also larger orders over several time steps can be included. The
more time steps are included, the more the synergy turns from a quantity based on local patterning

information to a quantity based on global pattern information.

4. Attractor based classifications: The qualitative theory of nonlinear ordinary differential equations
focuses on determining how the the solution of an initial value problem changes when changing the
initial value [118], more specifically determining the fixed points and limit cycles, as well as their
stability and basins of attraction [119]. For CA this can be approached in a similar [120] but more
limited fashion due to the exponential growth of the number of possible patterns k% with CA size. To
quantify the complete dynamcis of a CA, a restriction to small system sizes is necessary. Then the
dynamics can be visualized as a graph (fig. 3.5 (g)) with the vertices being the individual possible
patterns and the directed edges the transitions between these patterns as specified by the rules
[120]. Since the dynamics is deterministic, each vertex (pattern) has exactly one outgoing edge
(i.e., the out-degree of every vertex is one), while each pattern can have different predecessors (pre-
images), i.e., different in-degrees are possible. Since the state space is finite, the dynamics can
either run into a fixed point (i.e., a pattern mapping to itself) or into a limit cycle. Thus, the graph
separates into different components (basins of attraction) with an attractor (fixed point or limit cycle)
each [120]. To specify the dynamics of a given rule for a fixed system size and boundary conditions,
the number nc and period T of attractors, the transient lengths T to reach the attractors, as well as
the density of “Garden of Eden states” pp (vertices without in-degree, i.e., unreachable from other
states) [120] and the number of precursors (in degree) np can be calculated. The scaling of n¢,
max¢ (Tc), maxe (Tr), pp and maxy e tces (np) can now be investigated as a function of system
size for small system sizes. Note that these quantities are not independent of each other, as a large
quantity of one of n¢, maxe (1), maxc (Tr) implies lower values of the other two.

Numerical values for the above classification quantities are summarized in table A.1.

3.4 Examples of Modeling of Biological and Artifical Systems with Cellular
Automata

CA have been used previously to model a wide range of developmental and synthetic pattern forming
systems. The applications range different model species, from plants like a model for the primary shoot
meristems of arabidopsis thaliana [121], over insects like neurogenesis in drosophila [37] and vertebrae
lizard skin scales [122], to mammalian cell-cell interaction in human and rat cells [123]. Also, a wide variety
of different phenomena can be modelled, for example growth processes [124], adhesive cell interactions
[124], cellular swarming behavior [124], stripe formation in pigment cells [124], tumor development [124],
animal coat markings [125] and cell differentiation processes [126].

Apart from concrete systems, also more abstract analysis has been conducted using CA as modelling
tool. For example, in a more general secrete and sense CA framework, the statistical dynamics of spatial
order formation has been investigated with a focus on whether larger scale order, characterized by a large
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Moran’s |, appears [127]. CA are also used as an abstract toy model to investigate of unbound evolution
and novelty generation by having 2 interacting CA, where the state of one CA influences the rule of the
other [128, 129].

In summary, for special systems CA has been used to some degree as a successful modelling tool for

specific systems and some cases of more abstract biological systems.

3.5 Modelling Assumptions, Advantages and Disadvantages of CA Models

3.5.1 Modelling Assumptions

CA are based on a specific set of assumptions, which make them applicable to some biological regimes.
To map out theses regimes, in this section the assumptions are stated and discussed with regard to their
biological implications. Some of these assumptions are also relaxed in later chapters.

24

. Discretization of cell states: CA have discrete states, while in biological cells the question whether

cell states are discrete or continuous is still open. Experimental cell type classification methods
started from unspecific dyes and developed into specific antibody staining and later hybridization
based techniques allowing for a detection cell type marker molecules [130]. Another possibility is
the characterization via functional assays, defining cells states based on the cellular behaviour [130].
Classically, cells states were assumed to be discrete with cell transitioning through commitment
points. Yet, this view has been challenged by modern day “-omics” suggesting a more continuous
trajectory in gene expression space by looking at molecular characterization of cell types that are
based on global profiling using high throughput methods [130].

The traditional visual metaphor [131] for epigenetic dynamics is the Waddington landscape [132].
It shows (potentially multiple) supercritical pitchfork bifurcations (cp. fig. 3.6) as a function of some
usually unspecified parameter. The idea can be visualized by the simple equation:

— =8r—x (3.11)

The fixed points of this equation are x = 0, which is stable for s < 0 and unstable for s > 0, and
x = +4/s for s > 0 (stable). A cell moving in this landscape as the parameter s increases starting
from negative values resides in the stable fixed point = 0 until s = 0. Then, the cell has to decide
to adopt one of two possible states = = +/s as soon as s > 0 The viewpoint of a dynamical system
can be extended further as proposed by Kaufmann by asserting that stable cell types correspond to
attractors in a dynamical cell state landscape (fig. 3.7 (a)) towards which cells move [133]. Modifying
the landscape can then lead to the adaption of a different attractor (fig. 3.7 (b-e)). Recently, more
quantitative versions of this metaphoric picture based on experimental data was constructed by Saez
et al. for mouse embryonic stem cells [134]. Such a picture, even if transitions between cell states
are continuous, would support a modelling of cell states as discrete by identifying the attractors with
the discrete labels.

For the discrete modelling of the cell state transitions via the CA rule also exist established models
with a similar spirit, e.g., the modelling of biochemical networks through boolean models [135] or the
discretatization of Hill functions describing gene regulation through boolean like approaches which
allow to view the integration of several signal via logic gates [89].

Futhermore, it has been proposed that the exact inner workings of cells are irrelevant to development,
rather important are the cells, output, response to external signals and biophysical properties [136].

. Reversibility of Cell State Transitions: Principally, CA models place no restriction on which state

can transition to which other state, i.e., cells switching state back and forth are allowed in this frame-
work, and are thus more general than the often irreversible cell differentiation. Yet, cell plasticity
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Figure 3.7 Schematic 2 State System with External Signal. Represented is a potential landscape of the cell type
dynamic of a single cell: an equipotential (black line) of the dynamical system together with the steady states (blue
and red) and dynamical trajectories (green) originating at the saddle point of the potential surface, all for different
values of the external signal. When the external signal increases, the basin of attraction of the blue fixed point
decreases and the red fixed point appears (b), which continues (b-d) until the blue fixed point vanishes and the red
fixed point is the only one left (e). If the cell type is initially “blue” for low external signal, it will change to “red” for
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and de-differentiation is also an observed phenomenon [137], thus CA can in essence span the re-
quired range of cell state transitions in biological systems. Furthermore, as shown, e.g., in chapter 4,
coordinated cell state transitions can sometimes be interpreted as cell movement or sorting.

. Immobility: The cells in a CA are ordered on a fixed grid, which either amounts to assuming sta-

tionary cells forming a rigid tissue matrix in biological context [138] that is, e.g., the standard case
for plants [8], or a patterning dynamics that is fast compared to topological changes in the tissue. In
chapter 8 this assumption is relaxed by also including dynamic grids.

. Local Signaling: The neighborhood determines the range of the signaling in the CA dynamics. In

principle it is possible to include arbitrary connections, but the most common choices are neighbor-
hoods that only include the nearest neighbors or next nearest neighbors. This allows for a modelling
of local signals in the sense of the previous chapter, including signaling via portrustions.

. Deterministic Dynamics: The standard CA dynamics is purely deterministic, despite the inevitably

noisy nature of biological systems (see e.g., [63, 139, 140]). The discretization buffers some of the
noise by coarse graining the many possible concentration combinations of bio-molecules into few
discrete states, but the transitions between those states might still be noisy. Turning to a probabilistic
CA allows for a modeling of said noise at the expense of introducing additional parameters. A
simple possibility for turning a deterministic CA into an probabilistic CA for low noise is to assume
that the CA follows the deterministic rule, but with a probability p it maps to a different state, with
the same probability for all possible states. Thus, the deterministic rule is followed with probability
qg=1-— Zf:o p. The exact modelling choice also greatly influences the dynamics and stochasticity
of the system, e.g., a not modeled “hidden state” might turn a nearly deterministic transition into a
stochastic one [141].

. Directional Sensing of Signals: A general CA rule allows in principle to discriminate between the

directions from which a signal in the neighborhood is coming from. From a biological perspective,
this would require some kind of cell polarity. There are common restrictions on CA rule space where
the signal direction is irrelevant, e.g., outer-totalistic or totalistic rules (see above), which can be
enforced when the modelled phenomenon does not include directional signal processing.

. Discrete Time Dynamics and Synchronization: CA dynamics assumes discrete steps in time,

which can be justified as follows. From the perspective of continuous dynamical system, state
changes can be seen as as transitions between concentration fixed points of molecules determining
cell state. Assuming a discrete time dynamics together with discrete states is then consistent with
a smaller timescale for the change between these fixed points compared to the retention time in the
fixed points. Yet, the retention times between state transitions do not have to be equidistant in real
time, allowing for an implicit modelling of phenomena like slowing down of cell cycle dynamics [142].
Another critical assumption is the synchronicity of the updates of the cells. The exact accuracy of
synchronization needed may depend on the time it takes for the signal to be relayed between differ-
ent cells and processed within the signal receiving cell, as well as the retention time between state
transitions, compare chapter 6 for a more detailed analysis. Synchronization between biological os-
cillators is possible via only local interactions [13], which may allow for the ability of a synchronized
patterning dynamics.

. “Markovian” Dynamics The standard CA form calculates the new state of a cell only from state

values of the previous time step, similar to a stochastic process that is Markovian [143]. In a biological
context, this requires a degradation of the signaling molecules on a timescale shorter than the (real)
time of a single update. CA implementations with memory usually use for the inputs into an update
rule an exponential weighted sum of the past time steps, e.g., [144]
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This corresponds to a degradation of signaling molecule with a rate related to « that is small com-
pared to the inverse of the (real) time between two updates. Additionally, to assume a “Markovian”
dynamics when constructing the landscape of cell states on which the finite CA states are defined (cf.
assumptions on discretization of cell states above), it must be ensured there are no hidden dimen-
sions, i.e., types of molecules relevant to the state of the cell which are not included in the dynamical
systems picture. Such an omission of relevant cell states could in principle lead to an identification
of 2 different states A1 and A2 as a single state A, possibly introducing dependencies on the past
for the dynamics of A since for one trajectory A1 may be the actual state, while for another it could
be A2.

Some of the assumptions listed above are relaxed or their justification investigated in the following chap-
ters by extending the basic CA model viewing CA as " [...] philosophy of modeling where one seeks a
description in terms of simple but essential mechanisms" [145]. In chapter 4, an asynchronous model
variant is studied during the analysis of the results, and in chapter 6, it is checked how local interactions
can sustain global synchrony between cells. Chapter 4 starts a discussion about a changing grid by intro-
ducing cell division, chapter 8 extends this discussion by an extension of the basic CA model to dynamic
grids allowing for cell movement, division, death and interactions between grid dynamics and CA dynam-
ics. Chapter 7 couples local CA-type dynamics to long range signaling. The effects of noise on CA are
investigated in chapters 4, 5, 6, and 7, fully switching to a probabilistic CA in chapter 9.

3.5.2 Disadvantages and Advantages of CA as Models

While CA as member of the class of agent based models seem like a natural framework to investigate
cellularized systems with each cell corresponding to an “agent”, the previous chapter discussed the long
list of assumptions that need to fulfilled to be able to employ them as models. While many of these
assumptions can be relaxed as will be demonstrated throughout the thesis, developmental systems might
not always fulfill this large list of eligibility criteria to be suite-able to be modeled by CA. Also adapting a CA
model to a concrete case can prove to be difficult since CA usually have little flexibility to adjust parameters
[145]. Even small changes in rule may lead to totally different outcome (as an example compare rule 180
and 181 in fig. A.1 differ only by one rule entry but show completely different behavior from seed initial
conditions).

On the plus side, CA are usually relatively easy to implement and have a great numerical stability [145].
The discrete nature of CA partially allows for an exhaustive numerical search for solutions in CA rule
space with found rules and dynamics often being easily interpretable and visuablizeable. CA can model
both linear and non-linear systems, and the space of all CA rules contains a great variety of different
dynamical behaviors (cf. section 3.3 and following sections). Finally, due to their “age” a large body of
CA-theory is available which can be relied on.
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4 How to Form Global Patterns with Local
Interactions? - French Flag Problem Revisited

The main content of this chapter is the result of the collaborative work of the author of this thesis together
with Gabriel Vercelli, which will be jointly published in [146]. Smaller parts where developed as collabo-
ration between the author and Maria Molina Antén (section 4.11.3, [147]) and Lukas Zett (section 4.11.4,
[148]) and are marked accordingly. All were supervised by Ulrich Gerland.

4.1 Global Patterns from Local Interactions: Forming French Flags

The analysis of pattern formation with local interactions is started by looking at one of the most simple
model systems: a 1D grid with fixed boundary conditions. From a biological perspective, such a system
may be of interest because biological systems are finite and thus usually have a boundary’ - may it be cells
of another tissue or the surrounding environment. Besides “real” one dimensional tissues and organisms
[84, 149], 2D stripped patterns are ubiquitous in nature [150, 151] - due to the symmetry of the problem
along the stripes a simplifying assumption can be that such patterning processes can be reduced to be
modelled effectively in 1D as a first approach.

The dynamics of pattern formation is modeled by a cellular automaton with synchronous updates as
described above. A pattern formation process described by this model has two inherent lengths scales:
The interaction range of the cellular automaton, which will be set to » = 1 initially, and the extension of the
grid itself.

On the one hand it is comparably easy to see how patterns with a length scale determined by the length
scale of the interaction can be formed - for example to produce an alternating pattern in a k£ = 2 state
system, it suffices to use rule 15 (:L"§+1 = 1+a!_,) which, after L steps, fills the pattern with alternations of
the left boundary state (cf. fig. A.2). On the other hand, the problem of finding pattern formation techniques
that construct patterns with wavelengths related to the grid size L seems less trivial. Such patterns are
known to be formed using long range morphogen gradients [2], but here the goal is to investigate how to
form them with short range interactions.

As a first simplification of the problem, a generic “target” pattern is specified which should be the sta-
tionary state that the cellular automaton reaches when starting from arbitrary initial conditions, namely
patterns with s stripes with equal width for s states in the final pattern. For 2 states, this corresponds to the
left half of the final pattern being 0, the right half being 1. For 3 states, it matches Wolpert’s iconic French
Flag pattern [20] with equal stripe widths. Different stripe width are investigated later.

To systematically screen rules (“genotypes”) for their ability to form patterns (“phenotype”) resembling
the French Flags from arbitrary initial conditions, a mathematical criterion has to be defined - in this case
the relative agreement with the target pattern (relative number of cells with the same state) after a fixed
simulation time 2L,

L

1 |

P = EZ(S(:L’ZZL,@”?O&‘), (4.1)
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which is termed “fitness” of the rule (fig. 4.1). Other definitions of the fitness functions are possible and

may be useful in specific contexts, e.g., when looking for applications where the location or width of a

specific stripe is more vital than that of other stripes, or loss of biological function is not linearly associated

'it may be argued that in problems like the neural tube periodic boundary conditions are an appropriate modelling choice because
of the eponymous tube geometry, so not all finite systems do necessarily have a boundary from a modelling perspective
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with the number of cells in the wrong state, but depends on the phenotype in a more involved fashion. In
the abstract context here, only the relative agreement is used. Since the final pattern and thus the fitness
is not only a function of the rule but also of the initial condition, an average over different initial conditions
is taken. Checking all initial conditions is usually not feasible since the number scales with system size as
kL. Therefore, if not stated otherwise, Nsampie = 50 initial conditions are sampled for a length of L = 100
and a maximum simulation time of T;,,,.. = 200.

Genotype Phenotype Fitness
Rule table: Simulation: Final pattern:
L] o o Goal pattern:
o [ EEEEE
e I I : '
.;. .;D .;. XV IXXIX Y VX VI
HE B BN
E. . - ® = 10/15=0.667
[ | [ | B D T [

Figure 4.1 Genotype, Phenotype and Fitness. The outputs specified in the rule table can be interpreted as the
genotype of a rule. Together with an initial condition they give rise to the phenotype visualized by the kymograph
and result in a final pattern after a fixed amount of time. To determine the fitness associated with this final pattern, it
is compared to a goal pattern and the fitness is calculated as the relative amount of matching states.

4.2 Only one Solution in 2 State Space

In the &k = 2 state space, all rules can be explored exhaustively. While the fitness for most rules is close
to the value for a random choice of states 0.5, Rule 29 (marked red) has a fithess close to 1 (fig. 4.2 (a)).
The high fitness of rule 29 is not an artefact of the specific system size chosen for the fitness calculation in
fig. 4.2 (a), but consistent across several orders of magnitude of system size (fig. 4.2 (b)). The mechanism
by which rule 29 manages to achieve such a high fitness is illustrated by looking at a kymograph (fig. 4.2 ¢).
If the pattern is checkerboard like, blue and white states just switch their place in the bulk of the checker-
board. Checkerboards expand as long as they do not hit a completely blue patch to the left or a completely
white patch to the right. The blue (white) patches grow to the right (left) when hitting checkerboard like
patterns, and stay stagnant when hitting the other colored patch (ensuring a stable steady state). This
rough behavioural description allows to split up the rule table in the mappings responsible of conserving
the steady state, and mappings generating and conserving the checkerboard pattern (fig. 4.2 (d)).

4.3 Searching Vast Rule-Spaces: Evolutionary Algorithms and Multiple
Sequence Alignment

In the case of k = 3 states, exhaustively searching the whole CA rule space consisting of 7.63 x 10'?
rules is hardly feasible, especially if not only a single target pattern is of interest but multiple under possibly
different settings. Thus, an efficient sampling algorithm has to be used. For cellular automata, evolutionary
or genetic algorithms (EA) have been employed in a similar setting trying to find rules that mimic early
Hydra development [152]. EA are a computational exploration technique that employs motives found in
natural evolution, but does not necessarily try to mimic real biological processes. The version used here
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Figure 4.2 2 State Solution (a) Fitness for all 2 state rules trying to generate a half blue, half white pattern from a
random initial condition. Fitness was calculated over Nggmpie = 1000 for L = 100 and 7,4, = 200. (d) Fitness as
a function of system size for rule 29. For L < 20 Nggmpre = 100000, for 20 < L < 100 Nsgmpie = 10000, and for
L > 100 Nggmpie = 1000 was used. (c) Exemplary kymograph for rule 29 starting from random initial conditions. (d)
Rule table of rule 29, split in mappings necessary for a correct steady state and mappings creating the checkerboard

pattern.
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Figure 4.3 Evolutionary Algorithm and Consensus Procedure. (a) The evolutionary algorithms starts with a
population of rules and calculates their fitness according to fig. 4.1. It then mutates each rule in the population
and calculates the corresponding fitness. The mutated rules are compared their respective parent rules, and out
of this pairwise comparison the rule with the higher fitness is chosen. From this new population, the 30% worst
rules are eliminated and replaced by random rules and completes a single round of evolution, which gets repeated
Niteration = 1000 times. (b) Maximum and average fitness of a population of a single EA run as function of the
iteration showing the increasingly slower increase with iteration. (c) Comparison of maximum and average fitness
as a function of iteration for the evolutionary algorithm as described in (a), as well as versions without mutations or
without injection of random rules. The version described in (a) outperforms the other two regarding the maximum
fitness present in the population. (d) Distribution of maximum fitness for several evolutionary algorithm runs shows
that while in general good solutions are found, for finding exceptional solution several runs may be needed. (e)
Fitness as a function of system size for an exemplary best rule at the end of an evolutionary algorithm run. Fitness
is not constant with system size, but may change, and is subject to stochastic variations due to the sampling of the
initial condition. (f) Exemplary kymographs for said rule. (g) Consensus procedure taking the best rule in the rule
set at the end of the evolutionary algorithm run and calculating the fitness for all rules at most 6 mutations distant,
selecting the rules with fitness ® > 0.9, and then constructing a consensus by aligning the rule outputs and taking
the majority output for each input.

(fig. 4.3 (a)) starts with a set of N,opuiation = 100 randomly chosen rules. The fitness of the rules is
calculated, each rule is mutated twice and the fitness of the mutated rule is again calculated. Now the
fitness of the original and the mutated versions of the rule are compared and the lower performing is
discarded. The resulting rule population again comprises of 100 rules, from which the worst 30% are also
discarded and replaced by randomly chosen rules. This procedure is now repeated for Nrieration = 1000
steps while the fitness of the best rule typically increases (fig. 4.3 (b)), yielding a final set of rules, the best
of which are usually high performing (fig. 4.3 (b, d)). Both mutation and random injections are needed
to efficiently search the rule space (fig. 4.3 (c, d)) - random injections alone would just be equivalent to
random sampling, mutations alone can increase the average fitness of the rule set efficiently but not the
maximum (fig. 4.3 (c, d))2. Since the interest here is only in the best performing rules, the combination
of both mutation and random injection seems to be a sufficiently well performing combination to search
the rule space®. The best rule found after several runs of the EA can reliably form a French Flag (fig. 4.3
(e, f)). Since it is expected that slight mutations to this rule yield in most cases also well performing
rules, additionally the neighborhood of well performing rules in rule space is surveyed. This serves several
purposes: First, knowledge of the well performing rules in the neighborhood allows for the construction of
a Consensus rule consisting of the most abundant entries in high fitness rules (fig. 4.3 (g)) in accordance
with motif search in DNA, RNA, and protein sequences [154]. Second, the evolutionary algorithm is
not constructed to sample the local neighborhood of well performing rules systematically and it can be
hypothesized that in this neighborhood equally well or better performing rules can be found.

The consensus procedure was carried out to include rules up to 5 mutations away from the rule found in
the EA with a fitness of 0.9 or larger. Out of this set of rules, the most abundant rule entries for each input
were selected to construct a “Consensus” rule, which can be seen in fig. 4.4 (a), (b). It is not sensitive to
the specific choice the number of mutations or fithess threshold for the inclusion of rules as can be seen
in table A.2 and is detailed in [146].

2]t can be hypothesized that this is due to only finding local maxima in the fitness landscape and then being trapped inside them.

30Other common motives used in evolutionary algorithms are combinations of several rules, as well as fitness comparisons of the
mutated rules with the whole rule set and not just the immediate predecessor rule [153] - both motives have also been explored
during the early stages of the project in different combinations with the other motives but did not seem to yield satisfactory
results.
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Figure 4.4 Analysis of the Consensus Rule. (a) Logoplot of outputs of the rules with Hamming distance 5 around
the Consensus rule which have a fitness ® > 0.9 showing how variable the entries of high fitness rules are. (b)
Fitness of single point mutations of the Consensus rule, generally agreeing with the picture from (a). (c) Stationary
state mappings. (d) Rule table of the “Consensus Rule” split into two modules: (1) the “Bulldozing” module consisting
of all entries which have a red state in the middle of the input and seed new blue and white states, as well as all
entries with red in the left input, in general erasing the middle entry and replacing it with red (2) and the “Sorting”
module consisting of the rest of the entries leading effectively to an exchange of blue and white states. (e) Fraction
of blue, white and red states in the final pattern as a function of system size. (f) Scatter plot of initial and final
number of red states (2s) of the Consensus rule as well as the Consensus rule mutated at input 9 to blue or white,
which lead to the conservation of the number of red states in the pattern. (g) As (f), but ensemble averages. (h)
Variance of the final number of white and blue states as a function of the leftmost red position in the initial condition
of the Consensus rule and the Consensus rule with mapping 9 mutated to white. Not having this mutation as in the
Consensus rule can generate an additional red bulldozer far to the left which guarantees a lower variance in the blue
and white proportion. (i) Fitness as a function of the system size for the Consensus rule, the best found rule, the
mapping 9 to white mutation of the Consensus rule and the analytical solution [146]. (j, k) Difference between the
final and initial number of Os (1s) as a function of the initial number of 0s (1s) for the Consensus rule and the Mapping
9 to white modification of the Consensus rule showing the Conservation achieved by the mutation. (I) Kymographs
of the Consensus rule and the Consensus rule with mapping 15 mutated to blue.

4.4 Solutions for 3 State CA

4.4.1 Importance of Contributions

By looking at the rule, it is not clear which (combination of) rule entries are important in the sense that
mutating them would lead a rule with considerably lower fitness. Knowing the well working rules in the
local neighborhood allows for selection of the relevant rule entries. Thus, the fithess for all rules up to
Hamming distance 5 around the Consensus rule is calculated and all rules with fitness & > 0.9 are

selected. Then, the frequencies of each output in the input-output (z¢_, 2%, ¢, ;) — 2!*! map in this set
gt gt
are viewed as a probability pifﬂl’wl i) and the associated entropy
- (at_yahati)) | (ot
S(x§—1vx§7$§+1) - Z 10g2 px?'l px?'l (4.2)

t+1_
z; =0

for the distribution of each rule contribution is calculated. While the entropy can be interpreted as the
amount of information gained from determining the exact entry instead of a choice from the distribution of
the associated random variable, subtracting the entropy from the maximum entropy gives the information
content

L (4.3)

Ti—1TiTip

) =logz (3) = S(ar_ arat,)
plotted in fig. 4.4 (a) in form of a logo plot. A set of contributions can be immediately singled out, the
steady state mappings (fig. 4.4 (c)) which map all inputs that can occur in a successfully formed French
Flag on the state of the middle input. These mappings guarantee that the the French Flag is a steady
state of the dynamics generated by the rule. It is intuitive that these contributions have a large information
content in contrast to other contributions, namely 2, 6, 9, 15, 18, 20, 24 and 25 (enumeration as in fig. 4.4 (b,
d)), which are highly variable and can be chosen almost at will without leaving the realm of the high fitness
neighborhood. This is also confirmed by the changes of the fitness by single mutations (fig. 4.4 (b)), which
show large negative changes for the steady state mappings, but only comparably small changes for the

contributions identified as highly variable.

4.4.2 Patterning Modules

By close inspection, the rule can be split up in two parts termed modules whose distinct dynamical behav-
iors can be characterized (fig. 4.4 (d)). The first module is termed “sorting module” and is comprised of all
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inputs which have a no red state in the middle or left part of the input of the mapping. Roughly speaking,
this module exchanges any blue cell that is to the right of a white cell, sorting the blue and white states
into the correct order. The second module is the “bulldozer module”, consisting of all cells with a red cell
in the middle or left input. It moves red cells to the right if there is no other red cell and leave blue and
white cells behind in an alternating fashion. Both modules work together to construct the French Flag. The
bulldozer module shifts all initially red states to the right, while the sorting module sorts any left behind
blue and white states as well as all blue and white states to the left of the leftmost red state in the correct
order. Since the number of red states in the initial condition is on average % and the blue and white states
are left behind in equal numbers, the resulting pattern can be expected to be close to a French Flag.

This high level description of the hypothetical rule dynamics of course needs to be confirmed by com-
puter experiments. It allows to formulate predictions about the expected behavior of the rule:

1. The initial number of red states should be conserved and thus the same as in the final French Flag.

2. For aninitial condition without red states, the number of blue and white states should also be perfectly
conserved since they are only sorted.

3. The fitness should converge towards 1 for large system sizes L, lim;_,o, ® (L) = 1.

Checking the conservation of red states (fig. 4.4 (e), (f)), it is clear that strict conservation does not hold.
Additionally, the number of red cells in the final pattern is larger than the number of blue and white cells
(fig. 4.4 (9))- Inspecting the sorting module of the Consensus rule (fig. 4.4 (d)), it can be hypothesized that
entry 9 produces additional red states. This hypothesis is verified by mutating this entry to either blue or
white, in which case the numerical exploration shows a perfect conservation of red states (fig. 4.4 (e), (f)).
It can be speculated why a red entry 9 is more prevalent in the found high scoring rules used to construct
the Consensus rule. Having this entry potentially produces additional red states close to the left boundary,
which in turn reduces the “stochastic component” in the number of blue and whites in the final pattern
since the blue and whites left of the first red state keep their distribution when being sorted into the final
pattern. This can be quantified by first defining the difference between the number of blue and white states
in the final pattern as variable and then calculating the variance of that variable as a function of the position
of the leftmost red in the initial condition (fig. 4.4 (h)). If entry 9 is mutated this scales roughly linearly as
expected for the difference between two independent binomial random variables. If it is not mutated, the
variance approaches a constant value determined by the average position of the leftmost red state created
by entry 9.

Conservation of the number of white and blue states for white and blue only initial condition does also
not hold true (fig. 4.4 (i), (j)), again solely be because of entry 9 (fig. 4.4 (i), (j))-

The convergence of the fitness to 1 does also not hold (fig. 4.4 (k)) exactly. Assuming a uniform distribu-
tion of all rule inputs in the initial state and no new creation of inputs 9 during the rest of the simulation, a
fraction of £ + 5. reds and § — o= blues can be expected (fig. 4.4 (g)), which explains the missing conver-
gence to 1. An analytical model constructed from the above hypothesized assumptions about the dynamics
imposed by the Consensus rule supplemented by the effect of mapping 9 constructed by G. Vercelli pre-
dicts for 1 — @ a scaling with system size proportional to L= and a limit of lim/_, o (1-®(L)=1-+%
[146], which fits the numerical results (fig. 4.4 (j)). Mutation of mapping 9 leads to the prediction of a limit
of 1, which is also confirmed by numerical experiments (fig. 4.4 (k)) [146].

As a final note, mapping 15 would be expected to map to blue instead of white for a perfect bulldozing
module. However, mapping 15 influences the final pattern primarily when there is a large blue patch to the
right of the leftmost red cell, which is unlikely for random initial condition (fig. 4.4 (I)). Thus this mapping
does not effectively influence pattern formation.

4.4.3 Coverage of the Rulespace

The evolutionary algorithm and following consensus procedure might be successful in finding solutions
to the French Flag problem, but there is inherently no guarantee that all qualitatively different types of
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solutions are found with this procedure. For a single automaton length and a single target pattern, it is
in computational reach to calculate the fitness of all 3 state rules by using an adaptive fitness calculation
algorithm. In contrast to the normal algorithm, the fitness of a rule is only evaluated for Ngumpe = 10
different initial conditions for L = 30, and only when the fitness calculated in this way exceeds 0.66666,
additionally 40 initial conditions are sampled for a total of Ngumpe = 50 initial conditions. To conserve
memory, only rules with fitness exceeding 0.85 are finally used. For visualization purposes, a tSNE algo-
rithm [155, 156, 157] preceded by a principle component analysis of a 27 dimensional vector containing
the rule outputs is used to project the rules pace down to 2 dimensions (fig. 4.5). To check whether the
same modules as in the Consensus rule are used, the rules are colored by their relative agreement to
the relevant parts of these modules, where relevant parts is defined as having an information content that
is at most one bit less than the maximum information content (fig. 4.5 (a)-(d)). It shows that the relevant
parts of the sorting and bulldozing module are prevalent in nearly all of the found rules with high fithess
(fig. 4.5 (e)) either in the red bulldozer and blue-white sorting or in the blue bulldozer and white-red sorting
combination, with the exception of some rules on the top. These rules have, in contrast to all other rules,
not all entries necessary to yield the French Flag steady state which is also shown by coloring the rules
by their measured time to steady state (fig. 4.5 (g)) and direct visualization of the kymographs (fig. 4.5
(k)), and therefore are indeed an artefact of the chosen simulation time when calculating the fithess. The
crosses illustrate the prototypical Consensus rule (fig. 4.5 (h)) and its color symmetric counterpart (fig. 4.5

(i)-

4.5 Solutions for 4 State CAs

In this part, the combinations of the modules found in 3 state space in 4 state space as proposed by G.
Vercelli are explored. The fourth state is labeled black in the following.

The simplest way to generalize the Consensus rule to 4 states is to just take the entries of the 3 state
rule for all inputs that do not have a black state, let the bulldozer state also erase the black state, and
evenly distribute the rule outputs over the blue, white and red colors for inputs that contain a black state
(fig. 4.6 left column). Additionally, the entries that let the Consensus rule diverge from the simple model
of a pure red bulldozer and a pure blue-white sorting like for example rule entry 9 are now set such that
the simple model assumptions of red bulldozing and blue-white sorting are fulfilled (fig. A.3). This rule will
be called Mixed rule for purposes which will get clear later. In itself, the construction of the Mixed rule is
not particularly interesting because it behaves essentially like the Consensus rule (fig. 4.7 first and second
row), but it can serve as a comparison and benchmark for the following constructions.

With the additional fourth state, the bulldozing state which erases the initial pattern and generates the
rest of the states with equal proportion can be shifted on this black state, while all other states just sort
themselves starting from this states generated by the bulldozing state (fig. 4.6 middle column, fig. A.3).
Intuitively, this has the advantage that the relative proportion of the red state does only weakly depend on
the initial condition, namely on the position of the leftmost black state and the proportion of reds left to the
leftmost black state (fig. 4.7 third row).

Finally, it can be attempted to construct a rule that purely sorts blue, white and red states and converts
all the black states in the initial condition immediately into blue, white or red states. A rule working in
this way would, for the width of the stripes of the French Flag, solely rely on the statistics of the initial
condition. The problem in attempting to do this is that with 3 states it is unclear how to process the reverse
French Flag (red, white, blue) input, because red and blue need to be swapped to the same place and on
the neighboring tiles two white states are created (fig. 4.8 a). Having a fourth state allows to solve this
problem by using the fourth’s state as a temporal superposition of blue and red state that also gets sorted
and resolved as soon as the states around it are in a suitable condition (fig. 4.6 right column, fig. A.3,
fig. 4.8 (c) and (d)). The module that performs this action is termed resolution module (fig. 4.8 (b)). The
rule itself is termed Bubble rule because of its resemblance of the equally named parallel sorting algorithm
[158].
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Figure 4.5 Screening of Entire Rule-space. For all rules in 3 state rule-space, the fitness is calculated, all rules
with a fitness ® > 0.85 are selected and for visualisation purposes projected down from the 27 dimensional genotype
space to a 2 dimensional space using first principle component analysis followed by t-distributed stochastic neigh-
borhood embedding. The colors represent relative amount of relevant entries (entries with an information content
larger log2(3) — 1) with the same output as the Consensus rule for a (a) blue white sorting module (b) white-red
sorting module (c) red bulldozer module (d) blue bulldozer module; (e) relative amount of steady state entries (f)
fitness ® (g) time to steady state. Example kymographs for (h) Consensus rule (i) its symmetric counterpart (k) and
an example of the small batch of rules not reaching a steady state during simulation time.
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Figure 4.6 Construction of Rules in 4 State Space. High level models of rules constructed in 4 state space, for
kymographs and detailed mapping see fig. 4.7 and fig. A.3. The Mixed rule is the 4 state extension of the Consensus
rule working similarly but now with the red state also erasing all black states. Landscaping rule uses the black state
to erase the preexisting pattern and seed blue, white, and red states alternatingly, which subsequently get sorted.
The Bubble rule sorts the initial pattern using a resolution module (fig. 4.8) to resolve inverse French Flag inputs.
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Figure 4.8 Resolution Module (a) The resolution module solves the problem to which state the inverse French Flag
input should be mapped to. (b) Mappings of the resolution module (c, d) lllustrative simulation and general scheme
show how the resolution module resolves the inverse French Flag. It maps it to a black state creating one black and
one white state in the process. The black state moves to the right until there is no blue state any more 2 cells to its
right and then annihilates with a white state creating a blue and red state in the process.
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4.6 Scaling of the Fitness Function

One of the most notable conditions in the French Flag problem is that the pattern is scale-able, i.e., it
adapts to the system size. While it is intuitive from the simplified models stated above describing how the
rules work that the functioning should be independent of the system size, that the actual rule and not only
the simplified conceptual model need to be shown explicitly. Indeed, numerically calculating the fithess
for Consensus, Mixed, Landscaping and Bubble rule over a range of system sizes shows that in all cases
the fitness is large and slightly increasing with system size (fig. 4.9). The curves exhibit a high frequency
oscillations due to the discreteness of the system which only allows proportions of exactly 1:1:1 if the
system size is divide-able by 3. The curves can be fitted well in a log-log plot (fig. 4.9 inset), resulting in
linear scaling coefficients of roughly —0.5 for the Mixed and Bubble rule and —1 for the Landscaping rule.
A detailed mathematical model developed by G. Vercelli [146] shows that it is possible to predict these
exponents using the simplified conceptual models of sorting and bulldozing together with a uniformly state
distribution in the initial condition. In a nutshell, since both Mixed and Bubble rule rely on (for at least
a part of the stripes) purely sorting the initial condition, the fitness difference to 1 is dominated by the
absolute difference of the number of states in the initial condition from the average 1/3L. As shown in
the publication, this difference scales as the inverse square root of the system size, reproducing the fitted
coefficients. The Landscaping rule on the other hand uses the bulldozer state to completely erase the
pattern and perfectly reconstruct it, thus all fithess deficits originate from the part of the initial condition
left of the leftmost bulldozer state in the initial condition. The size of this part is roughly independent of
the system size, i.e., its relative size shrinks inversely proportional to the system size. Thus, it creates a
fitness deficit scaling roughly inversely proportional to the system size explaining the measured coefficient
of —1.

® Mixed ®Landscaping ®Bubble
_ 1.00+
€0.95
S
< 0.901
>
v 0.851
)
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L
0.75+

102 102 103
System size (L)

Figure 4.9 Scaling of the Fithess Function. Fitness as a function of the system size for Mixed, Landscaping and
Bubble rule. High frequency oscillations are due to the non unique definition of the target pattern if the system size
is not divisible by 3. The Landscaping rule outperforms Bubble and Mixed rule, which have a similar graph. Inset: 1
- @ as a function of the system size in a double logarithmic plot together with linear fit functions illustrating the power
law scaling of the fitness function when approaching 1 in the limit of large systems.

4.7 Kinetics of Pattern Formation

In developmental systems, the time to form a pattern until the next step of development is often rather
limited [146]. Thus, a fast paced pattern formation mechanism can be imperative. A measure for the
speed of pattern formation is the average time it takes until the pattern reaches its steady state Tgg,
expressed as a function of the system size. Computationally measuring this parameter and using a linear
regression to fit Tss yields linear scaling coefficients of 0.74 for the Bubble rule, 1 for the Mixed rule and
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1.67 for the Landscaping rule fig. 4.10. The numbers have again also been derived using mathematical
models based on the simplified conceptual models of these rules [146]. The Bubble rule just sorts the
initial condition, which for large system sizes should for the furthest states should naively take at most
2/3L steps to reach their respective states - yet the resolution model delays the sorting with each of its
applications by a step, thus increasing this number slightly to 0.74. The Mixed rule first needs time to sort
all red states to the right 2/3L and then sorts the last created blue state from the 2/3L position to the
1/3L position, in total 2/3L + 1/3L = L steps. For the Landscaping rule, this increases to L steps for the
bulldozer state to move completely to the right and then subsequently 2/3L steps for the last created blue
state to reach the blue stripe, yielding L + 2/3L = 5/3L steps necessary.
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Figure 4.10 Time to Steady State. (a) Distribution of the time to steady state for Consensus, Mixed, Bubble and
Landscaping rules, together with their averages and theoretical values for a fixed system size. (b) Scaling of the
time to steady state as a function of system size for the prototypical rules together with linear fits and theoretical
estimates.

4.8 Leaving the perfect world: Noise, Growth and Asynchrony

So far, the setting of the model was deterministic, except for the varying initial conditions, and the number
of cells was constant.

4.8.1 Noise

In more realistic scenarios like developing organisms or synthetic signaling, noise is usually ubiquitous
[140]. It may influence transmission, processing and storing of the information about the states. Here,
noise will be modeled by a probability p that during a CA update of a single cell the dynamics will not
follow the CA rule but instead choose one of the states at random. This single parameter models noise
during the transmission of information, the processing of the received and stored information, or during
the storage of information itself. Figure 4.10 (a) gives a visual impression of how pattern formation with
Mixed, Landscaping and Bubble rule changes in the presence of noise for different noise strength. The
Bubble rule seems a lot less affected than the Mixed and Landscaping rule, from which the latter seems to
perform worst. Intuitively, this can be understood as a creation of a bulldozer state through noise far left in
the pattern basically restarts pattern formation nearly from scratch - for large enough noise p the average
time between establishing two new bulldozer state through noise is then smaller than the time it takes for
the pattern to form, never ending the pattern formation effectively. For the Bubble rule on the other hand,
the general pattern is not disturbed too much by the noise since individual errors just get sorted, but do
not “spread” throughout the pattern. Note that a width of /3 for each stripe is a steady state under noise
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for the Bubble rule assuming that it just sorts: If a stripe has currently length [ and there are 4 states in
total, i.e., 3 flag states (the black state gets changed to the others relatively quickly), on average lp% of
the mutations in the stripe change their state to a different one, while on average (L — l)p% change to this
state in the other stripes - equating these two processes results in | = % To quantify the stability of the
pattern formation process, in fig. 4.10 (b) the average boundary positions as a function of the noise are
shown, where boundary position is defined as the first occurrence (looking from the left) of a consecutive
triple of cells with at least two cells in a state of the corresponding stripe, confirming that the Bubble rule
indeed is stable against noise in contrast to Mixed and Landscaping rule.

4.8.2 Growth

In development, pattern formation often occurs during growth of the tissue itself. To check whether Mixed,
Landscaping and Bubble rule are able to form the pattern during growth, a simple homogeneous growth
is introduced: every cell has a probability ¢ of dividing itself per step (“growth rate per cell”), with both
daughter cells adopting the same state as the mother. In fig. 4.10 (c) again kymographs for different
growths rates per cell are depicted, showing that for low growth rates per cell, patterns form reasonably
well, while for larger growth rates per cell the patterns get distorted. To quantify this more, the average
fitness as a function of the initial system size for a growth rate per cell of 0.002 is shown in fig. 4.10 (d).
This is used as a measure since the average number of new cells per time step is ¢, i.e., increasing either
the initial size or the growth rate both increases the total growth rate. For smaller initial sizes, the fitness
increases, while for larger sizes it starts to decrease again. This can be explained by the combination of
two realizations: A steady state pattern is, for short times, only mildly affected by growth since if the stripes
roughly have a relative width of 1/3 each, each of the grows with the same rate. Once the total growth rate
exceeds roughly one cell per time step, growth happens faster than pattern formation, and thus the latter
cannot succeed if it is not finished yet. To test this explanation, the initial length at which the exponential
growth is faster than the pattern formation L.,;; is estimated using ¢7'ssL.-+ = 1, which approximately
marks the length at which the fithess starts to dip again. The exception is the Landscaping rule, which
creates new bulldozer states for the input (2,1,0) (reverse French Flag) - a input that does usually not
appear during pattern formation behind the last bulldozer, but can due to the system growth (fig. A.7 and
fig. 4.10 (c)). Mutating this entry to a non bulldozer state changes the form of the curve to be similar to
the curves of the other rules (fig. A.4 (f) and fig. A.7). In summary, all prototypical rules are able to form
patterns during growth, with their ability decreasing the longer the pattern formation takes favouring the
Bubble rule over bulldozer module based rules.

4.8.3 Asynchrony

A central assumption of our model is the synchronous update of all cells. While there are examples of
pattern formation where the expression of certain genes is synchronized due to local interactions [29],
there is in general no guarantee that cell state changes happen synchronously across different cells.
To test how much an asynchronous update influences pattern formation with the prototypical rules, the
probability of a cell to perform an asynchronous update per time step p4 is defined. At each time step,
a set of cell is chosen according to this probability to update asynchronously. All other cells first perform
a synchronous update, then the cells of the asynchronous set update in a randomly chosen order. The
fitness as a function of p4 is plotted in fig. 4.10 (e), showing that Mixed and Bubble rule outperform
Landscaping rule and generate pattern with a relatively high fitness even when on average 30% of the
cells update asynchronously. The low performance of the Landscaping rule can partially be explained by
entry 36, which is the only entry generating new black states without black inputs. Under synchronous
operation of the rule, input 36 does not appear left of the leftmost black state after the initial condition is
processed, but the asynchronous update can generate this input and thus new black cells, which restart
the patterning process (fig. 4.10 (f)). Mutating said entry to white improves the fitness significantly (fig. 4.10
(e))- In conclusion, the Mixed and Bubble rule can withstand a significant portion of asynchronous update,
while the Landscaping rules needs slight modifications.
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Figure 4.10 Noise and Growth (previous page). (a) Kymographs for the dynamics of Mixed, Landscaping and
Bubble rule for different probabilities of mutating the states of an individual cell to a wrong state at each time step.
Generation of new bulldozer modules (Mixed and Landscaping rule) drastically impacts the pattern formation, while
the effects of errors in the dynamics of the Bubble rule only have local effects. (b) Average boundary position,
defined as the first occurrence (looking from the left) of a consecutive triple of cells with at least two cells in a state
of the corresponding stripe, as a function of the error probability underpinning the stability of the Bubble rule. (c)
Kymographs for the dynamics of Mixed, Landscaping and Bubble rule for different rates for each cell to divide at each
time step. (d) Fitness as a function of system size for Mixed, Landscaping and Bubble rule together with estimates
of the system size which on average has one cell division per time step in the whole grid. (e) Fitness as a function
of the probability of asynchrony for Bubble, Landscaping and Mixed rule as well as the Landscaping rule modified
at position 36 away from black. (f) Exemplary kymographs for pattern formation with asynchrony for p4 = 0.1 and
L = 34.

4.9 Changing the Target Pattern

While the French Flag serves its purpose as a conceptual target, its symmetry with regard to stripe width
raises the question if the techniques used to find solutions to the French Flag problem as well as the
solutions themselves are generalizeable to different but related problems. In this section, first the evolu-
tionary algorithm and consensus procedure are used to find solutions for different target ratios. Second, it
is shown that re-engineering the Bubble rule allows for nearly continuous adjustment of the stripe within a
range. Third, using the patterning modules of Landscaping and Mixed rule, solutions for flags with more
than three stripes are constructed.

4.9.1 Using Evolutionary Algorithms and Consensus Procedure to Search for Rules
Creating Different Target Patterns

The evolutionary algorithm and consensus procedure is in principle agnostic to the target patterns which
is specified by choosing the target in the fitness function. To look for target patterns with a ratio of
blue:white:red equals (1:2:1), (2:1:1) or (3:1:1), respectively, the target pattern was set accordingly. Setting
the target pattern to different ratios, in this cases blue:white:red equals (1:2:1), (2:1:1) or (3:1:1), respec-
tively, and modifying the consensus procedure to a smaller coverage radius of 3. Since the found solutions
were riddled with special solutions for the used simulation time 7T,,,,, = 2L which did not reach the steady
state yet, the fitness function was adapted to average comparisons after 1,,,, = 2L and T, = 5L,
as well as looking for solutions for different lengths (L € {40,100, 200}). From several runs of EA and
consensus procedure, the best solutions were picked and are displayed in fig. 4.11. Visually inspecting
the kymographs (fig. 4.11 middle column), all rules seem to use variants of the sorting module, with solu-
tions to (1:2:1) and (3:1:1) sorting red and white instead of blue and white. Using special initial conditions
(fig. 4.11 right column), it is possible to shine a bit more light on the additional mechanism of each solution.
In case of the 1:2:1 rule, a single blue cells seems the be used as bulldozer producing red and white cells
at approximately 1:2 ratio. For the 3:1:1 ratio, the blue bulldozer is moving slower than 1 cell per time step
across the pattern while producing white and red at a 1:1 ratio, while for 2:1:1 the bulldozer seems to act
in a more stochastic manner.

4.9.2 Making the French Navy Happy: Re-engineering the Bubble Rule that Create French
Flags with Different Scales

When sailing at sea, the French navy is faced with the problem of a fluttering flag, which when having
originally 1:1:1 ratio will appear distorted viewed from a distance. To counter this problem, it chose a ratio
of 30:33:37 for the flag colors giving it a more even appearance when dancing in the wind [159]. Taking
this as a model problem, it can be asked if it is possible to modify our already found solutions in a fine
grained manner to achieve precisely tune target ratios. In order to solve this problem, the Bubble rule is
reinspected here. When being fed with an initial condition which contains only blue, white and red states,
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Figure 4.11 Solutions for Different Target Ratios Found by Evolutionary Algorithm Search. Average proportion
of each state as a function of the automata length (a, d, g) as well as exemplary kymographs from random (b, e, h, j)
as well as white with perturbation (c, f) initial conditions for the blue:white:red stripe width target ratios of 1:2:1 (a-c),
3:1:1 (d-f), and 2:1:1 (g-i).
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Figure 4.12 Conservation of States for the Bubble Rule. Difference between initial and final number of 0s (1s,
2s, respectively) as a function of the initial number of Os (1s, 2s, respectively), demonstrating the conservation of the
number of states through the Bubble rule dynamics.

the Bubble rule conserves their relative proportions (fig. 4.12) and merely sorts them. A simple solution
to our problem would therefore just be a modification of the distribution of the initial states. Assuming this
is not possible, it can additionally be used that the resolution module which resolves sorting conflicts only
uses parts of all available rule entries with inputs containing black states, i.e., a lot of the inputs containing
black states are just chosen to distribute any blacks in the initial condition evenly to the other colors for
subsequent sorting. Changing the even balance of this distribution to lean more towards a desired state
can thus be expected to change the color ratio in the final flag when provided with a evenly distributed
initial condition. Testing this prediction slowly mutating the rule entries with black inputs which are not in
the sorting module (fig. 4.13), it can be seen that the average proportion of states can indeed be tuned in
a fine grained manner for any color of choice.

4.9.3 10 Shades of Blue: Combining Bulldozing and Sorting Modules to Generate Stripes
with More Target Patterns

So far, the number of states in the target pattern was kept constant and their number simply motivated by
the original French Flag problem. From a conceptual viewpoint it is interesting to reflect if the previously
obtained rules can be modified to create more stripes. Mixed and Landscaping Rule are a good candidate
for this since their operating principle is to erase the pattern using one of their states and then recreating it
by seeding the other states in an alternating fashion with a period of 2 (Mixed) or 3 (Landscaping) states for
the original French Flag and subsequently sorting them. Simply increasing the period to a larger number of
states and generalizing the sorting modules to any combination of states proves successful in producing
target pattern with more stripes with approximately equal ratio (fig. 4.14). In general, patterns with N
stripes formed by rules following the principle of the Mixed (Landscaping) rule are expected to require the
use of N (IV + 1) states.

4.10 Changing the Initial Pattern

Whilst a random initial condition with a flat distribution over the states is probably the most unbiased initial
condition, in biological systems cells often start in an undifferentiated state and change later to a more
differentiated one. In the model here, this can be mimicked by interpreting the black state as undifferen-
tiated, i.e., apart from the fixed boundaries, all other cells are initially black, while the goal of forming a
French Flag as target pattern stays invariant. Applying the Landscaping rule to this initial condition solves
the French Flag problem perfectly, apart from the usual fitness oscillations if the system size is not divid-
able by 3 and thus the target pattern not completely specified (fig. 4.15 (a)). Alternatively to applying the
Landscaping rule, other solution strategies can be searched by evolutionary algorithm similar to above,
with the modification of only allowing sampling rules with the correct steady state mappings. The rules all
use the same strategy of having a uni-colored front moving with speed of on average % cell per time step
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Figure 4.13 Modifications of the Bubble Rule. Exemplary kymographs (a, c, €) and number of 0s (1s, 2s) in the
final pattern as a function of the number of mutations in the Bubble rule (b, d, f), demonstrating the possibility of
gradually changing the outputs of inputs with black states that do not belong to the sorting resolution module lead to
a nearly continuous change in the width of the stripes.
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to the middle, meeting with a front producing white and the leftover color and moving at speed 1 (fig. 4.15
(b, ¢)). The states produced by the faster front get sorted accordingly.
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Figure 4.15 Homogeneous Initial Pattern Fitness as function of the system size and exemplary kymograph starting
from a homogeneous initial condition of (a) Landscaping rule and (b, c) exemplary rules found by using evolutionary
algorithms. The EA only used rules with the correct steady state mappings.

4.11 Discussion and Outlook

4.11.1 Summary

In order to solve the French Flag problem of axial pattern formation with only local interactions, a cellular
automaton model was employed. With evolutionary algorithms, consensus procedures and engineering
approaches, solutions in 3 and 4 state space based on two different patterning strategies were found. One
patterning strategy is to sort a prexisting distributions of states in the correct order, the other is to erase
the existing pattern and create states in the right proportion. Combining these two strategies allows for
the construction of qualitatively different solutions. It was shown that the Bubble rule solution basing on
sorting states is robust against noise, growth and asynchrony, as well as its stripe width tune-able. The
Landscaping rule based on erasing the preexisting states and sorting the newly created ones is robust
against changes in the initial condition and its fithess converges faster to 1 as a function of the system
size.
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4.11.2 Comparison with previous results

From a method point of view, the work of Rohlf and Bornholdt is related concerning several aspects [152,
160]. They used a 3 state CA and evolutionary algorithms to successfully find a solution to the problem
of dividing an initially random 1D pattern into two compartments with sizes 0.3L and 0.7L where the left,
small compartment comprising of only cells in state 2 and the right compartment comprising only of cell
not in state 2. They showed scalability of the pattern with system size and robustness under noise and
growth similar as demonstrated above. Further, they investigated growth at the boundaries, robustness to
“cuts” and errors in directional signaling. Compared to the results presented in this thesis, their problem
was less strictly defined (only a condition on one of the the compartments) with just one special solution
that was discussed, which did not allow the investigation and characterization of more general patterning
principles for axial pattern formation.

From a results point of view, Ancona et al. [161] demonstrated in a general message passing model
different solution algorithm for solving the French Flag pattern. One of their solutions uses a variant of
counting the passed on messages to determine the (relative) position in the pattern and assign a color
based on that relative position. Another solution utilizes a sequential version of the Landscaping pattern
formation idea, where first the correct proportions of the colors are generated across the system, followed
by a Bubble sort to bring the colors in the correct order. All proposed solutions have a slower kinetics, and
similar or larger memory requirements then solutions found here.

4.11.3 Increased Interaction Range

The model used in this chapter included only interaction between directly neighboring cells. Yet, interac-
tions between non neighboring cells are possible, for example trough filopodia extending from one cell to a
more distant cell (see [4, 56] and fig. 2.1 (d)). To include those interactions, in an exploratory project con-
ducted by Maria Molina Anton supervised by the author of this thesis (personal communication, [147]), the
interaction range of the CA was increased. Naturally, this vastly increases the rule table and complicates
the analysis. Using a similar methodology as described in this section, rules that could solve the French
Flag problem were found. The kymographs for different carefully chosen exemplary initial conditions from
one of the found rules are shown in fig. 4.16. A number of hypothesis can be made from observing the
kymographs: The blue stripe is generated by red states hitting it with white to the right (a-d). While red
moves with a speed of one cell per time step (a, d, e, f), white can move with larger speed to the left (b,
c¢) and right (f). The red stripe is generated similarly by blue states hitting the red stripe, while the blue
seems to move right slower than 1 cell per time step on average (d). The findings hint at more elaborate
mechanisms that can work for larger interaction ranges, partially using the possible larger pattern forma-
tion speed. A slightly different approach was chosen by T. Ramalho by investigating 1D system in discrete
time and space, but continuous state [162]. The update function was of the form of a recurrent neural
network, and solving for a 2 state partition of the cells showed traveling wave solutions, yet was unable to
find a steady state [162].

4.11.4 2D Topology

A simple yet severe restriction of the above model was the one dimensional topology, which may be model
certain aspects of axial pattern formation, but aspects of increased fitness and error correction in axial
patterns via the second dimension or patterns different from axial patterns cannot be investigated. An
ongoing project with Lukas Zett [148] uses a split up of the 2D rule in a horizontal rule and a vertical
rule both subsequently acting on a cell and its 2 immediate neighbors in horizontal and vertical direction,
respectively (first the vertical then the horizontal rule). When using the Consensus rule in horizontal
direction, an evolutionary algorithm can be used to optimize the fitness with respect to the rule in vertical
direction. The result are rules outperforming a vertically uncoupled version or a version coupled by the
majority rule which always takes the local majority of states as an output for the vertical direction [148]. The
coupling of a Consensus rule in horizontal and a majority rule in vertical direction significantly improved
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the fitness once noise was present, but was strongly susceptible to errors due to asynchrony, with a
reversed behavior of a horizontal Consensus rule coupled to a with regards to fitness optimized version of
the vertical rule [148]. Another possible solution found was to use a rule in vertical direction that creates
a nearly homogeneous pattern, which is then patterned by a horizontal rule specialized in forming this
intermediate pattern to a French Flag [148]. Additionally, solutions for triangular, hexagonal and irregular
topologies were found. The former two generally outperform uncoupled horizontal 1D Consensus rules
with regards to fitness, while for irregular grids the fitness is lower for large systems [148].

4.11.5 Increasing the Search Quality

Most extensions previously discussed in this chapter require the search of a rule-space which is often
many magnitudes larger, e.g., for 3 states 1D » = 1 CA can have 3(3°) ~ 7.62 - 10'2 different rules, r = 2

CA 3(3°) ~ 8.72.10115 different rules, and 2D CA with a Moore neighborhood 3(3*) ~ 1.51-1099" different
rules. It is unclear if evolutionary algorithms are able to find well working rules in such vast spaces, thus
other approaches might be needed. If there are other features which need to be illuminated like the time to
steady state, mapping elites has shown to be a promising algorithm outperforming evolutionary algorithms
[163]. Its basic principle is instead of an unstructured list of rules it uses solutions over a low dimensional
feature space to construct new rules. If such a rule is a better solution than the already existing solution in
the corresponding sector in feature space it replaces the old rule [163]. Other algorithms exist that do not
rely on a low dimensional feature space, but instead work in the high dimensional rule space and create
a structured list of well performing and diverse rules by adding new rules to the list if they are either more
performant than rules in their close vicinity in rule space which are already in the list or “novel” compared to
the rules already in the list [164, 165]. Combinations of both conditions are also possible [165]. New rules
(“offsprings”) are created by mutation or crossover from parent rules chosen for the rules in the structured
list and the recently created rules [165]. If the offsprings are added to the structured list, their parents get
awarded with a higher “curiosity” which influences the likelihood of becoming a “parent” again [165].

4.11.6 Evolutionary Perspective: Fitness Landscapes

Another interesting avenue of research was proposed by Gabriel Vercelli, who opted for seeing the model
system in 4 state space as example for a possible space of all solutions a evolutionary process (in the
sense of biological evolution, not as evolutionary algorithm as mere search tool in this rule space) could
explore. This opens up questions like if there exists a path of continuous mutations between prototypical
rules which contains only high fitness rules.
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5 How to Steer Global Pattern Formation With
Local Interactions? - Programmability

This chapter consists of work started by Hao Wu [166] and Tiago Ramalho [162], extend in [167] and in
this thesis by the author, and cumulatively published in [168]. Here, a larger emphasis is given to the points
developed during the time of this thesis’ while other parts necessary for a coherent story are presented in
a more concise manner partially omitting proves or calculations already presented in [166], [162] or [167].
All were supervised by Ulrich Gerland. The author thanks Kilian Vogele and Friedrich Simmel for fruitful
discussions.

5.1 A Model for Programmability

In the previous chapter, finding a rule for the formation of a specific pattern from an unknown arbitrary initial
conditions without any additional inputs using local, nearest neighbor signaling was discussed. Here, the
focus is shifted to programmable pattern formation in the sense that the target is to find interaction logics
that are able to form any desired pattern from any given initial condition given that 1 or 2 cells at the
boundary or in the middle of the pattern supplement the appropriate inputs by changing their state, again
only relying on local, nearest neighbor signaling.

This target is motivated by organizer cells in developmental biology which instruct their neighboring
cells via cell-cell signaling while they themselves do not react to any cues recieved from the outside.
The most famous example of an organizer region is the Spemann-Mangold organizer inducing the main
body axis in early Drosophila development [2, 83]. A single "anchor cell" also organizes C. elegans vulva
development with a following signal relay by local interactions [28, 84]. Further, it has been demonstrated
that the evolution of formed patterns can occur through minor changes in cis-regulatory sequences which
control gene transcription [2, 169]. From a synthetic perspective, optogenetic manipulation of opto-Delta,
an optogenetic allel of Delta, opens a perspective of manipulating the expression programs of individual
cells effectively creating analogues to organizer cells [68].

As a modeling tool to investigate this research question, CA are chosen. In this CA, three types of
cells are used (fig. 5.1 (a)): bulk cells, which all follow the same CA rules with synchronous updates; fixed
boundary cells, which have a constant state; and organizer cells, which follow a protocol. All cells can have
one of two possible states, 0 or 1 (fig. 5.1 (a)). They are arranged linearly in a line with either two organizer
cells at both ends or one organizer cell at one and a fixed boundary cell at the other end. Alternatively,
they are arranged in a ring with an organizer cell embedded (fig. 5.1 (b)). Starting from an arbitrary initial
condition, the bulk cells are updated according to the CA rule, if necessary taking into account the states
of organizer or fixed boundary cell (fig. 5.1 (c)). The goal is now to find CA rules which allow for any initial
pattern and any target pattern a choice of organizer sequence that produces the target pattern.?

5.2 Limited Set of Rules Enables Programmability

As first attempt to solve this question exhaustive sampling of small systems is used. For a given system
topology and system size, a network/graph is generated whose nodes are all possible patterns of the bulk

'in particular: the parts about the degree statistics and standard classification quantities in section 5.2; section 5.3 except for
the part about microcanonical entropy; the comparison of different pattern complexities in section 5.6
2«Pattern” in this sentence can be any combination of Os and 1s, not necessarily an ordered one.
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Figure 5.1 CA Model for Programmable Pattern Formation. (a) The model features 3 types of cells: bulk cells,
following a CA update rule, organizer cells (marked by a red arrow), which follow a protocol, and fixed boundary cells
(square), which have a constant value. All cells can have either state 0 or 1, marked by color. (b) Three topological
setups are considered: A linear, 1D array of bulk cells with organizer cells on both sides (two-sided control), or
with an organizer cell on one side and a fixed boundary cell on the other side (one-sided control), as well as a
circular, 1D array of bulk cells with a single embedded organizer cell (embedded control). (c) The bulk cells follow
a CA dynamics, while the organizer cells control the patterning process by following a protocol of state changes.
A given CA rule is programmable if it allows the organizer cells to steer the pattern formation to any target pattern
starting from any initial pattern using an appropriate sequence of organizer signals. Reproduced from [168] under
the Creative Commons Attribution 4.0 International License [170].
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(fig. 5.2 (a)-(c)). For each such pattern and each possible organizer input(s), the CA is executed once
synchronously and then an directed edge is draw between the initial pattern and the pattern after a single
step (fig. 5.2 (b)-(c)). For a given system size and system topology, this network now contains all possible
transitions between patterns and will be called "patterning graph”. Thus, checking whether it is possible
to transition from any initial to any target pattern in the patterning graph is equivalent to checking if it is
possible to transition from any node of the patterning graph to any other node along the directed edges, i.e.,
checking if the patterning graph is strongly connected [171]. Using standard algorithms implemented in
Igraph [172] or NetworkX [173], respectively, it is possible to check which rules generate strongly connected
patterning graphs for a given system size and topology and are thus “programmable”.

The number of representatives from the CA equivalence classes (section 3.3.1) which are programmable
decreases monotonically as a function of the system size and seems to reach a stationary value for system
sizes larger than L = 8 (fig. 5.2 (d); for the “one-sided control” scenario a organizer cell on the left was
chosen). The representatives of the equivalence classes are tabulated in fig. 5.2 (e).

In order to explain how the programmable rules work, as a first measure the degree statistics of the
corresponding patterning graphs is investigated. For a given number of possible combinations of the
states of the organizer cells, the out-degree of each node, which is the number of edge-tails which begin
at that node, corresponds to that number - i.e., for a single organizer the out degree is 2, for two organizers
and thus 4 possible combinations of organizer states the out degree is 4. The in-degree distribution, which
is the distribution of edge heads ending at a node, can in principle be any distribution conserving the
cumulative degree and depends on the rule, but notably for programmable rules it is a distribution with a
single nonzero value of the corresponding out degree in contrast to nearly all other rules (fig. 5.2 (f) and
fig. A.8). The only other two rules with a similar in-degree distribution are the identity and complement rule
which are both trivially not programmable. The form of the in-degree distribution is somewhat surprising
since a lot of different degree distributions would allow for a strongly connected network, e.g., a single path
of edges connecting all nodes in a circular structure with all other edges pointing any desired nodes. It
also insinuates that programmable rules may be distinguished from non-programmable ones by sampling
the local structural statistics of their patterning graph which is also numerically feasible for larger patterning
graphs.

With the same goal in mind, also the values of standard classification quantities (chapter 3) was calcu-
lated for all 256 elementary CA rules, highlighting the programmable rules amongst them (fig. 5.3). Starting
from the top, Langton’s X is both for the 0 or 1 as quiescence state for all programmable rules at % - which
is not surprising since in the table in fig. 5.2 (e) the given algebraic expressions for the rules indicate that
all of them are linear in at least one of their arguments, making a change in that argument change the
output of the rule and thus leading to an equal 0 - 1 output distribution of the rule. The u-sensitivity does
not show a particular structure which can again be explained from the algebraic expressions which show
that while the programmable rules do depend at least in some inputs linearly, most either do not depend
on all inputs or do depend on them in a nonlinear fashion. The estimate for the Kolmogorov complexity
of the rule table does also not reveal any particular structure, yet both spatial and temporal Kolmogorov
complexity estimates show comparably large values for the programmable rules, indicating that without
a specific external protocol the space of patterns does not get compressed by the programmable rules,
consistent with the in-degree distributions discussed above and the values for spatial and temporal single
point entropies. The information integration or Synergy on the other hand does not show a particular struc-
ture with the values being distributed over both large and low values, indicating that some rules introduce
dependencies between the inputs, while others do not which again becomes apparent by looking at the
algebraic expressions on the rule table. Summed up, the analysis above indicates that computing esti-
mates for the spatial and temporal Kolmogorov complexity and single point entropy might, together with a
sampling of the in-degree distribution, hint which rules to check for programmability in larger rule spaces.
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Figure 5.2 Patterning Graphs. (a) Exemplary system with L = 3 bulk cells following rule 86 and two organizer
cells leading the pattern from 101 to 011. (b) Excerpt of the patterning graph of the system depicted in (a) (L = 3,
rule 86), defined nodes being patterns with L = 3 and directed edges being possible transitions for rule 86 and
the possible organizer states, with the red path corresponding to the patterning dynamics in (a). Organizer states
that corresponds to a specific transition are noted next to the directed edges. (c) Whole patterning graph for L = 3
and rule 86 and two-sided control. A rule is called programmable if transition form every bulk pattern to any other
bulk pattern is possible, i.e., if the graph is strongly connected. (d) Number of programmable rules as a function
of the system size for different system topologies, calculated by exhaustive generation of the patterning graphs and
checking for strong connectivity for one member of each equivalence class (section 3.3.1). The exact number of a
linear system with one organizer varies depending on the choice of the representative rule (not shown). For system
sizes L > 8 the number reaches a plateau value. (e) Programmable rules which comprise the plateau in (d) -
algebraic expression, rule number and input-output mappings, as well as indications about the sensitivity on the
initial pattern, the bijectivity of the rule (see below) and non-linearities. (f) Examples of in-degree distributions for
different rules and a random assignments of directed edges to a graph with the same number of nodes and edges
as the rules. Programmable rules have in general a histogram with only a single nonzero value. Reproduced from
[168] under the Creative Commons Attribution 4.0 International License [170].
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Figure 5.3 Classification of Programmable Rules by General Schemes. Langton’s A with 0 ()\p) and 1 (A1),
respectively, as “quiescent” state; i sensitivity; Kolmogorov complexity of the rule table Kz, of the pattern along the
spatial axis K (length L = 100), averaged over 1100 time steps and 10 samples with random initial conditions, and
of the pattern along the temporal axis K1 averaged over the spatial axis with similar parameters as above; Single
site entropy H calculated along the spatial Hg and temporal axis Hr, respectively, and averaged over the other, with
same parameters as above; Numerical calculation of the the synergy for 1 or 2 time steps 57 and S5, values from M.

Bojer [116]. Programmable rules are marked with a red +.
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5.3 Rules Enabling Programmability Form Patterns in Different Ways:
Patterning Strategies and Patterning Kinetics

After having determined the programmable rules and contextualized their values for some classification
quantities, in this section a closer look on which mechanisms the individual rules use to form the desired
target patterns is taken. In fig. 5.4 (a)-(h), it is exemplified how different programmable rules reach desired
target patterns (most of the time 10011100), starting from an all 0 initial condition except for (g). For (a)-(c),
examples are given with one organizer cell on the left and a fixed boundary cell on the right. The probably
simplest example is rule 240 (:z:;?“ = z!_,) (fig. 5.4 (a)), which just moves the whole pattern one cell to the
right and the target pattern is thus plainly written into the left organizer cell (except for the 0 part of the target
pattern to the right). This is reminiscent of the clock and wavefront mechanism of vertebrate somitogenesis
[13] in the sense that a temporal signal gets written into a spatial pattern. The temporal signal may also be
processed, e.g., 15 (fig. 5.4 (b)), shifting the pattern to the right and simultaneously inverting the color at
each step, requiring a different organizer protocol. The processing might be more complex, exemplified by
rule 105 (fig. 5.4 (c)), generating also parts of a complex pattern without the external input and, depending
on the initial and final pattern, shortening the time it takes to form the target pattern. This can also be
achieved by using organizer cells on both sides, which allows some rules to systematically shorten the
time to reach the target pattern by processing information from both sides symmetrically (rule 90, fig. 5.4
(d)). Some rules may also process this information asymmetrically, only partially using one of the inputs
from one of the organizer cells (rule 30, fig. 5.4 (e)). At last, in fig. 5.4 (f)-(h) the organizer cell is embedded
in bulk cells in a linear arrangement. The pattern information might again be only transmitted to one side
(rule 240, fig. 5.4 (f)). It may also in some cases be computed directly from an initial pattern (rule 30,
fig. 5.4 (f)) or the information might be pushed in both directions, creating an interference like phenomenon
which eventually produces the target pattern.

To substantiate the loose claims made above about the patterning kinetics, it is useful to measure
how much the pattern space gets “compressed” by the action of the organizer cells. In order to do so, the
following thought experiment is undertaken: After selecting a target pattern, a little walker is placed at every
node of the patterning graph. All walkers move towards the target pattern along the shortest possible path
on the patterning graph. The amount of node still occupied by walkers, in the sense of statistical physics
the occupied “state space”, is recorded as a function of time. The logarithm of this quantity corresponds
to a microcanonical entropy-like quantity S(¢). For a fixed system size and a single target pattern S is
plotted as a function of time for a circular topology with an embedded organizer (fig. 5.4 (i)) and a linear
topology with 2 organizers (fig. 5.4 (j)) for the corresponding programmable rules. For the circular topology
(fig. 5.4 (i), rules that only transfer information into one direction (rules 15, 60, 240, cp. fig. 5.4 (f)) follow
a linear law (S(¢) = L — t), while rules that transmit information in one direction linearly and in the other
non-linearly (30, 45, 120, 180, cp. fig. 5.2 (e) and fig. 5.4 (h)), have a non-linear dependency on time. For
two organizers, rules that process information linearly from both sides (rules 90, 105, 150, cp. fig. 5.2 (e))
form patterns faster (S(t) = L — 2t) than the other programmable rule. These fall into two sub-classes.
Rules that depend only linearly on the left entry and not the right entry show a perfectly linear behavior
with slope —1 (S(t) = L — t). Rules that depend on the left entry linearly and non-linearly on the right
entry show only a roughly linear behavior with slope —1 (S(t) = L — t)).

In conclusion, rules which process information linearly in both outer arguments can utilize two organizer
cells to form patterns twice as fast compared to using just one organizer cell or having two organizer cells
but rules which do not take inputs from one of their outer arguments. Rule with non-linear processing
of one of the outer arguments and a linear processing of the other can utilize two organizer inputs only
slightly better compared rule which only process one outer argument and ignore the other, but take longer
on average to form the pattern when placed in a circular topology because the same signal gets processed
twice in a different fashion.
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Figure 5.4 Patterning Strategies and Kinetics. (a)-(g) Exemplary kymographs for different rules and topologies.
Linear topology, one organizer cell: (a) Rule 240 copies the organizer sequence 1:1 into the pattern. (b) Rule 15
copies and additionally inverts the color at each step (¢) Rule 105 shows a more complex information processing,
leading to a much quicker formation of the desired pattern from the same initial condition. Linear topology, two
organizer cells: (d) Rule 90 uses inputs from both sides equally, while rule 30 (e) fully uses inputs from one side,
but only partially inputs from the other side. Circular topology: (f) Rule 240 functions similar in circular topology (g)
Rule 30 can use information from both sides, which due to the interference of the signals from the inputs may lead
to a long pattern formation time (h). (i, j) Entropy .S (occupied rule space, defined as the logarithm with base 2 of the
number of occupied patterns when starting from every initial pattern and moving towards a defined final pattern) as
a function of time for the programmable rules. Dashed lines correspondto S = —t + L and S = —2¢ + L, indicating
a linear decreases for all rules (linear, 2 organizers) or only linear rules (circular), with rules with linear inputs on both
sides being the fastest, while non-linear rules being slower in circular topology. Reproduced from [168] under the

Creative Commons Attribution 4.0 International License [170].

61



5.4 Bijectivity Is a Sufficient Criterion for Programmability

The previous section already hinted that programmability has a connection to the linearity of the algebraic
expression. In this section, this notion is formalized with the concept of bijectivity [174].

Definition: A rule is called left bijective, if the mapping = — y withy = f (-, 2!, z, ) is bijective for
each combination of zt, x! 11 values (fig. 5.5 (a)-(b)). Right side bijectivity can be defined analogously.
This means for a left bijective rule, the output xﬁ“ can be set to any desired value by chosing z!_,
appropriately. Translating this argument back in time and space until an organizer cell is reached allows
control of :rf“ (fig. 5.5 (c)). The argument made in fig. 5.5 (c) allows for the following conjectures:

« If a rule is right side bijective, the same argument can be made with an organizer cell on the right.

+ The argument is constructive in the sense that it produces a recipe for calculating the organizer
sequence O! to reach the target pattern given the initial pattern and the rule.

« It explains the patterning kinetics discussed in the previous section: rules that can take inputs from
only one side need at most L steps to form the target pattern, rules that can take inputs from both

sides at most £ (or ££L if £ is not of integer value).

+ It also explains part of the discussed pattern formation mechanisms: For simple rules like 240 and
15, the organizer sequence can in principle be chosen independent of the initial state, although
taking the initial state into account might increase the speed of pattern formation. For more complex
rules, the initial state will influence the pattern formation and has to be taken into account.

+ The bijectivity argument does neither use a specific number of states nor a specific system size.

+ This also sets the lower boundary on number of programmable rules to kIR,
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Figure 5.5 Organizer Sequence Construction for Bijective Rules. (a) Example of a left-bijective rule which
maps, for same middle and right input, to different outputs for different left inputs. (b) Example of non left-bijective
rule. (c) lllustration of the organizer sequence construction for a left-bijective rule. The values of all white cells are
not influenced by the organizer sequence. To set the state of z4(5), the state of x3(4) must be at the correct value,
while left-bijectivity of the rule guarantees that such a state exists. To set x3(4), z2(3) must be at the correct value.
This argument can be carried on up to the organizer O(0), which can per definition take any desired value and
thus determine z4(5). The same argument can now be made for z3(5) and O(1) and so forth. Thus, bijectivity of
the update rule is a sufficient condition for programmability. Reproduced from [168] under the Creative Commons
Attribution 4.0 International License [170].
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5.5 Expanding to More Dimension Allows Buffering of Errors

In realistic settings, the communication between cells, storage of the cell state, and processing of the
information are all erroneous. To model this, a probability p is introduced with which at each step a cell
changes its value to the opposite value similar to section 4.8.1. As observable, the probability of not having
an error in the final pattern Prob (noerror) is chosen. For rules that are only bijective in one of their outer
arguments it takes at most L steps to reach the target pattern and thus, by the construction in fig. 5.5 (c),

at most errors in L(LQ_U updates can influence the final pattern, leading to

L(L-1) L(L-1
Prob(noerror) ~ (1 —p)~ 2 ~1-— (2)

p+0 (p2). (5.1)

This estimate together with its Taylor expansion to the first order is shown in comparison to the numerically
sampled values for the programmable rules in fig. 5.6 ¢, confirming that the estimate indeed reproduces
the general behaviour of the model and showing the great sensibility towards errors.

In a one dimensional system with limited range, a correction of the errors is not directly possible since
there is not information redundancy. To introduce the possibility of such a redundancy, the system is extend
to two dimensions. The goal is to have a striped system in the sense that all cells in the y direction are
supposed to having the same state (fig. 5.6 (a)). The cells are arranged in a tube topology with periodic
boundary conditions along the y axis, with a total system size of L - K cells. The redundancy of the y
direction offers a possibility of increasing the reliability of pattern formation by locally averaging over this
direction, effectively equivalent of applying a majority voting rule similar to section 4.11.4 and [175], before
applying the CA rule (fig. 5.6 (b)). Using a combinatorical argument for the possible arrangements of errors
and their influences it is possible to show that

Prob (no error) ~ 1 — 2L2Kp* + O (p*), (5.2)

confirmed again by numerical sampling [167, 168]. Thus, the redundancy is able to reduce the sensitivity
of the programmabile rules to errors drastically. There is some variability among the programmabile rules,
which can be explained by the fact that there are rules which only shift the information (240, 15) and
thus not spread any introduced errors, whereas rules that also process the information in a complex way
also have the tendency to spread the errors and thus perform worst (rule 90, 105, 150). When changing
the boundary conditions on the top and bottom to be fixed, the error correction process is jeopardized
noticeably (fig. 5.7), with the exception of rule 15. As explanation it can be hypothesised that at the fixed
boundary the error correction breaks down since only two cells in the majority voting are updated by a
dynamical rule and the third is fixed - if those two cells have a different value correction is not possible.
The exception is for rules that invert the patterns at each step as for rule 15, allowing the averaging majority
rule also to have some effect on errors at the boundary cells.

5.6 Robustness Against Organizer Sighal Timing

Up to now, the timing of the organizer signal had to be in precise lockstep with the updates of the bulk and
the target pattern did not have to be a stationary pattern of the update rule. The former can be achieved
by subjecting the organizer cells to the same synchronization mechanism as the bulk cells. The latter
has possibly no practical influence since the time an update takes is never specified in the model and
does not have to be the same for each step of the dynamics, and additionally transient patterns are a
common feature of developmental systems [176]. However, it may still be interesting to ask what kind of
patterns can be formed if these assumptions are relaxed. To this end, the model is changed insofar now it
is always waited until the dynamics reaches a stationary pattern before the organizer inputs change, but at
the same time also the rule is changed (fig. 5.8 (c)). The rule change would, in a developmental system, be
equivalent to changing the information processing of the same signals a cell receives, as, e.g., exemplified
by the Toll signaling pathway in Drosophila [169]. A combination of organizer inputs and rule is now referred
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Figure 5.6 Robustness Against Errors and Error Correction (a) To investigate robustness against errors cylin-
drical grid is used with organizer cells on the left and fixed boundary cells on the right. (b) An update step of the
Moore neighborhood comprises of an application of the majority rule in vertical direction, followed by a CA update in
horizontal direction. (c) To quantify the susceptibility to errors, the probability of not having an error in the final pattern
as a function of the probability of each cell mapping to the wrong state per time step p is calculated from simulations
for a 929 grid for the programmable rules (symbols). Solid lines give the values of an analytic theory with dashed
lines representing the corresponding Taylor expansions up to the first non constant order. Red for systems without
error correction, blue including error correction. Error-corrected systems are less susceptible to errors, leading to
a higher order of p dependency for small p. Reproduced from [168] under the Creative Commons Attribution 4.0
International License [170].
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Figure 5.7 Robustness Against Errors and Error Correction for Fixed Boundary Conditions. Same as in
fig. 5.6, but for fixed upper and lower boundary conditions instead of periodic. Correction works noticeably worse
due to the disruptive influence of the fixed boundary conditions. Only for rule 15 and its color switches (cp. fig. 5.4)
it is possible to correct errors more effectively (cp. [167]). Reproduced from [168] under the Creative Commons
Attribution 4.0 International License [170].

to as instruction. To capture this newly defined dynamics, the patterning graph of each rule is mapped to
a new graph with the nodes still being the patterns, but the edges now representing the transitions from a
pattern to (if existing) the stationary pattern to which it is lead by the rule (fig. 5.8 (a), (b)). Adding these
graphs for all rules together by keeping the nodes copying the edges into a common graph constructs the
“attractor graph” for a given system topology and system size. As initial state, a homogeneous bulk state
is chosen. Form other initial conditions, this initial condition can always be reached by the 0 rule

Since not all patterns are stationary states to some rules (except for the identity rule), some patterns
are not reachable. Calculating the number of actually reachable patterns by exhaustive exploration of
the pattern space shows that it can be well approximated by an exponential growth (fig. 5.8 d), which is
consistent with an analytical approach showing that the number of attractors of finite CA grows with the
exception of the identity rule more slowly with system size L than 2 [177]. Even though the number of
reachable patterns grows in exponential fashion, the number of instructions necessary still follows a linear
relationship (fig. 5.8 (e)), similar to the previous patterning scheme.

Ramalho looked at the pattern formation process in the sense of this section from the viewpoint of
Kolmogorov complexity by viewing the pattern formation process as means to compress the information
needed to generate a specific pattern [162, 168]. The number of instructions is then up to a constant an
upper bound for the Kolmogorov complexity of the pattern and it can be hypothesized that, since elemen-
tary cellular automata are a minimal model for algorithmic generative models, it is a good upper bound
to universal complexity [162]. Here, it is compared with the pattern complexity calculated as described
in section 3.3.4. Figure 5.9 demonstrates that both are only weakly related in the sense that low values
of one measure do not occur together with high values of the other measure, but otherwise no additional
structure can be seen. The first aspect can be explained by the fact that pattern which needs the lowest
number of instructions exhibit some periodicity as naively expected from patterns which are easily com-
pressed [162, 168]. That otherwise no structure is evident is not a contradiction of two measures for a
Kolmogorov complexity, since both can only be seen as upper limits and are up to a constant determined
by the underlying algorithm.
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Figure 5.8 Attractor Graphs. (a) Attractor graphs are generated by calculating the attraction basins of fixed points
of patterning graphs for fixed organizer inputs. (b) Each element of the attraction basin is then directly mapped to
the fixed point in the contribution to the attractor graph of the specific rule. As an example, the transition marked
in red arrows from pattern “101” to pattern “001”, which is stationary for rule 40, using [1, 1] as organizer inputs, is
equivalent to the red arrow in (b). The attractor graph comprises contributions from all CA rules and organizer inputs
for corresponding topology. (c) Exemplary trajectory in the attractor graph, changing rules and organizer inputs
(instructions) only after having reached a fixed point. Pattern 011001101001 is formed from a homogeneous initial
pattern. (d) Number of reachable patterns from a homogeneous initial condition as a function of the system size
from exhaustive calculations (symbols) as well as exponential fits (dashed lines), which all have a base smaller than
2. (e) Number of instructions necessary to reach a given state calculated exhaustively (symbols) with linear fits.
Reproduced from [168] under the Creative Commons Attribution 4.0 International License [170].
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5.7 Discussion and Further Avenues of Research

In this chapter, a theory for programmable pattern formation was developed. First, a programmable rule
was defined as allowing to steer a patterning process starting from any initial pattern to any target pat-
tern by appropriately choosing organizer inputs. A computational approach by exhaustive analysis of the
space of patterns for small system sizes using network theory identified a limited set of rules that were
programmable. Estimates for the spatial and temporal Kolmogorov complexity as well as single point en-
tropies of the rules alongside with the degree statistics of the patterning graphs were identified as possibly
useful filtering criteria for the search of programmable rules in larger rule spaces. The patterning principles
employed by the rules where discussed, ranging from a Chinese’s whispers or Mexican wave [178] type
of information relay over complex information processing to interference type rules for circular topologies.
Bijectivity was identified as a sufficient criterion for programability of rules independent of system size or
number of states. Much like in a game of Chinese whispers, errors are a common feature of biological pat-
tern formation and have been addressed subsequently by introducing redundancy through extending the
system in a second dimension over which local averaging procedures have been performed. Finally, the
precises timing of the organizer protocol was relaxed at the expense of changing rules and it was shown
that under these conditions, it was still possible to reach an, as function of the system size, exponentially
growing amount of patterns in an, as function of the system size, linearly growing time.

The equivalent question in the theory of continuous systems is usually phrased as control theory [179,
180, 181]. In control theory, the notion of controllability is formalized similarly to programmability here
as the abilities to steer a dynamical system to any desired state from any initial state. Recent advances
focused on controllability of systems with complex topology yet simple linear dynamics [181]. In contrast,
we used a simple topology but a more complex, highly nonlinear dynamics in an open loop system. For
a discrete CA setting, a similar problem was addressed independently [166, 162, 167] in the framework
of regional control of CA. In a deterministic setting, Boolean derivatives [112] and peripheral linearity
have been employed as a conceptually similar vehicle to bijectivity to prove programmability of CA rule
[182, 183], as well as a graph theoretical approach was undertaken to computationally investigate the
question [184] which finally was generalized also in a probabilistic setting [185, 186].

How does the here discussed pattern formation mechanism via organizer cells compare with other
mechanisms in the literature [176] like, e.g., the clock and wavefront mechanism [13] or traveling and
phase waves [187]? For example, in the clock and wavefront mechanism the difference between exem-
plary investigated wild types and mutants seems to be the wavelength of the pattern, while the principal
form seems to be invariant [29]. As demonstrated here, with organizer cells the full capability of com-
plex, information processing subunits can be leveraged leveraged to achieve a complete adaptability of
the pattern formation process to freely chose-able target patterns and not only changes in the pattern
wavelength.

An example for a programmable dynamics may be the pattern formation during C. elegans vulva devel-
opment, where an anchor (“organizer”) cell steers the fate of 6 precursor cells [84]. Reverse engineering
a possible CA rule from the proposed high level models yield a partially specified rule which is compatible
with a bijective rule [167].

The results of this research can possibly be transferred to other fields ranging from locally communi-
cating robots [188, 189] over DNA based CA implementations [167, 190], to nanoscale robotic arms [46].
For the latter, as proposed by Simmel [48], controlling an organizer cells could be achieved through small
enough electrodes addressing only a single arm.

For future research, it seems promising to investigate the concept of programmability in 2D, yet an
attempt for a direct transfer of the concepts developed turned out to be not successful [167]. Thus, it
might be interesting to turn either to more relaxed forms of programmability, e.g., focusing only on a
subset of cells that need to be in the correct state or surrendering the all-to-all mapping as exemplified in
section 5.6. On the other hand, the external steering capacity could be strengthened by increasing the
number of organizer cells and/or decreasing their mutual dependency. Other promising avenues might be
investigating the influences of prepatterns [12, 116] and long range signaling.
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6 How to Synchronize Local Oscillations Globally?
- Pattern Formation and Synchronization

The main content of this chapter was the work of the author of this thesis with critical feedback by Mareike
Bojer and supervision by Ulrich Gerland. Section 6.6.1 was developed together with Johannes Harth-
Kitzerow, Torsten EnBlin, and Ulrich Gerland.

6.1 Introduction - Synchronization and Pattern Formation

With the minor exception in section 4.8.3, until now all used CA had synchronized updates, i.e., all cells
updated exactly at the same time. While this is the common assumption, which is, e.g., used by Wolfram
[42, 191] and Conway [41], the effects of asynchrony a CA has also been investigated - for a recent review
see for example Fatés [192]. The space of possible versions of (a)synchronous updates in CA stretches
between completely synchronous updates on one side and completely random updates, i.e., at each step
in time a cell is picked at random and updated. In between these extremes, several possible update
schemes are discussed in literature which usually vary

+ the amount of cells synchronously updated at the same time,

the amount of order (subsets) of cells follow when updating sequentially,

how cells are assigned to the updating subset, e.g., with which probability,

how long it takes to communicate the update to the neighbors, i.e., introducing a communication
delay, and with what probability the update is communicated at all or to which subset of neighbors.

Exemplary models from literature [193, 194] employing different update schemes are presented in ap-
pendix A.6.1, another example in the context of this thesis can be found in section 4.8.3. The pattern
formed can be strongly affected by the chosen type of update scheme and even undergo qualitative
changes akin to a phase transition as function of, e.g., the probability of communicating the update to
the neighbors or choosing the subset of cells which will be updated [194]. Thus, with the goal of reliably
forming a pattern, it is interesting to look at how synchronization could be achieved in CA. Assuming that
all cells have imperfect internal clocks and, as the focus is on pattern formation by local communication,
no global external clock signaling them when to update, the question can be asked to what extent it is
possible to keep CA globally synchronous just by local signaling.

6.2 A Model for Pattern Formation with Information Transmission Delay

6.2.1 Model Description

The model description is started by describing how a continuous oscillation model can be discretized in a
biological setting and how this can be emulated with a discrete stochastic update. Then, the integration of
such an update model with a CA is specified and a delay introduced.

To adapt a continuous time synchronization to a discrete CA setting, a continuous time oscillating clock
is discretized into a pulse like behavior (fig. 6.1 (a)). In this effective model, only at discrete time intervals,
representing, e.g., the maximum of the continuous phase model, the clock “ticks”. In a biological setting,
reacting only to a specific part of this oscillation could potential be realized by highly nonlinear signal

69



processing functions [89], effectively acting as a filter mechanism. Also, an integrate and fire oscillation
[195] like proposed for firefly flashing, where a variable increases autonomously over time with additional
jumps added by firing neighbors until a threshold is reached at which the clock “fires” and resets itself, could
be possible. To simplify this more complex discretization model, it is assumed that successive cycle times 7
are drawn from a distribution P (7) (fig. 6.1 (a)) to emulate the potentially noisiness in the oscillation phase.
For P (7) it is assumed that the cycle time is originating from a sum of random variables specifying the
time of individual chemical reaction which in total comprise a full oscillation. Thus, a Gaussian distribution
with mean p and standard deviation ¢ is chosen using the central limit theorem as justification. Each
cell is modeled with one of these clocks. The number of ticks a clock has performed will be labeled as
generations.

At each tick of the clock in a cell, the cell updates its state according to a cellular automaton rule pro-
cessing the states of the neighbors and its own state. If the information about the cell state update is
transmitted instantaneously, even extremely small temporal differences lead to cells already taking the
“new” neighbor states into account when updating. Consequently, the CA dynamics is effectively strongly
asynchronous even if the first “tick” of all clocks is synchronized due to the synchronous initial condition.
This is not a desirable property for a predictable pattern formation close to a synchronous setting, instan-
taneous information transmission is additionally not a realistic assumption in a biological setting since the
transfer of molecules within a cell to its boundary in relevant concentrations takes time. Thus, a constant
temporal delay of the magnitude 4.,y (fig. 6.1 (b, c)). It models the time for information processing and
transmission between neighboring cells, is introduced.

6.2.2 Observables and Parameter Choices

After having defined the model, the next step is to define appropriate observables. From the position of
pattern formation in CA it is of interest at which point the formed pattern diverges from a pattern formed
by an identical rule and initial condition but synchronous update. This point in time can be determined by
comparing the kymographs of a CA with synchronous update and a CA with an update scheme as defined
in the previous section - the first generation at which those two kymographs differ is defined as

tFirst Dif ference — argtrnin(ajfync (t) 75 x?sync (t)) (6.1)

with x; being the state of cell i. While the CA dynamics might be effectively asynchronous, this might not
be reflected in the kymograph. As an example, for rule 0, the kymograph will after the first generation
always be 0, regardless if the updates happen in a synchronous or asynchronous manner. To quantify the
point where the dynamics is first asynchronous, tri,st asynchrony i defined as the first time the temporal
difference between the update of neighboring cells exceeds the delay,

tRirst Asynchrony — argtmin(At (t) > tdelay) (62)

with At being the temporal difference between the update of neighboring cells.
As simulation parameters the following values are used if not stated otherwise:

+ Gaussian distributed update time with mean x = 1 and noise o = 0.016
* Temporal delay of Z4¢jqy = 0.1
» 1D system with periodic boundary conditions and system size L = 20

« 2 state random initial condition of the pattern

'If the mean of the update distribution 1 is large compared to the standard deviation o, the resulting update scheme can be
expected to initially be a variant of a cyclic update scheme in which all cells perform the update of a generation before any cell
performs the update of the next generation. The order of update within a generation can be expected to neither be random
nor fixed, but have some finite temporal correlation.
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Figure 6.1 A Model for Synchronization in Pattern Formation (a) Inside of a cell. The oscillations of gene
expression is usually modelled a continuous oscillation of a concentration c as a function of time (top). This oscillation
may have an average mean frequency with fluctuations around this mean. If a signal s is emitted only for large
concentrations or only detected for large concentrations, equivalent to applying a high pass filter ¢ (s), the continuous
model is effectively discretized in a pulse like behavior representing the “ticks” of the oscillation clock (centre). This
pulse like behavior can also be directly produced by a discretized model drawing the times of the pulse from a
probability distribution P (7) (bottom). (b) The cell and its neighbors. The ticks mark the update times of the
cellular automaton. The state of the cellular automaton is transferred with a delay t4.;4, to the neighbors of the
cell. The CA update z; (t + 1) = f (z]% (t),x; (t), 2% (t) () is conducted with the current state of the cell ¢ itself
as well as the last states received from the neighbors {z;, z;{" }. These states might not be the current states
of the cells ¢ + 1 and 7 — 1, but due to the delay cell i has not yet received an update. (c) Tissue context and
observable. Depicted are, for a set of cells (bottom), events as a function of time (vertical axis for each cell). Each
yellow rectangle with rounded corners symbolizes an update with the lower edge corresponding to a ticking of the
clock and the execution of the CA and the upper edge corresponding to how long it takes to communicate the state
change to the neighboring cells (t4c14,). The dark or light colored circle at the lower edge of the yellow rectangles
records the state of the cell right after the update. If the temporal difference between the updates of neighboring
cells of the same generation At is larger than the delay t4.144, then the update of the CA is effectively asynchronous.
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« All cells will start in perfect synchrony, i.e., the main question discussed will be if synchronization is
conserved.

As a first estimation, the temporal difference between two neighboring cells after a single temporal update
step follows a Gaussian distribution with mean 0 and standard deviation 20 = 0.032. Thus, the probability
that 2 cells are synchronous after a single step in time is 98.7%. Each run is conducted for 1000 steps
in time. If the system is still synchronous and/or there is no difference between the synchronous and
asynchronous pattern, t p;rs¢ Asynchrony @Nd tFirst Dif ference are setto 1001. For both measures, averages
over 2000 independent simulation runs are calculated.

6.2.3 Simulation Results

The aim of this section is to investigate how the delay can buffer against asynchrony due to the noise in the
update timing, to analyze which CA rules are robust in the context of asynchrony and identify the common
properties of those rules.

To quantify the buffering effects of the delay, in fig. 6.1 (a), the ensemble averaged time to the first
asynchrony (trirst Asynchrony) 1S plotted as a function of the standard deviation of the update time o for
different delay times t4.,,,. As can be expected, the larger the noise and the smaller the buffering effect of
the delay, the shorter the time until At > t4.,, for a pair of neighboring cells, i.e., the time until the system
is asynchronous.

More interesting is how different CA rules are affected by a possibly asynchronous dynamics. In fig. 6.2
(b)-(f), the average time to the first difference in the patterns between the potentially asynchronous and
completely synchronous dynamics (trirst Difference) iS shown for all elementary 2 state CA rules for all
heuristic Wolfram classes (cp. section 3.3.2) in fig. 6.2 (b), as well as separately for the individual classes in
fig. 6.2 (c) - (f). Class 1 rules, which consist of rules which quickly converge to a homogeneous final state,
have in general large values for (trirst Dif ference) (fig. 6.2 (c)), as can be expected because reaching a
steady state quickly protects the dynamics from asynchronous updates. Class 2 rules, which exhibit “a
simple stable or periodic structure” [43, p. 17] in the long term behavior, partially also have large values for
(tFirst Difference) (fig. 6.2 (d)), while the chaotic class 3 rules and class 4 rules typically with “complicated,
localized structures, some propagating” [43, p. 17] in general have low values for (tgirst Difference)- The
behavior for different classes is consistent with the expectations stated when defining our observables.

To substantiate these expectations further, the values for typical classification quantities (cp. sec-
tion 3.3) as well as typical attractor properties as a function of (tirst Dif ference) are shown in fig. 6.3
and fig. 6.4. While properties depending only on the rule-table itself (Ao, A1, p, Kr) show no obvious
tendencies, both temporal Kolmogorov complexity and temporal entropy need to be low for rules with large
(trirst Difference)> Which is again consistent with a steady state behavior. Since both spatial Kolmogorov
complexity and spatial entropy have a range of different values for large (trirst Difference), the patterns
formed with rules which are stable against asynchrony may appear simple or complex. The synergies
S1 and S5 show no obvious dependencies, suggesting that the integration of information does not play a
significant role regarding synchrony. Looking at the attractor properties of each rule (fig. 6.4) confirms the
picture already discussed: Rules with small average attractor sizes, hinting at steady states and not limit
cycles, and small transient length are potentially robust against asynchrony, while for large average attrac-
tor sizes and large transient length this robustness can not be achieved (fig. 6.4 (a)). The few rules which
have average attractor sizes of around 10 and a large value for (tp;s Dif ference) Nave a larger number
of attractors, between 100 and few 1000s, also consistent with the possibility of having several fixed point
attractors despite the large average attractor size (fig. 6.4 (b)).
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Figure 6.2 Synchronization with Delay - Dependency on Noise, Delay and Rule. (a) Mean time to the first
asynchrony (trirst Asynchrony) @s a function of the standard devation of the Gaussian update distribution for different
delays tgeiqy- (b) Average time to the first difference (¢ pirst Difference) @s @ function of the rule for different Wolfram
classes (blue class 1, green class 2, red class 3, grey class 4). (c)-(f) same as in (b), but only class 1 (c), class 2 (d),
class 3 (e), class 4 (f) shown per panel.
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Figure 6.4 Synchronization with Delay - Attractor Properties. (a) Number of attractors, average attractor
sizes and average transient lengths for the CA dynamics as a function of the average time to the first difference
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6.3 Conservation of Synchrony with Temporal Correction Schemes

6.3.1 Introducing a Correction Scheme

In the previous section, a model for the conservation of synchronization in cellular automata with delay
was introduced and its interplay with patterning was discussed. In this section, an additional possibility
for damping the temporal deviation between neighboring cells by using correction schemes are introduced
and characterized. For simplicity, the patterning through the rules is ignored during this section and rein-
troduced in section 6.4. The section is organized as follows. First, in this subsection a general overview
of the components of the model is given together with the standard choices of the components. In the
following subsections, variations of these choices are explored systematically.

To introduce a correction for the diffusive drifting of the individual update times of a cell, the temporal
difference between the update of neighboring cell and the cell itself At is used. It is assumed that cells
correct for the delay when calculating At. At each point in time when the cell sends an information about
its temporal update to its neighbors, again assumed to be 44, after its own update, a cell checks if it has
received information about ticks of the neighboring cells (which reach it also with a delay of Z4¢4y). The
ticks are processed if they reach the cell within a detection window of size tjetect, i-€., if

At < Ldetect- (63)
If so it updates the time of its own next update or the ones of the neighbors or both by
fter upd
EETT P = + g (A1) (6.4)

(fig. 6.5 (b)).2 The detection window 4. is introduced to reduce confusion about if the ticking of a
neighbor belongs to the previous generation or already to the next generation. Thus, information about
neighboring “ticks” is only processed if it is received within a time-frame [—{4etect, 0] @around the “tick” of the
cell itself (fig. 6.5 (c)). In a biological setting, this is similar to an “AND” gate, only activated if both the ticks
of a cell and its neighbor are sufficiently close in time.

The core idea of the model is now specified. Apart from the numerical values of the parameters, left
to define are the correction function g (At), the probability distribution P (7), and the topology and neigh-
borhoods. The standard choice for the correction function g (At) is directly proportional to the deviation
g (At) = mAt with m being the proportionality constant specifying the correction strength. As grid, a
static, 1D version of size L with periodic boundary conditions and cells only connected to their nearest
neighbors is the standard choice with other choices explored in section 6.3.4. As initial condition, all cells
will start in perfect synchrony. Throughout the rest of the section, the following parameters will be chosen
(all in arbitrary units which are consistent with each other, e.g., for parameters carrying a temporal unit it
will be the same choice of units for all):

m ‘ Ldetect ‘ H ‘ o ‘ 75delay ‘ L ‘ Smaz ‘ Ng

03] 0.15 | 1]0.016 | 0.1 |20 1000 | 2000 |
Table 6.1 Standard Parameter Choices Used in the Simulation m is the proportionality constant, ¢getect the
detection window size, p and o are mean and standard deviation of the Gaussian temporal update distribution,
laelay the delay, L the system size, Sy, the maximum number of simulated generations, and Ng the ensemble
size.

As the initial condition for all cells is to start in synchrony, the main question discussed will be if syn-
chronization is conserved. In growing systems, this can be a natural assumption if the daughters of a
dividing cell inherit the state of the mother cell and the number of initial cells is low - this will be explored in
section 6.3.4. Additionally, a different approach without this restriction will be discussed in section 6.6.1.

2This is closely related to “pulse coupling” in other synchronization models where oscillators influences each other only in specific
phases of the oscillation cycle [93].
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Figure 6.5 A Model for Synchronization with Correction in Pattern Formation. Same figure as fig. 6.1, but
without the CA and with included correction. (a) Unchanged from fig. 6.1. (b) An individual cell transmits the time
point of its own update with a delay t4.iq, to its neighbors, and receives their updates with the same delay. From
the difference between the time of its own update and the update time of its neighbor At the cells calculates a
correction g (At) to its next update time if the update received is within the detection window ¢esec¢- (C) Additionally
to fig. 6.1 (c), also the detection window is shown as yellow rectangle with curved edges and a dashed line. As
further observables to the time to first asynchrony (brown dash dotted line), examples for the temporal horizon of a
generation (brown solid line) and average advancement of a generation (brown dashed line).
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6.3.2 Correction Algorithm

To correct the diffusive drift of the temporal updates of the individual cells, different correction schemes
g(At) are applied:

* Proportional correction: g,(At) = mAt. This assumes that the cell is able to use the magnitude of
the difference to the neighbor and adjust the update timings accordingly, scaled by a proportionality
constant m. As stated above, it is also the standard choice for the correction scheme in the following
chapters.

« Constant correction: g.(At) = msign (At). This assumes that the cell is only able to detect if it is
ahead or behind in time compared to its neighboring cells and then adjusts the update timing by a
constant m.

* Kuramoto correction: gx (At) = tsin (2rAt). This assumes a Kuramoto type correction [196]
commonly used when discussion synchronization type problems. For small At, the Kuramoto cor-
rection scheme can be expected to behave similarly to the proportional correction scheme since

2m?

gi (At) ~ mAt — AL+ ..~ gy(AL). (6.5)
Additionally, the cells have the option to correct their own update timing or the update timing of their
neighbors, equivalent to correcting their own update timing with information from the interval [—tgetect, 0] Or
[0, taetect), respectively, or using both options. The options will be termed backward, forward and symmetric
correction. Thus, in total 9 different update schemes and 2 basic parameters m and tgetec: NEEd to be
discussed. The general strategy in the following sections will be to only change a few of these parameters
and keep the others at their default values, which are chosen to be: A proportional, symmetric correction
scheme with m = 0.3 and tgeee = 0.15.

Correction Strength m

As first variation the influence of different correction strengths m of the correction function is investigated.
In fig. 6.6 (a) the observable (trist Asynchrony) ; 1 chosen and only the proportionality constant m is
varied. The resulting curve is unimodal with its maximum around m = 0.3. As first key result it should
be noted that (¢ rirst Asynchrony) p at this maximum is drastically larger than (tpirs Asynchrony) i Without an
applied correction scheme, corresponding to the value at m = 0 in this case, meaning that the correction
scheme works successfully. Second, the position of the maximum closer to m = 0.5 thanto m = 1 can be
explained by imagining a system of just 2 cells - then values close to m = 1 would correspond to the cells
more or less exchanging update times, while lower values would bring the cells closer to each other.

In real biological systems, it can be expected that not all cells behave exactly identical but there may
be systematic, temporarily constant but spatially varying deviations how cells react to inputs from other
cells. In order to investigate how such deviations have an effect on the ability of the correction scheme to
keep the system synchronous, the corrections strength is modified by adding a Gaussian random variable
to m; ; = m +n (0, 0.,) for each individual connection between two neighboring cells i and j. In fig. 6.6
(b), (tFirst Asynchrony)  is shown as a function of o,,, for otherwise default values. The correction scheme
is able to introduce a remarkable stability given that (a) already a single asynchrony between two cells is
enough to render the system asynchronous and (b) with approximately 60% chance a connection has a
number added that is larger than 20, for the default values with L = 20.

The main purpose of the correction scheme is to correct the Gaussian update noise parameterized by
the standard deviation o. A priori, it is not clear if a proportionality constant for which (trirst Asynchrony) g
is large for a given noise level also produces large (tpi,st Asynchmny)E for other noise levels. To check,
in fig. 6.6 (C) (trirst Asynchrony)  is plotted as a function of o for different choices of the proportionality
constant m, showing that for the investigated parameters the curves around the optimum choice do not
overlap in general, indicating that the choice of m is not sensitive to the noise.
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Figure 6.6 Correction Scheme - Proportionality Constant. (a) ({rirst Asynchrony) @S @ function of the pro-
portionality constant m for otherwise default parameters (blue curve) and maximum number of generations 1000
indicated by the dashed line. (tp;rst Asynchmny>E shows a unimodal curve with the maximum around m = 0.3,
the standard choice for m. m = 0 correspond to a system without correction. In the case of m = 1, a symmetric
proportional connection leads to an exchange of the relative asynchrony, i.e., if cell i was ahead of cell i + 1 by At, it
will after the correction be behind by At rendering correction effectively useless. More effective values can be found
between these two extreme values for m. (b) (trirst Asynchrony) z @S @ function of the standard deviation of o, of
a temporarily constant, spatially varying Gaussian random variable added to the correction proportionality constant
m = 0.3. As a general trend, the larger the noise added, the lower is (¢ ;s Asymhmny>E. Yet, compared to original
value of m = 0.3, the tolerated noise where there is still a significant correction is large. (C) (trirst Asynchrony) i @S
a function of the standard deviation of the update noise o for different correction proportionality constants m. Again,
intermediate correction proportionality constants provide the most effective corrections, however noises with o > 0.2
are typically not effectively correctable. Around the optimal correction proportionality constant the exact choice of
the proportionality constant does not strongly affect (¢t ;s Asynchmny)E.
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Update Schemes

In section 6.3.1, 9 possible correction schemes were described: proportional, constant and Kuramoto cor-
rection, each in the variant forward, backward and symmetric correction. In fig. 6.7, for these 9 possibilities
and three different choices of o, the expected time of first asynchrony (tp;;.s Asynchrony) 5 is plotted as a
function of the proportionality constant m.

The proportional and Kuramoto correction schemes show nearly identical curves, indicating that the
dynamics happens in the regime where the linear approximation eq. (6.5) of the Kurmaoto scheme is
valid. For the constant correction scheme, m is not unit-less but in units of time and is the magnitude of
the applied correction. Thus, it is not surprising that the optimal m values are different compared to the
other correction schemes. Constant correction seems in general to perform worse than the other schemes,
which is not surprising as for constant correction only the sign of the temporal differences between cells
is taken into account compared to the full value for proportional and Kuramoto correction, providing less
information for the correction scheme to use.

Forward and backward correction schemes produce similar behaviour for all cases, performing usually
worse with regards to the maximal values and being effective for larger m values than symmetric correction
schemes. The worse performance can be explained by the fact that when the correction is applied only
one of the cells shifts its update in time. But this shift is usually larger than in the symmetric case, which
may introduce stronger differences for the other neighboring cells. Similarly, because only one cell moves
its update time, to achieve bringing two neighboring cells close together in time, the optimal m has to be
double as large compared to the symmetric.

Comparing the curves for different noises (different rows of fig. 6.7), a similar behavior as in fig. 6.6 (c)
can be found for all correction schemes: the optimal correction proportionality constant is independent of
the noise.

When synchronizing distributed systems, an important consideration is how a correction scheme influ-
ences the global temporal propagation, i.e., is the average advancement of the temporal surface acceler-
ated, decelerated or not influenced by the correction scheme (see e.g. [197]). To check this, first for each
generation the spatial and ensemble average of the temporal surface is calculated (fig. 6.8 (a)). To mea-
sure the advancement per generation, the difference of the average time between subsequent generations
is taken. In order to determine if the advancement is accelerated or decelerated compared to the system
without correction, the mean of the update noise p is subtracted from this difference and plotted as a
function of the generation s (fig. 6.8 (b-d)). The resulting curves are usually independent of the generation
(fig. 6.8 (c-d)) and can thus be fitted by a linear function as + b, where b indicates if a constant acceleration
or deceleration is present and a detects all linear deviations as function of the generation. The examples in
fig. 6.8 (c-d) show the fits for default values with (d) and without correction (c). A more systematic picture
can be obtained from fig. 6.9, where similarly as in fig. 6.6 the fit parameter b and a (insets) are plotted
as a function of the proportionality constant m for the different correction schemes and different choices
of the noise. The fit parameter a is small in all cases, strengthening above statement of a constant update
speed. The symmetric correction scheme introduces only small deviations of b from 0. However, forward
and backward correction schemes lead to an deceleration or acceleration, respectively. While proportional
and Kuramoto correction show again a similar dependency of b on m which simply behaves monotonically
as function of m, in the case of constant correction, the curve is unimodal. The latter can be attributed to
the constant size of the correction irrespective of the temporal deviations - if the correction is large even
for small perturbations, it can bring the system close to a state where the temporal deviation is larger
than the detection window - leading to no correction being applied at all. The dependency on the noise
is limited to small quantitative changes - higher noise leads to a small increase of b for proportional and
Kuramoto correction, as well as a shift of the position of the maximum for constant correction to smaller
values supporting the above explanation of the unimodal distribution, but qualitatively no changes can be
seen.
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Figure 6.7 Correction Scheme - Type and Direction. (tri;s: Asynchrony); @S @ function of the proportionality
constant m for proportional correction (first column), constant correction (second column) and Kuramoto correction
(third column) as well as symmetric, forward and backward correction (different colors) and standard deviations of
the update noise (different rows). Please note that while for proportional and Kuramoto correction m has no units, for
the constant correction case m is in time units and corresponds directly to the magnitude of the applied correction.
Forward and backward correction result in similar curves, offset by a factor of roughly 2 in m space to the symmetric
correction and with lower maximal (tpirs¢ Asynchrony) - Proportional and Kuramoto correction show nearly identical
curves, indicating that in the case of Kuramoto correction At is in the regime where the linear approximation is valid.
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Figure 6.8 Correction Scheme - Velocity Fit. (a) lllustration of the calculation of the ensemble average of the
average time of a generation. For an individual simulation, the update times of each cell of each generation s
are recorded. The average time of a generation is calculated by spatially averaging (¢ (s,%)),. After performing
the simulation Ny times, the corresponding ensemble averages (( (s, ));)  are calculated. (b) lllustration of the
fit of effective changes of the movement velocity. To calculate the effective change of the movement velocity of the
temporal surface, the difference between the average time of subsequent generations ((t (s + 1,4)),) o — ((t (5,9)),) &
are calculated. Without correction, a velocity of © = 1, the average temporal update per generation, would be
expected, and is thus subtracted from the difference to illustrate the deviation from the expectation. The resulting
curve as a function of the generation is plotted and fitted with a linear function ax + b to detect constant shifts as
well as linear temporal changes. (c-d) Exemplary data for the cases m = 0 (without correction, ¢) and m = 0.3
(with correction, d) and otherwise default parameter choices with corresponding fit and fit parameters in the legend.
The value of a close to 0 shows for both effectively no net deviation from a shift of the temporal surface of x per
generation.
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Figure 6.9 Correction Scheme - Velocity Results. Fit parameter b and «a (insets) as illustrated in fig. 6.8 as a
function of the proportionality constant m for proportional correction (first column), constant correction (second col-
umn) and Kuramoto correction (third column) as well as symmetric, forward and backward correction (blue, orange
and green colors, respectively) and standard deviations of the update noise (different rows). Since a has values
practically 0 in all cases (the curves overlap in each inset) and thus even over the course of a thousand generations,
a - s is small compared to i = 1, there is no linear temporal increase or decrease of the velocity. While for symmetric
correction, there is no constant shift of the temporal update velocity, for forward (backward) correction the velocity
is decreased (increased). For proportional and Kuramoto correction the increase gets larger with increasing propor-
tionality constant m, which can be explained with the fact that the introduced bias in one direction scales with the
proportionality constant. For the constant correction case the unimodal curve can be explained by the fact that for
large corrections m, the applied correction always has the same value but might actually introduce destabilizing ef-
fects, since it may “over-correct”, and once the temporal difference is larger than the detection window, no correction
is applied at all.
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Detection window

As last parameter of the correction schemes the detection window size will be explored in this section.
In fig. 6.10 (a), the expected time to first asynchrony (¢p;s¢ Asynchmny)E is plotted as a function of the
detection window size t4...; together with an indication of the size of the delay time 44, for otherwise
default values. For increasing tgetect, (tFirst Asynchmny>  1s small until the detection window £ e¢e: is only
a little bit smaller than the delay 4.4y, then increases sharply until it reaches an plateau value at ¢4y -
(tFirst Asynchrony) i Arops again when i — tgeqy = 1 — tgelay is reached, and stays small until 4esec; = 1,
which marks the average onset time of the next generation.

For the first region of this curve, a sharp increase in (t pirst Asynchrony) p» the hypothesis can be formed
that for a too small detection window the noise is too strong and pushes the system out of detection with
relatively large probability in a single step even if the temporal difference At between the two cells in
question was 0 before.® This hypothesis is confirmed in fig. 6.10 (b-d), where the same plot is shown for
different delay times #4.;,, and standard deviations of the update noise sigma o, and the steep increases
of (tFirst Asynchrony) ; Nappen at lower values of ¢4.s..; for lower noise levels.

The second region of the curve is the plateau value which is abruptly reached at t4ctect = tgelay, @nd can
be easily explained by the fact that if £geect > At > t4e1ay, despite the correction scheme still functioning
the system is already asynchronous by definition. Larger delay times allow similarly as in systems without
correction scheme the tolerance of larger noises (fig. 6.10 (b-d)).

Finally, the sharp decrease once the system reaches tqicct = 1 —t4e10y Can be attributed to the possible
interference of other cells which are in different generations. The correction of update times of these
cells may not lead to asynchrony when compared to cells within the same generation. But because their
updates are detected by neighboring cells updating at a different generation, the proportional correction
scheme induces a large correction of a magnitude |mA¢t| > 0.3-0.9 = 0.27 > 0.1 = tgetect- The decrease
is again also seen in a similar fashion for other delay times and noise levels (fig. 6.10 (b-d)).

6.3.3 Cellular Level

In the previous section, the properties of the correction algorithm have been varied and discussed. In this
section, the focus is shifted to parameters on the cellular level independent of correction algorithm - the
noise of the temporal update time and the delay of information transmission.

Noise

A first exploration of the dependency of (tpirst Asynchrony) 5 on the standard deviation of the update noise
o has already been performed in the context of discussing its interplay with the correction strength m
(fig. 6.6 (c)) which established the general sigmoidal like form of the resulting curve, and that the optimal
correction strength is independent of the noise.

Another question with regards to the noise in the system is to ask how well the correction scheme per-
forms compared to not having a correction scheme, and compared to having a perfect correction scheme.
While the former comparison can easily be obtained by simulating the system with m = 0, the latter
refers to a system where a miraculous correction schemes is able to perfectly flatten the temporal land-
scape, i.e., achieve At; ; = 0 for all neighboring cells 4, j. The only way the asynchrony is now induced

3As a rough estimate: for a single update, the standard deviation of the Gaussian random variable is o = 0.016 for standard
parameters. Since the essential variable is the temporal difference between two neighboring cells, this difference has a
standard deviation of oa; = V20 = 0.0226. If the detection window size is set at 30a: = 0.0678, after 20 steps there is
already a chance of approximately 64% that the system has lost synchrony in a single step.
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Detection Window
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Figure 6.10 Correction Scheme - Detection Window.
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(@) (trirst Asynchrony) @s a function of the detec-

tion Window tgetect With tgeiay = 0.1 and p — tgeiqy = 0.9 shown as dash-dotted lines. Between these lines,
(trirst Asynchrony)  Stays effectively at a constant value, increasing towards it for low values and decreasing for
large values, indicating that the lower of the two parameters, t4ciay and tyctect, is dictating (trirst Asynchrony) g-
(b-d) (tFirst Asynchrony) @s a function of the detection window 4. for different values of the standard deviation
o of the update noise and for different delay times ¢ ¢4y = 0.05 (D), tgeiay = 0.1 (C), tdeiay = 0.15 (d) shown as dash
- dotted line, confirming the hypothesis that min (fgetect, tdeiay) is the relevant parameter while max (f4etect; taetay)
is not relevant within the shown parameter limits. Additionally, the larger min (£getect, taelay ), the higher the tolerated

noise.
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is if a single step in the noise process directly leads to asynchrony before correction can be applied.
(tFirst Asynchrony) i €an then be estimated to be

S (1) N I (A T
s 155 (or ()"} (- e () ) 00

with the first term being an approximation for the expectation value of (trirst Asynchrony) z if the system
starts to be asynchronous before the maximum number of generations S,,,... = 1000 is reached and the
second term being an estimate how the latter is represented in a finite time simulation. The three resulting
curves can be seen in fig. 6.11 (a), showing that the correction scheme achieves a performance close the
perfect correction estimation.

Above estimation for perfect correction (eq. (6.6)) revealed a direct dependency on the size of the system
through the number of total connections that may get asynchronous. In fig. 6.11 (b), the effect of the inter-
play of different system sizes L and the standard deviation of the update noise o on (tpirst Asynchrony) iz 1
plotted. Even for small system sizes, a large enough noise will eventually induce an asynchronous state,
but the sensitivity on the length reduces with increasing system size.

Up until now, only one possible type of update noise was considered: annealed noise, modeled by a
Gaussian random variable with mean ;. and standard deviation o newly drawn for each temporal update
and cell. The goal of this type of noise is to mimic statistical fluctuations which are independent from each
other in space and time. However, different cells may have systematic differences which are constant in
time - to model this kind of systematic noise, a form of quenched noise is introduced by replacing the
constant mean update time pu; of each cell by a Gaussian random variable with mean p and standard
deviation o, which is constant in time but varies in space. In fig. 6.11 (¢, d) (tFirst Asynchrony) g 18 Shown
as a function of the standard deviation of the annealed noise ¢ (standard deviation of the quenched noise
a,) for different o, (o). While the general shape of (tpi,s: Asynch7my>E as a function of the noises is in
all relevant cases basically a monotonically decreasing function, the different type of noises induce slight
differences. On the one hand, for the annealed noise, the noise is temporally independent and a new
random variable for this contribution is computed at each step. On the other hand, the quenched noise
represents systematic differences between the cells so the “dice” for the quenched noise are only “rolled”
once at the beginning, and then stays temporarily constant. Thus, assuming perfect correction and only
quenched noise, if the random variables are not large enough to force the system immediately out of
synchrony, asynchrony will not occur during the time of the simulation. However, for the annealed noise
the redrawing of the random variable at each time step increases the chances of pushing the system out
of synchrony before the maximum simulation time is reached. This explains why for very low values of the
other noise type, for quenched noise larger noise values are tolerated before (tp;,.s Asynchmny>E ~ 0is
reached compared to similar values of the annealed noise.

Delay

To get a first impression of the effect of the delay 4.4, On the conservation of synchrony measured by
(tFirst Asynchrony) g i fig. 6.12 (a) it is shown as a function of #4.4, for otherwise default parameters.
Starting at very low values, (trirst Asynchrony) i INCreases sharply around ¢4c1q ~ 50, reaching a plateau
at the maximum simulation time, and then falling again at large t4ciqy. At tgeiay = tdetect = 0.15 no
noticeable change in the curve is observed.

The initial upraise at the empirically determined ¢4, ~ 50 can be explained by the fact that, assuming
perfect correction, 50 is approximately equivalent to producing a temporal difference larger than 44,
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Figure 6.11 Correction Scheme - Noise. (a) ({rirst Asynchrony) ; @S @ function of the standard deviation of the
update noise ¢ for default parameters (m = 0.3), no correction (m = 0), and perfect correction, the last assuming
a flat temporal landscape after each step, showing that for default parameter choices the proportional correction
scheme is close to achieving a perfect correction. (b) (trirst asynchrony) @s @ function of the standard deviation
of the update noise o for different system sizes, showing less dependency with increasing system size for all o. (c)
(trirst Asynchrony) i @S @ function of the standard deviation of the (annealed) update noise ¢ for different choices of
the standard deviation of the quenched noise o, changing the mean update time in a spatially varying, temporally
constant way. (d) (tgirst Asynchrony) ; @S @ function of the standard deviation of the quenched noise o, for different
choices of the standard deviation of the update noise o. For large fixed quenched noises the curves as functions of
the annealed noise are lower than for exchanged roles of the noises.
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with a chance of ﬁ,“ so roughly the region where intermediate values of (tri,s¢ Asynchrony)  Would be
expected since in total L - s,,,4, = 20 - 1000 = 20000 possibilities for such an event exist. This tendency of
(tFirst Asynchrony) 10 rise at tge1qy = 50 is confirmed in fig. 6.12 (b-d), where the same plot is shown for
different standard deviations of the noise o and different detection windows % jzect-

The delay t4.14, Was already briefly discussed when looking at the detection window #getc., With the
result that ¢4, acts as an upper limit for the effect the detection window has on synchronization conser-
vation. For the default parameter values, tgesec: is SO large that (tpirst Asynchrony) p has already reached
the maximum simulation time, thus no interplay between tj.icc: and tq.q, can be observed. For larger
standard deviations of the noise o and smaller detection windows t ¢, it is apparent that lower values of
taetect l€@d to lower values of (trirst Asynchrony) » €veN for larger values of t4c14,. This can be explained
by the fact that for small t4..; in comparison to o, the temporal differences can by chance quickly grow
larger than tgeect, from which on the synchronization schemes can no longer influence the temporal dif-
ferences which in turn follow effectively a diffusive behavior until ¢4, is reached and thus the system is
asynchronous.

The decline of (trirst Asynchrony) i for values of ¢4.1qy close to 1 is due to the fact that for large ¢4e;4, the
system may formally still be in synchrony, but cells may for large enough detection windows detect cells
from the “previous” generation. This induces large, unwanted corrections At and was partially the reason

for introducing corrections windows in the first place.
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Figure 6.12 Correction Scheme - Delay. (a) (tp,st Asynchmny)E as a function of the delay ¢ p.;q, With the detection
window size t4eiecc = 0.15 as solid orange line and 50 marked by a dash-dotted line. (b-d) (trirst Asynchrony) i @S
a function of the delay tp.;q, for different standard deviations of the update noise o = 0.016 (b), o = 0.02 (c),
o = 0.05 (d), with 56 marked by a dash-dotted line indicating that if the delay and detection window size are large
enough compared to the noise the correction algorithm is able to smooth out the noise enough to allow for a large
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6.3.4 Tissue Level

All properties so far have been discussed in the context of a static 1D grid of (mostly) size L = 20 with
periodic boundary conditions, and the focus was on the influence of the correction algorithm and the
characteristics of individual cells. In this section, the focus is shifted to the properties of the tissue - its size
and shape in the form of boundary conditions, if it is static or grows, in how many dimensions the tissue is
situated and how cells are connected to each other.

Size, Boundary Conditions and Growth

A first look on the dependency of the expected time to first asynchrony (trirst Asynchrony)p ON the sys-
tem size L was taken in fig. 6.11 (b), which indicated that for larger system sizes (trirst Asynchrony) g
decreased. In fig. 6.13 (a), this dependency is shown explicitly, with (¢ ;s Asynchmny>E at first rapidly
decreasing with system size. Ignoring finite size effects most likely introduced by the fixed number of
simulated generations, the data can be well approximated by (trirst Asynchrony) g ~ %

The default setting with regards to boundary conditions is having a “periodic” setting, where the left and
right end of the 1D line of cells are connected to each other, opposed to an “open” boundary condition
setting where the cells are disconnected. A priori it is not clear if the additional connection between the
two boundary cells is detrimental to synchronization because an additional connection exists at which the
asynchrony could appear, or favorable for synchronization since two distant cells are coupled reducing
the overall average distance between the cells leading to a potentially more temporally coherent system.
To investigate the influence of the choice of boundary conditions, in fig. 6.13 (b, ¢), (trirst Asynchrony) g
is plotted as a function of the proportionality constant m for different boundary conditions and system
sizes. For small system sizes, the periodic systems have a slightly larger optimal (trirst Asynchrony) -
The proportionality constant m,,; at which this optimum appears is in general lower for periodic boundary
conditions than for open boundary conditions. Thus, it appears that the effect of the additional interaction
favors synchronization and requires less correction input. Please note that in fig. 6.13 (c), for system size
2, mopt ~ 0.5 for fixed and m,,; ~ 0.25 for periodic boundary conditions. These are the values one would
naively assume for perfect correction since m,; ~ 0.5 shrinks the difference for symmetric correction and
only two cells with only one connection between them to 0, as well as m,,; ~ 0.25 does if there are two
connection between the same two cells, which is the case for periodic boundary conditions. For large
system sizes, the effects of the boundary condition diminish and the curves converge towards each other.

In the examples studied so far, the number of cells that try to conserve synchrony was kept constant.
However, a standard feature of many pattern forming or synchronizing systems is a simultaneous growth,
e.g., during somite formation in vertebrae [13]. To investigate if the conservation of synchronization can
be realized in a growing system, a 1D system of initial size L = 2 with an open topology and otherwise
default parameters is grown by adding an additional cell at the right end of the line of cells and initially
inherits the same update time as its direct neighbor, but afterwards evolves freely like all other cells. This
procedure is performed at every step in time until a predefined maximum amount of cells N%*, have
been added, from this point in time the number of cells is kept constant until the end of the simulation.
In fig. 6.13 (d) (trirst Asynchrony) i 1S Shown as a function of m for different values of N7, displaying
a similar behavior then the curves in fig. 6.13 (b) without growth. This indicates that the synchronization
conservation algorithm is able to tolerate growth. Furthermore, the problem of the artificial assumption
that the system is initially in perfect synchrony is solved by this result as it is nearly equivalent to starting
with a single cell which, through cell division, grows the tissue to the desired final size.

2 and 3 Dimensions

While different boundary conditions and system sizes have been investigated in the previous section, all
the systems explored so far have been 1D. In this section regular 2D and 3D as well as irregular 2D
system will be highlighted. The number of cells in each dimension will be denoted by L;, Ly and Ls,
respectively. To be able to compare such different geometries, in all cases 36 cells are used - in the 1D
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Figure 6.13 Correction Scheme - Size, Boundary and Growth. (a) (trirst Asynchrony) z @s @ function of system
size L shows a slowing, monotonic decrease (ensemble sizes Ng 10000 for 2 < L < 4, Ng = 1000 for
5 <L <29 Ng=500for30 <L <59, Ng =200for60 < L <139, Ng = 20 for 140 < L < 299). (b-c)
(trirst Asynchrony) i @8 a function of the proportionality constant m for periodic (blues) and open (reds) boundary
condition for different system sizes L (color gradients) and different standard deviations ¢ = 0.016 (b) and ¢ = 0.02
(c) of the update noise show that for small system sizes the periodic boundary conditions allow for a slightly better
correction due to the one more available connection and requires a slightly lower proportionality constant for optimal
correction, while for larger system sizes the difference diminishes. (d) (trirst Asynchrony) @S @ function of the
proportionality constant m for a system with initial size L = 2 and open boundary conditions growing at one of its
ends with a rate of one cell per time step up to a maximum number of added cells indicated by the labels in the
legend.
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case L1 = 36, in the 2D cases L; = 6, Ly = 6, and in the 3D cases L.y = 4, L1 = 3, L3 = 3. For the
regular 2D and 3D cases both square grids with von Neumann and Moore neighborhood are investigated,
for 2D case additionally a hexagonal grid is taken into account. (trirst Asynchrony) i @S @ function of the
proportionality constant m is shown in fig. 6.14 (a). In principle, the same motives are at play as for the
different boundary conditions - more connections may increase the number of possibilites cells can correct
their relative position, but in turn also increase the number of connections where an asynchrony might
appear. While for periodic boundary conditions the first effect seemed dominant, for additional dimensions
there is no clear tendency with 2D system performing slightly better in most cases for optimal choice of
m, while the 3D case with Moore neighborhood performs considerably worse. The curves seem to shift to
small m values for an increased number of connections, with the 2D hexagonal and the 3D von Neumann
neighborhood case with both 6 neighboring cells showing a nearly perfect overlapp. Rescaling m with
the number of cells in the corresponding neighborhood, M, escaied = NNeighborss €.9-s Myescaled = M
for the 1D case, fig. 6.14 (b) is obtained which shows good overlapp of the curves with an optimum at
Mmrescaled = 1 iNdicating a general dependency on the relative amount of inputs the cell receives.

To check whether conservation of synchronization also works for irregular grids, these grids are pro-
duced by shifting midpoints of cells of an originally hexagonal grid randomly according to a triangular
distribution with standard deviation r followed by a Voronoi tessellation as presented in appendix A.7. For
the same irregularity r, 10 different grids are produced and each grid is sampled Ny = 500 times. In
fig. 6.14 (c-f), (tFirst Asynchrony) i @S @ function of the irregularity of the grid  for different proportionality
constant can be seen. Three trends can be identified: First, if m is similar to the optimal value for 2D
hexagonal grids (fig. 6.14 (a, e)), larger (tpirst Asynchmny>E values can be observed. Second, in general
the lower the irregularity, the larger (t gyt Asynchmny)E, although the effect seems to be small. Third, there
may be large differences between individual irregular grids as indicated by the small markers representing
(tFirst Asynchrony) p Tor the 10 different grids for each r and m.

External Driven Cell

What if a cell does not follow the usual, noisy temporal update procedure but is instead driven externally
to follow a precisely determined frequency and still couples to the other cells in the sense that it may
influence its neighbors through its correction scheme, itself however does not react to temporal differ-
ences to the neighbor? In section 6.3.4, (trirst Asynchrony) ; @S @ function of the update step of such
a single, externally controlled cell for otherwise default parameters is shown. While for ug.; = u = 1,
(tFirst Asynchrony) ; S€€MS to be slightly larger compared to a system without externally driven cell, a
rapid decrease of (st Asynchmny) 5 is obtained when p g, deviates from 1. A possible explanation for
this rapid decrease can be that the correction algorithm is optimized to correct the update time of both
cells - but the externally driven cell does not change, putting the algorithm in a spot were it constantly
under-corrects against a systematic increases of the temporal differences.
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Figure 6.14 Correction Scheme - 2D and 3D. (a) (trirst Asynchrony) ; @S @ function of the proportionality constant
m for different system dimensions, topologies and neighborhoods: 1D with periodic boundary conditions, 2D square
grids with v. Neumann and Moore neighborhoods as well as hexagonal grids, 3D square grids with v. Neumann and
Moore neighborhoods. All systems have 36 cells but a potentially different number of neighbors per cell. While the
optimal proportionality constant shrinks for more neighbors per cell, the maximal expected time to first asynchrony
(trirst Asynchrony) i follows a nontrivial behaviour. The latter can be explained by the fact that more neighbors mean
more opportunities for correction, but at the same time also more opportunities for asynchronies. (b) Same as in
(@), but with mcscated = Nneighbors™, Shows that rescaling the proportionality constant by the number of neighbors
leads to a good overlap of the curves. (c-f) (trirst Asynchrony)p @s @ function of the irregularity of a 2D grid with
36 cells as illustrated in appendix A.7 for different values of the proportionality constant m = 0.07 (c), m = 0.11
(d), m = 0.15 (e), m = 0.19 (f). Solid lines indicates average over 10 different topologies with Ng = 500 for each
topology, with individual points indicate values for the single topologies. For values of the proportionality constant
around the optimum for hexagonal grid determined from panel (a) of this figure of m = 0.15, (tFirs: Asynchmny>E is
larger for low irregularities than for large irregularities, while away from this optimum this trend is weaker, yet even
for larger irregularity of the grid an effective correction can be obtained.
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6.4 Pattern Formation and Conservation of Synchrony in Cellular
Automata

6.4.1 Coupling of Pattern Formation to Synchronization

The possibly simplest connection of the synchronization schemes discussed in section 6.3 to the CA with
delay and noisy temporal update described in section 6.2 is a direct combination of the two models -
a pattern forming CA is running as described in section 6.2 while a correction scheme as described in
section 6.3 tries to conserve synchrony without any influence of the CA dynamics on the synchronization
scheme but an asynchronous dynamics being (possibly) reflect in the CA pattern formation.

To compare the performance with and without synchronization scheme, in fig. 6.16 (a-h) (trirst Dif ference) g
for default parameter values is shown for the different Wolfram classes for the case with (left column, same
as in fig. 6.2) and without correction (right column). As a first general observation, (trirst Dif ference) g
increases drastically for all rules with low values of (trirst Difference) g in the case without correction
schemes. For all class 1 rules, (tpi,st Diffeqnence>E is close to the maximum simulation time, and for all
other rules (trirst Difference) p = 600. This is especially interesting since in fig. 6.16 (i), the increase in
(tpirst Asymhmny>E is shown, which is the same for all rules up to sampling noise, but in general signifi-
cantly less than 600 - this indicates that even if the pattern formation process is already asynchronous, for
all rules it takes on average at least a bit longer until this change reflects in the pattern formation. A plau-
sible explanation for this behaviour could be that it is probable that the asynchrony first appears localized
to two cells only since asynchrony is an unlikely event - if the state of the relevant cells is the same with or
without synchronous update for those two cells due to the specific local pattern around those 2 cells at this
time, the asynchrony will not reflect in (¢ pirst Dif ference) g» PUtItWIllIN (tpirst Asynchrony) - Additionally it is
possible that the system will resynchronize randomly since it is likely that At is just a little larger than ¢4,
and the following temporal differences between the asynchronous cells are still smaller than ¢ ... l€ading
with large probability to resynchronization. If there is no correction scheme, asynchrony is happening after
approximately 5 steps on average and thus much more likely - which means it is also likely that a lot of
cells are in asynchrony with each other, increasing the likelihood of an influence on pattern formation. The
drastic effects of the synchronization scheme are again emphasized in fig. 6.16 (j) where the differences
i (tFirst Dif ference)  for the case with and without correction scheme are depicted - illustrating that for
many rules the difference is more in the realm of 800 generations, for some even close to the maximum
simulation time.

To supplement the descriptive analysis of the previous paragraph it is interesting to look at the relationship
of different rule classification quantities with (t zi,.s¢ Dif ference) p @A (tFirst Asynchrony) g (fig. 6.17).
Neither Langton’s Ay nor the Kolmogorov complexity K g show any tendency that would allow the identifi-
cation of synchronization conserving rules. At least in the first case, this is not surprising since the general
understanding is that Langton’s X is only a good discriminator between dynamical regimes for a large
number of states and a large neighborhood [107]. Rules with zero i are guaranteed to have maximum
(tFirst Dif ference) p» Which is similar to the case without correction scheme and not surprising because if
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the output of a rule does not change if any input is changed, the expected behaviour for rule 0 and 255,
asynchrony is not an issue for pattern formation as discussed in section 6.2. The “changiness” C, defined
as the relative number of times in the rule table in which the state of the cell is changed, shows that a low
number of changes, consistent with the CA reaching invariant steady states quickly, are supportive of an
patterning process unperturbed by possible asynchrony even in the presence of a correction scheme.

From the local pattern based classifications, both Kolmogorov complexities as well as single site en-
tropies are able to deliver either sufficient or necessary criteria for synchronization conserving rules. Zero
spatial Kolmogorov complexity, equivalent to a very simple average pattern, is a sufficient criterion. Yet, low
temporal Kolmogorov complexity is a necessary criterion, i.e., if each cell changes quite unpredictably over
time from its local point of view the chances are high that the pattern formation process is influenced by the
asynchrony. Both low spatial and temporal single site entropy are sufficient for large (ti,st Difference>E
with a correction scheme, implying that if the cells do not change their state very much both in spatial
or temporal direction the asynchrony has no effect on the pattern formation dynamics. Compared to the
case without correction, low spatial and temporal single site entropy are now a guarantee for a conserva-
tion of synchronization close to the maximum simulation time and not only an indicator of larger values of
(tpirst Difference>E, hinting that the correction scheme is able to keep the on average simple patterns long
enough synchronous that an invariant steady state is reached.

The synergies do not show any particular tendencies as in the case without a correction scheme.

Classifications based on the global spatio-temporal dynamics again support some necessary conditions
— a small average attractor size and small transient length are both unavoidable properties of a dynamics
that is not influenced by the asynchrony. This observation is again consistent with the observations made
when studying the CA dynamics without correction scheme.

To sum up, the introduction of a correction scheme does not only improve the conservation of synchrony
in the sense of an increased (trirst Asynchrony) » but even more the conservation of the formed pattern
in the sense of an increased (trirsi Dif ference) ; COMpared to a system without correction scheme. Still,
largely the same properties that helped a CA without correction scheme to obtain a quasi synchronous
pattern even in the presence of asynchrony remain relevant.

6.4.2 Coupling of Pattern Formation to Synchronization and Synchronization to Pattern
Formation

As a second variant of introducing correction schemes, not only CA dynamics is coupled to the correction
scheme, but also the correction scheme to the CA dynamics. In practice, information about both correc-
tion scheme and CA state may be transmitted over the same channel, e.g., the state is communicated
via a concentration of a specific molecule, and if the CA updates and changes its state this concentration
changes. The change in concentration in the signal of the neighbors is then used as a marker for their tem-
poral update. This means that temporal updates can only be detected and used in the correction if the state
of the neighbor changes, introducing the mentioned coupling between CA and correction scheme. Such
a correction scheme with coupling between CA and correction scheme will be termed “state dependent”,
while a correction scheme without this coupling will be termed “state independent”.

For class 1 rules, the same rules which with correction scheme showed a larger value of (t pirst Dif ference) g
than without a correction scheme (fig. 6.16 (a, €)), again show a higher tendency when comparing correc-
tion schemes with and without state dependence (fig. 6.19 (a, e)), yet lower than in the previous case. For
class 2, the effect of the state dependence is in many cases detrimental, as well as for all case 3 and 4
rules ((fig. 6.19 (b-d, f-h)). Nevertheless, a direct comparison with the case without a correction scheme
(fig. 6.16 (c-d)) reveals slight improvements in some cases. For most rules, the time to first asynchrony is
rather low when employing correction schemes with state dependence (fig. 6.19 (i)), yet for some class 2
rules it has nearly the same value as in the case without state dependence.

The behavior of class 1 rules could be expected since the lower boundary of having no correction at
all was already very high (fig. 6.2) and class 1 rules reach their homogeneous steady states quickly and
are thus unperturbed by asynchronous dynamics. However, the diverse behavior of class 2 rules needs

94



No Correction

Correction Without State Dependence

(a) 1000 === ——m———r——r e —m———e——— S(e) 1000 === ——r s — i —e —— = -
% 8001 : *e Sl i 3 8001
- & 600X P % 600
S ¢ &
8 S 400 i 8§ 400
© & 200+ P& 2001
O—I T T T T T : 0_‘I T T T T T
0 50 100 150 200 250 : 0 50 100 150 200 250
R : R
(b) :(f)
1000 {Fe———T—ow sfr————"—r——vmw e 1000 feo st oo i e oo g1
: - “mles |9 3% F ALY J
% 8001 * > o DS 800 aRS A M e d s T
N S 600 4 - ® : S 600_‘ 'w‘Ic * n‘, 0'80 *t e ¢ .
b & . . . { : g
8 S 400 A . . : S 400
£ 200 A $ : & 200
O-I — T % T T I- -‘I E 0-'I T T T T T
0 50 100 150 200 250 : 0 50 100 150 200 250
R : R
(c) :
1000 fF--=——+-———F-———"F————f————~ : (g) 1000 fF—rFmrmm—F——————————=F
“ :
— 800 A PG 8001 vt va e
el < . & o |® © % oo
% @ 600 A : § 600 -
3§ 4001 {5 400
£ 200 A i & 200
0_I L W'Y olo omlln ag’oalxeo lol ] E 0_I I I I I ;
0 50 100 150 200 250 : 0 50 100 150 200 250
R : R
(d) :(h)
el R : 1000 ff———Ff——F——f——F——F
- 800 A P ] .
: s 600 - : £ 500
8 ¢ P f 6001
— S i . b
o % 400 3 400
[ i o 2
& 200 P& 2001
0 -I I_ l* — _l - _I - T . 0 1
0 >0 100 n 150200 250 ; 0 50 100 150 200 250
: R
(i) )]
T i e IR AR B | 1000 fF——=—F———=———= o
=S 800 - L LarSa% & mbos Log 38 gl @
3 2% 000 [pARabEaR il T o
g E 600 1 1€ 600 P AL BERT? L
Sy MR A s 4 ARG 0 o R . I ° ° ° 4
53 400 1 < § 400 . L
L S ] ® P "Fo 4
~ 0 i i i i ! = 0 14008 —oo% | oo M 008 | ot G S
R R
Figure 6.16 Synchronization without Correction or Correction without State Dependence (a-h)

(trirst Difference) p @8 @ function of the rule for the 4 Wolfram classes for no correction algorithm (left column)
and with a correction algorithm (right column). (i, j) Difference of (trirst Asynchrony) i () @A (trirst Difference) g ()
with and without a correction algorithm as a function of the rule for all rules, as dots with colors as in (a-h).
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State Independent Correction
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Figure 6.17 Synchronization with State Independent Correction - Classification Quantities. Classification
quantities from appendix A.2.2 as a function of (tri st Difference) p (r€d) @nd (tpirst Asynchrony)  (blue) for state
independent correction.
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Figure 6.18 Synchronization with Correction - Attractor Properties. Number of attractors, average attractor
sizes and average transient lengths as a function of (tri st Difference) p (fed) and (tpirst Asynchrony)  (blue) for
state independent correction for the elementary cellular automata rules with linear (left column) and logarithmic
(right column) scaling of the “y-axis” and state independent correction.
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a bit more explanation. Class 2 consists of rules exhibiting either stable structures or periodic structures.
Both periodic structures and stable structures can be favorable and detrimental, depending on the exact
specificities. On the one hand, a highly repetitive pattern of quickly changing states of a periodic structure
leads to a detection of updates of neighbors and thus to a larger (tpirsi Asynchrony) ;> Which is again a
lower bound for (trirst Dif ference) - ON the other hand, quick succession of cell changes may lead to an
immediately differing pattern once asynchrony is reached. Similarly, for cells in a localized stable structure
on the one hand the correction scheme does not work anymore, leading to a quick asynchrony, which could
manifest itself in the pattern if the stable structure is not yet permanent. On the other hand, if it is permanent
and a global steady state is reached quickly it is invariant under asynchronous updates even if the steady
state is not homogeneous. The chaotic and strange behavior of classes 3 and 4, respectively, lead with
no large surprise to low values for (trirst Dif ference)  Since as few as on average approximately 5 steps
without correction can be easily sufficient to reach asynchrony as shown in fig. 6.2, and this asynchrony
can manifest itself quickly in the pattern if the cells in the asynchronous connection start changing their
state again.

The classification quantities as a function of (¢p;st Difference>E show qualitatively a similar behav-
ior regarding larger trends as described for the cases without correction scheme or with state inde-
pendent correction scheme (fig. 6.20). Through the coupling from CA to synchronization procedure,
(tpirst Asymhmny>E for the first time depends on the rule in question and thus on its classification quanti-
ties. For (tpirst Asymhmny>E to be large, it is necessary that the rule has \g = 0.5, u = 0.25, Kr > 0.5,
large changiness C', small temporal Kolmogorov Complexity K7, and large single point entropies Hg
and Hr. All these findings are consistent with a rapidly changing pattern, which in turn would allow
the correction scheme to correct for temporal differences and lead to large asynchrony times. Since
(tFirst Asynchrony) i 18 @ lower bound for (tpi st Dif ference) p Oy definition, for rapidly changing patterns
(tpirst Difference>E can in general also be large.

Summed up, if the pattern formation of the CA and the synchronisation scheme are coupled in both
directions, rules from class 3 and 4 and many rules from class 2 behave significantly worse. Two very
different rule properties that can safeguard against changes in the pattern in the presence of update noise
could be identified: Either the rule reaches quickly a dynamical fixed point making its dynamics invariant
under asynchronous updates, or the rule produces a rapidly changing pattern allowing the correction
scheme to work effectively and conserve the synchronous update.
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Figure 6.19 Synchronization with State Independent and Dependent Correction (a-h) (¢zi,st pi f fmme) pasa
function of the rule for the 4 Wolfram classes for a correction algorithm which does not depend on state changes (left
column, same as fig. 6.16) or does depend on state changes (right column). (i) (trirst Asynchrony) ; @S @ function of
the rule for all Rules, as dots with colors as in (a-h) with a correction algorithm dependency on state changes. As
grey lines the values of (trirst Asynchrony)  Without dependency of the rule on state changes - the average in the
middle, average plus/minus three standard as top/bottom grey line. (j) Difference between (t ;s Dz‘fference>E ofa
state independent and state dependent correction algorithm as a function of the rule.
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Figure 6.20 Synchronization With State Dependent Correction - Classification Quantities. Classification quan-
tities from appendix A.2.2 as a function of (trirst Difference) p (fed) and (t pirst Asynchrony) i (blue) for state depen-
dent correction.
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Figure 6.21 Synchronization with Correction - Attractor Properties. Number of attractors, average attractor
sizes and average transient lengths as a function of (trirst Difference)p (fed) and (trirst Asynchrony) (blue) for
state independent correction for the elementary cellular automata rules with linear (left column) and logarithmic
(right column) scaling of the “y-axis” and state dependent correction.
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6.5 Connection to the Physics of Surface Growth

6.5.1 Observables and Models of Surface Growth

To connect to the physics of surface growth [198], it is possible to interpret the time ¢, (Z) of the sth update
of each cell as a “height” above time ¢ = 0. Interpolating between the individual cells, this is reminiscent
of a surface. With each update step, this surface grows more and more, comparable to growth models in
surface physics with the substitution of update step s and time ¢, (%) in the synchrony model with the time
T and height h (Z, T) in the surface growth model. The standard observable of interest in surface growth
models is the standard deviation of the height function for a given s, called interface width, translated to
the synchrony model in 1D with length L here

w(L,s) = J 72 [t () = {ts (@))% (6.8)
=1

If the growth of one point of the surface is independent of the growth at another point of the surface, i.e.,

there is no correction in the framework of the synchrony model,

1 1
w(L,s) ~s2L2 (6.9)

by the central limit theorem in the appropriate limits.
For interacting systems, i.e., systems with correction, experimentally and in toy models a similar scaling
of the interface width of the form

SOLY  for At: > L

6.10
SPLO for At: < L (6.10)

w(L,s) ~ s’ Fy (Lsé) ~ {
with z = % scaling function F, (), and a constant A has been found [198]. The above scaling relations
also imply invariance under the scaling

T +— bx s bt ot — b6t (6.11)

with 6t (x,s) = t(x,s) — (t(x,s)), being the deviation of the time to the average [198]. For the scaling
exponents «, 3, and z, two characteristic sets of values exist describing two different universality classes:
the Edwards-Wilkinson (EW) class and the Kardar-Parisi-Zhang (KPZ) class.

For the EW class, the scaling exponents take the values

11
=(=,-,2]. 6.12
(@62 = (5.7:2) 612
A few toy models fall in this universality class, among them in discrete space random deposition with
diffusion, and in continuous space the EW equation (in surface physics notation)

9 _ 2
ﬁ_h(a;ﬂ')—vo%—yv h+n(x,T) (6.13)

with 7 (z, T') being Gaussian white noise and vy and v being constants.
For the KPZ class, the scaling exponents take the values

113
=(=,=,=). 14
(@52 = (5:55) (614
Amongst the toy models of this class are in discrete space ballistic deposition, and in continuous space
the KPZ equation [199]

0 _ 2 A 2
ﬁh (2, T) =vo+vV°h+ 5 (Vh) n(x,T), (6.15)

again with constants vy, v, .
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6.5.2 Interface Width of the Temporal Surface under the Influence of Correction Schemes

To determine the interface width of the temporal surface, for each generation the standard deviation of the
temporal surface is calculated and the ensemble average taken for each generation separately (fig. 6.22
(a)). The initial and final part of the curve are fit with a function (w), = A1s® and (w), = A2s?,
respectively (fig. 6.22 (b)). Without correction, both fits result in ¢; ~ 0.5, consistent with the independent
growth in the surface model (eq. (6.9), fig. 6.22 (c)). For the default parameter choice, the results of the
fits are c; = 0.176 and c2 =~ 0 (fig. 6.22 (d)). The result for ¢, is consistent with the results found in the
KPZ and EW case for large times, while the result for ¢; does not fit either (eq. (6.12), eq. (6.14)). This
is not necessarily surprising since according to the strong universality conjecture models usually need
appropriate rescaling by “zooming” out in  and s dimension and scaling ¢ appropriately to converge to the
fixed points with EW or KPZ characteristics, respectively [200].

For the purpose of analyzing the exponents more systematically, in fig. 6.23 and fig. 6.24 the fit param-
eters are plotted as a function of m for different correction schemes and standard deviations of the noise
o. While there are quantitative differences, the general shape of the curve for ¢, is the same in all cases:
For m = 0 and large m, the correction scheme is basically not in effect and co ~ 0.5. For intermediate
values around the optimum correction constant, co =~ 0 and the correction scheme does work effectively
preventing any further increase in the interface width. The data for ¢; (fig. 6.24) reveals a slightly more
complicated picture. Proportional and Kuramoto correction schemes show a similar dependency: Starting
from ¢c; = 0.5 at m = 0, falling to slightly below 0.25 (forward and backward scheme) or around 0.15
(symmetric scheme) and subsequently rising again to larger values once m is significantly larger than the
optimal proportionality constant. In its effective range, the correction scheme is thus not only able stabilize
the interface width for large times but also to slow down the increase of the interface width in the initial
phase. Again, the values expected for the theoretical limiting models are not met. For the constant correc-
tion scheme, the c; drops further down. Values below zero can be explained with the fit not including the
first few values, giving room for a drop in interface width.®

5This specific procedure is used because for the simplistic applied fit procedures employing least square fitting with the python
package scipy [201] it showed a better stability. With a more sophisticated approach currently developed by M. Bojer using
various different functions to fit the curve for both small and large number of generations and deciding the most appropriate
model via statistical testing procedure, better results might be possible.
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Figure 6.22 Temporal Surface Interface Width Fit (a) lllustration of the calculation of the ensemble average of
the interface width of a generation. For an individual simulation, the update times of each cell of each generation
s are recorded. The spatial standard deviation of the time of a generation is calculated w (s) = oy (s). After
performing the simulation N times, the corresponding ensemble averages (w (s)) ; are calculated. (b) To compare
to the standard surface growth classification quantities, (w (s)) 5 is fitted by A;s in the first few generations and
with 4552 in the last half of all generations. (c-d) Examples of the plot in (b) with data from a simulation without
correction (m = 0, ¢) and with correction (m = 0.3, d) for otherwise standard parameters with the corresponding fits
and their parameter values in the legend.

104



Proportional Constant Kuramoto

N 0.15 N 0.15 N 0.15
1.00 4—-—= T 4. Tt 4. = Tt
= 0.75 4+ o m 1 1. o M on 1 o M 1
o ,
- N o, Mot g8
?U 050 === ——————— 7’-"‘&@ ____——————:’TM N S O S S
o} | N
0.25 4 ‘-' 1= y g =€ 7
> $ ry
0.00 e o e : —— ——— —
_010 T T T T T T T T T T T T
N 0.15 - 0.15 N 0.15
1.00 4—-—= Tt e Tt J Tt
© 0.75 4= o m 1 1.1 o |m o1 i o |m 1
o e e ® s
o~ ¥ p . K] :h:“". K \ "
‘ﬁ 050 F——— +-—-——-——- e kel i AN I N p— v—'——-
) ‘ X .
0.25 1= & 1 e 1 v -
° 3 P > & o
0.00 et : —_ s — - -
-0.10 T T T T T T T T T T T T
N 0.15 2| 0.15 N 0.15
1.00 4—-—3 —t—"" 4. - Tt 4. —t—
9 0754 <% 0 M 1 4 < ls0 M oi 4 & o M 1
o & "‘ - & ~ e Y
~ % : Koas s § 3 Y F
? 0.50 F— =l ———— _,&__“:“‘:‘a- A . _:.i__@m "2__7 ______ g__t"'.‘,
s} : 4 5y ; 9
0.25 4= - : 1 =5 s I
‘s 4 @ “L % ‘;" o
0.00 — - - = — e
_010 T T T T T T T T T T T T
0.0 02 04 06 0.8 1.0 0.00 0.02 0.04 0.06 0.08 0.10 0.0 0.2 04 06 0.8 1.0
m m m
— 0.0 == 05 —- 1.0 Symmetric Forward Backward

Figure 6.23 Temporal Surface Interface Width Results c.. Fit parameter ¢, and A, (insets) of the long time limit
as illustrated in fig. 6.22 as a function of the proportionality constant m for proportional correction (first column),
constant correction (second column) and Kuramoto correction (third column) as well as symmetric, forward and
backward correction (different colors) and standard deviations of the update noise (different rows). Values for ¢, for
EW- and KPZ-class (0) as solid line, for random growth (0.5) as dashed line and for ballistic growth (1.0) as dash-
dotted line.
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Figure 6.24 Temporal Surface Interface Width Results c¢;. Fit parameter ¢; and A; (insets) of the small time
limit as illustrated in fig. 6.22 as a function of the proportionality constant m for proportional correction (first column),
constant correction (second column) and Kuramoto correction (third column) as well as symmetric, forward and
backward correction (different colors) and standard deviations of the update noise (different rows). Values for ¢, for
the Edward-Wilkinson Class (i) as dash-dotted line and for the KPZ class (%) as dashed line.
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6.6 Discussion and Further Avenues

In this chapter, pattern formation with CA in the context of arising asynchrony was investigated. A mini-
malistic model of discrete updates with noisy timing was extended to include a communication delay and
various correction schemes to alleviate the effects of noise in timing processes. It was found that in the
context of pattern formation, communication and information processing delay can be a productive force
acting as a buffer against asynchrony. If the patterning is coupled to the synchronization, but not the other
way round, patterning dynamics which reach steady states quickly are in general robust against asyn-
chrony. If the synchronization is additionally coupled to the patterning dynamics, also rules which have a
highly variable pattern formation process show robustness against asynchrony. Conservation of synchro-
nization can be achieved by using correction mechanisms which are either only based on the information
if a neighboring cell is faster or slower, or use the exact time difference in a linear fashion or in a model
similar to the classic Kuramoto model, with the latter two being equally more performant than the constant
correction scheme. Yet, these correction schemes cannot reach the performance of a “perfect” correction.
The schemes can deal with quenched as well as annealed noise, can handle systems growing by cell
division at the “tip” or anywhere in the system, different boundary conditions and system geometries. The
strength of the noise that can be handled depends apart from the efficiency of the correction on the amount
of information that is received and the amount of delay acting as a buffer. The process can also be inter-
preted in the context of the physics of surface growth, showing similar limiting characteristics regarding the
“roughness” of the surface of update times.

The connection of surface physics models and temporal surfaces has already been made in the context
of parallel discrete-event simulations [202]. Using a nearest neighbor update model which additionally
guarantees causality and is disturbed by a Poisson noise, they show a behavior close to the behavior of
the Edward Wilkinson model. Their model is guaranteed to never loose causality, albeit at the cost of
having an average update speed of approximately % for L — oo, compared to approximately 1 for the
small length studied in our model. Introducing additional random connections between cells successfully
reduces the roughness of the temporal horizon [197].

Obvious extensions of the work done in this chapter are the inclusion of other motives investigated during
this thesis, e.g., dynamic topologies and coupling of the synchronization to the mechanical properties
of tissues (cp. chapter 8), inclusion of more complex pattern formation process and target measures
(cp. chapter 4, chapter 5), and extending the range of the interactions (cp. chapter 7). Additionally,
while here pattern formation in the context of mere conservation of an already present effective synchrony
was investigated, pattern formation in the context of a system that is just reaching a synchrony may be
interesting from a practical viewpoint. This could be realized for example via the Kuramoto correction
scheme. A different strategy to model this problem is discussed in the following subsection section 6.6.1.
One of the implicit assumptions of the models and observables was that the goal was to synchronize
the cells not only in the same “phase”, but also in the same generation. While this is important for the
pattern formation aspect and there are examples of gradual maturation with each cell division [203], in the
absence of a pattern formation mechanism the synchronization of the “phases” might be enough. Loosing
this restriction could bring the model closer to biological systems like the segmentation clock [13] or genetic
oscillations in Anabaena [149].

6.6.1 Outlook: Information Theoretical Inference of Phases During Synchronization of
Heterogeneous Oscillators

This section describes collaborative work by Johannes Harth-Kitzerow, Torsten Enf3lin, Ulrich Gerland and
the author of this thesis, with the conceptual development performed by J.H.-K. and S.K. with the help of
TE. and U.G.. The detailed calculations were executed by J.H.-K. and are not shown here.

The goal of this section is to develop a Bayesian approach to infer the update times of the neighbors
from the perceived time differences for potentially different update frequencies of the cells which are then

adjusted by the correction algorithm. An overview over the algorithm can be found in fig. 6.25.
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Figure 6.25 Inference Algorithm Overview. View of a single cell in the inference algorithm. The cell receives the
data d; ,, in the form of the temporal differences of the last ticks form the neighboring cells and tries to minimize
a quadratic loss function to optimally choose its new update time T; ;. The distribution with which the average
is taken can be calculated assuming Gaussian priors and noises, as well as using Bayes theorem. From the new
update time, the new ticking frequency and from a continuity assumption the new ticking phase can be determined.

Set-Up

Cell 7 ticks in generation n with a frequency w; ,, which can differ from cell to cell and generation to gener-
ation. The ticking can be modeled by a ticking function

hi (t) = 0 (1 — cos (wint + €in)) (6.16)

with ¢ denoting again the cell and n denoting again the generation. The time difference between ticks

without noise is then

27 27
+€in—Ein-1=
Wi,n Win

with Ae;,, = €;n — €in—1. Assuming the ticking function changes smoothly at the nth update at time ¢,,,

Ti,n -

+Aei, (6.17)

cos (Wi n—1tn + €in—1) = cos (Winty +€ipn) =1 (6.18)
is required, thus
|
Wintn + €in € 2nZ, (6.19)
!
Win—1tp + € n-1 € 2. (6.20)

The updated phase ¢; ,, can thus without loss of generality be chosen from
(Wi — Win—1)tn + Agip =0 (6.21)

to be
€in = €in—1t (Wi,n—l - Wi,n) tn- (6.22)

Deviations from the optimal behavior will again be modelled as diffusive drift by a Gaussian, giving an
effective ticking time of
Otin = Tim +n(0,0;). (6.23)
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A cell ¢ receives information about its neighbors if they have ticked before cell 7, which is for two neighbors
indexedby: —1and i+ 1

din = (min (0, —At; ) ,min (0, —Atit1,)) (6.24)
with .
Aty = Z (0t — Otic1 k) - (6.25)
k=0

To simplify the equations, in the following it is assumed that the data is fully available, i.e.,

dijn = (=Atin, —Atit1n). (6.26)

Loss Function

The goal of the cell is to minimize the time difference of the next ticking events, i.e., the time differences
Tint1 — Tit1n41 — Atigin (6.27)
Tint1 — Tic1n41 — Aty . (6.28)

The loss function now effectively determines the correction scheme and different variations can be inves-
tigated. An example is a quadratic loss function, in the noiseless case

l= <||2Ti,n+1 - Ti—&—l,n—f—l - E—l,n - Ati-‘rl,n + Ativn||>P(Ti+1,n+17Tifl,n+1Idi,nyAti+1,n717Ati+1,n71)‘ (6.29)
With noise, the loss function becomes

l= <H25ti,n+1 - 6ti+17n+1 - 5ti—17n - Ati'i‘l,n + AtimH>P(Ti+1,n+1,Ti71,n+1\di,n,AtHl,nq,Atz‘+1,n71)' (6.30)

Bayesian Model

For developing a Baysian inference model for P (Tit1 n+1, Ti—1n+1|din, Atiyin—1, Atiy1n—1), the prior
information and the noise are assumed to be Gaussian distributed, thus

P (Tiv1n+1: Ticins1|din, Atigin—1, Ativin—1) =
/g (Tit1,n41 — Tit1m, 0ig1)

G (Ti-in+1 — Ticin, 0i—1)
P (Tit1m, Ticinldin, Aty 1, Ativi,n—1, Tin) dTi41 ndTi—1 .

(6.31)

The posterior is now determined using Bayes Theorem:

P (Tis1nTi—1n|dijp, Atin—1, Ativ1n—1,Tin) =
P (din|Tis1,ns Tim1,m, Tins Atin—1, Ativtin—1) P (Tiv1,n, Tim1,n) (6.32)
P (dipn|Atin—1,Ativ1n-1,Tin)

The three components of the right hand side can be determined by the assumptions stated above. For the
prior,
P(Tivip:Ticin) =G Tiv1n — Tivin—1,0i+1) G (Ticin — Ticin—1,0i—1) - (6.33)

The likelihood is, again under Gaussian assumptions®
P (din|Tit1,n: Tic1im, Tiony Atin—1, Atiyin—1) =
/5 (Atip — Atin—1 —Tin+Tic1m + Dicin — Nin)

S (Ativin — Ativin—1 — Tivin + Tin + Nin — Nit1,n)
G (Mi—1,0i-1) G (i, 04) G (N1, it1) dni—1dnidniqy .

(6.34)

5This step omits 10 lines of calculation by J-H.K.
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The evidence P (d) can be obtained from normalization or marginalization

P (dz,n) = /P (di,n|ﬂ+1,na ﬂ—l,rw Th‘) P (E—&-l,na ﬂ—l,ny Th‘) dT’i—Q—l,ndiTi—l,ndT/i- (635)

This model could now be solved either analytically or numerically.
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7 How to Use Local Interactions to Refine Patterns
Created by Global Signaling? - Coupling
Gradients and Local Signaling

This chapter comprises work from a bachelors thesis by Ludwig Burger [204] supervised by M. Bojer and
the author of this thesis as well as work by Mareike Bojer [116] in which the author of this thesis was
involved conceptually and which was published jointly [205]. All were supervised by Ulrich Gerland.

7.1 Morphogen Gradients and Local Interactions

Axial pattern formation was formulated by Wolpert as the already previously discussed French Flag prob-
lem [19]. The main conceptual solution to this problem was a gradient model [20], where gradients of
diffusible morphogens (fig. 7.1 (a), (b)) are read out by the individual cells and cell types are determined
via a thresholding mechanism. This solution model received experimental underpinning in the years since,
e.g., in Drosophila [25] or vertebrate neural tube [23]. Typically, through the thresholding mechanism dif-
ferent domains of gene expression are formed along the gradient axis as showcased by a French Flag. A
central problem for pattern formation with this mechanism is noise in its possible various sources [14], e.g.,
stochastic production of morphogens [139, 206], local variations due to the stochastic nature of diffusive
processes, or variations in the readout of the morphogen concentrations by the cells [14]. This leads to
domain boundaries which are not precise but rather “rough” [14], which might have negative effects for the
downstream development of the embryo. To straighten the boundaries, several mechanisms are possible.
For example, cells can have different mechanical properties for different cell types and thus sort them-
selves into the “correct” domain via mechanical forces [151], e.g., mediated by Eph/Ephrin Signaling [151].
Another conceptually possible mechanism, which is explored here, is that cells additional to the information
about the concentration of the morphogen at their position (“global signal”) also interact with their direct
neighbors (fig. 7.1 (c), (d)) locally and exchange information about their states (“local signal”). In the follow-
ing sections a set of assumptions are made: Cells are assumed to be on a static grid, receiving (possibly
noisy) signals from the morphogen gradient and their immediate neighbors (fig. 7.1 (b), (d)). The signal
from the gradient, which is assumed to be an exponential profile [207], will be processed logarithmically,
leading effectively to a linear gradient signal [208]. While on the left and right fixed boundary conditions
with cells in the “correct” (according to a noiseless global signal) state are used, along the perpendicular
axis periodic boundary conditions are chosen. Two models with different dynamics, signal processing and
noise parametrization are employed. In the next section, first a equilibrium model similar to Hillenbrand et
al. [208] is used to analyze a minimally constrained version of the problem of getting smooth boundaries
via local interaction. In the third section a more specific, dynamical model is analyzed with the focus on
which signal processing logic performs best when combining local and global signals in order to smooth
boundaries.
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Figure 7.1 Models for Axial Pattern Formation. (a) In the classical solution to the French Flag problem of axial
pattern formation diffusible morphogens set a gradient in extracellular space, which is read out by the cells and
trough a thresholding mechanism converted into a state. (b) The realistic model is conceptually simplified in an
abstract model where the cells are placed on a grid with the diffusible morphogens simplified in an field spanning the
whole grid. Different cell types are marked by different colors of the cell boundary. (c, d) Same as in (a, b), but with
additional local signaling. (e) Legend. (a) & (c) adapted from Bollenbach [209].
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7.2 Equilibrium Model

7.2.1 Model Definition and Observables

In this section, it is assumed that cells are placed on a grid of size N x M and that they can have two
states s = —1 and s = +1 (fig. 7.2). They try to align their states with an external field i (z) which is
chosen to be linear with a zero crossing in the middle of the grid

M
h(z)=Je (az - 2) (7.1)
which is modeled by an “energy” function
H=— Z h(zx)si(z). (7.2)

Cells interact with their direct neighbors such that they favor to have the same state, modeled again by a
corresponding “energy” function
H=—J) sis;. (7.3)
(4,9
Taking both local and global interactions together,

H=-J Z 555 — Z h(zx)s;(zx) (7.4)
(6,3) 8

describes the “energy” of the system, which is constructed now such that cells try to have a state that
aligns with the external field and with their neighbors, i.e., a domain system with a smooth boundary
minimizes the energy for appropriately chosen parameters. Each configuration {s} has now an “energy”
associated with it. To model the noise in the pattern formation process it is assumed that each configuration
is appearing with a certain probability depending on the “energy” of the configuration. The probability
distribution is chosen to be of a Boltzmann type

1 —J > ) 8iS5 — 2os e (33 - %) 54
D = — exp (7.5)
Z 1
with n quantifying the noise and Z being a normalization constant
— TSy sisi — S Je (2 — M) s
Z=Y - Y e ) (= %)= (7.6)
s1==%1 sy.m==*1 n

This choice is motivated by the following reasons: (1) configurations with a straighter boundary at the right
position have a higher statistical weight, (2) it is the maximally unbiased distribution for a fixed average
“energy” [115], and (3) it is equivalent to the Ising model, an established toy model for locally interacting
spin systems which has already been sucessfully employed to model developmental systems [210].

The individual cells are placed on a lattice - either a square lattice with von Neumann neighborhood, a
hexagonal lattice, or an irregular lattice created by randomly shifting an initially regular hexagonal pattern
of points randomly (with the random shifts drawn from a triangular distribution with variance r) and then
defining cells by Voronoi tessellation (cp. appendix A.7). Boundary conditions are chosen to be fixed on
the left and right end of the simulation, and periodic on top and bottom.

As main observable, the roughness is chosen which is defined as the ensemble average of the standard
deviation of the interface position:

2
roughness = \/Z [xboundary (Z/) - <xb0undary (y)>configuration} (7.7)
Y

ensemble

It is obtained by Monte Carlo Sampling [211] of the configuration space, for implementation details see
[204].
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7.2.2 Results

The results of boundary formation for the different types of grids can be seenin fig. 7.2 (b) - (i). For a square
grid, the roughness as a function of the intrinsic noise is plotted in (b). The curve can be subdivided into 3
regimes, a self stabilization regime (1), and first (2) and second (3) linear regime. In the self stabilization
regime, the boundary is perfectly straight despite a nonzero noise. In the first linear regime, spin flips in the
row directly adjacent to the boundary are possible. There is a comparably large energy barrier for the flip
of a first, isolated spin at the boundary of 4.J + J., while every additional flip only costs .J.. In the second,
also spin flips away from the boundary are possible. These have a very low probability of occurrence each
due to their large energy penalty of 8J + J. |z — %‘ but there exist a lot of configurations with these, and
thus they can outweigh the changes directly adjacent to the boundary by their multiplicity. Additionally,
through the large distance to the boundary position they also contribute with a greater amount towards the
variance.

The larger the local interactions are, the later is the onset of the first linear regime (fig. 7.2 (c)). To model
the dependency, the self stabilization regime and the first linear regime are approximated by linear fits and
their intersection defined as the crossover point between the regimes or characteristic intrinsic noise n¢
(fig. 7.2 (d)). Plotting the characteristic intrinsic noise as a function of the local coupling constant yields
indeed a linear relationship (fig. 7.2 (e)).

For the hexagonal grid, the roughness plotted as a function of the intrinsic noise follows a qualitatively
different behaviour (fig. 7.2 (f)) as there is no self stabilization regime (1). This is due to the fact that in
a hexagonal grid cells position with their midpoint directly at the coordinate of the zero crossing of the
external field have, assuming all other cells have a "correct” state, no energy preference for either state.
Furthermore, again assuming all other cells have a "correct" state, cells half a cell diameter distant from
the zero crossing of the external field have 3 black and 3 yellow neighbors, and thus only an energy penalty
proportional to J. but independent of J when switching states.

For irregular grids, a similar behaviour as for the hexagonal grid occurs (fig. 7.2 (g)), although the initial
roughness at extremely low noise is larger due to the grid irregularities and the subsequent increase slower
since the number of state changes whose energies does not depend on the local interaction energies is
smaller due to the irregularities. The second regime this time is nearly completely stable for two reasons:
For these noises, the energy required to change states whose changes are penalized by local interactions
is a nearly unreachable barrier. Changes which only depend on the energy of the gradient however are
already realized in the roughness calculations also for lower intrinsic noise levels. Calculating again a
characteristic noise analogously to the procedure for square grids, only this time between the second
and third regime, yields again a nearly linear dependency of the characteristic noise as a function of
the local interaction constant J (fig. 7.2 (h)). As intuitively expected, the larger the noise of the grid
generation parameterized by r and thus the more irregular the grid (fig. 7.2 (i)), the slower the increase of
the characteristic noise (fig. 7.2 (h)).

Summarized, local interactions smooth boundaries in regular as well as irregular grids - the stronger
the interaction the lower the roughness of the boundary (fig. 7.2 (e), (h)). While for square grids the local
interactions facilitate a regime with a completely straight boundary, for hexagonal and irregular grids this
is not possible due to state changes with no or extremely low energy costs. Yet, as soon as the intrinsic
noise is large enough to realize these transitions, again a self stabilization regime appears with relatively
constant roughness as a function of the intrinsic noise until the noise is large enough to overcome also
barriers introduced by the local interactions. In general, disordered grids perform worse than ordered
grids. Interestingly, this is different than the behaviour of the Ising model without external field. Using
the magnetization as order parameter and the critical temperature as observable, Eltinge showed that the
transition from ordered to disordered phases occurs at higher temperature for disordered lattices than for
ordered lattices - it is conjectured that this is due to the on average larger number of nearest neighbors
since a similar increase can be seen by going from square to hexagonal lattices [212].
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Figure 7.2 Equilibrium Model. Adapted from Burger (2019) [204] with permission. (a) Basic model for a square grid
(MxN) with a exponential morphogen concentration creating a linearly varying signal with proportionality constant
Je, as well as local signaling with proportionality constant J. Boundary conditions are fixed (horizontal direction)
and periodic (vertical direction). Square grid: (b) Roughness as function of the intrinsic noise n. Three regimes are
marked corresponding to the exemplary grids below. In regime (1), self stabilization, the boundary is perfect despite
nonzero noise. In regime (2) spins flip in the row directly adjacent to the boundary. In regime (3) spin flips far away
are possible. (c) Roughness as a function of the intrinsic noise for different local gene-gene coupling constant J.
The larger the coupling constant, the lower the roughness. (d) Exemplary roughness as a function of the intrinsic
noise with fits of the first two regimes to determine the characteristic intrinsic noise n¢ at their intersection. (e)
Characteristic intrinsic noise n¢ as a function of the gene-gene coupling constant, together with a linear fit function.
Hexagonal Grid: (f) Roughness as a function of the intrinsic noise with different regimes, as well as exemplary
configurations for the regimes below. In contrast to the square grids, there is no self stabilization regime. Irregular
Grids: (g) Roughness as a function of the intrinsic noise for different irregularities of the grid, again with different
regimes marked and exemplary configurations below. (h) Characteristic intrinsic noise as a function of the gene-gene
coupling constant J for different irregularities of the grid calculated similar to the square grids but for the second and
third marked regimes. The larger the irregularities, the smaller the characteristic intrinsic noise for a given coupling
constant. (i) Relative amount of cells that have a certain number of neighbors for different irregularities of the grid.

7.3 Nonequilibrium Model

7.3.1 Model Definition and Observables

After having explored that local interactions can indeed smoothen boundaries established by gradients in
the presence of noise in equilibrium models, now the focus will be shifted towards a nonequilibrium model.

Again, a set of cells will be placed on a square grid with each cell having a state ¢ € {—5, 5} being

subjected to a signal from a morphogen gradient s ; and their nearest neighbors s ; (fig. 7.3 (a), (b)). The
state of a cell ¢; ; (¢) at position 4, j and time t is evolved in discrete steps and is a dlrect function of these
two signals
_ G L

cij (t+1) = L[ (), sk (1)] (7.8)
The gradient is again modeled as a linear function of slope m with noise introduced by an explicit noise
term 5 which is chosen to be Gaussian white noise with zero mean and standard deviation o¢

s¢(t) = mi + 5 (1) (7.9)

The local signal is calculated as the sum of the states of the neighbors plus again an Gaussian white noise
term with zero mean and standard deviation ¢ accounting for any inaccuracies due to errors in signal
production, transmission and readout

sy (t) = > crg (t) + &5 (1) (7.10)

(k,l)eneighbors(i,7)

Left for definition is now to specify how the local and global signal give rise to the state in the next time
step (fig. 7.3 (c)). In a situation with only a gradient the update function L is defined to be consistent with
the gradient solution of the French Flag problem by introducing a threshold a below which the state in the
next time step is —%, and above which it is %:

1
LORAD (5 (1)] = © [s (1) —a] - 5 (7.11)
If the state of the cell is defined by the concentration of a single protein and the signal acts as activator for
the expression of said protein, this is consistent with having an Hill input function for the expression of the
protein with infinite Hill coefficient [89]. Taking the local signal into account as well, both gradient and local
signal can give rise to an expression in different ways. Assuming again the state of the cell to be defined
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by the concentration of a protein, its expression could require both local and global signal to be present,
i.e., both activator signals binding to a promotor for the expression of the associated gene, leading to an
AND logic [88, 89, 213]

1
LD (s (1) 55 (1)) = © |55 (1) —a] © [sf; (1) —a™P] = 5. (7.12)
Alternatively, either could be sufficient, giving rise to an OR gate [88, 213, 89]
1
LOR [ (1) sty ()] = © [ (1) — a] + © [sF; (1) = %] — © [T (1) — a] © [ (1) = "] = 2.
(7.13)

Finally, both could act on the same promoter and thus can be modeled by a SUM input function [89]

LM (1), s ()] = © [5G () + sk (8) — o] = 5. (7.14)
In the following, these will be called AND, OR, and SUM rule. While for the SUM rule the thresholding takes
place relative to a single threshold, for the AND and the OR rule the thresholding needs to be done with
respect to a specific threshold a4V P and a“ %, respectively, before invoking the eponymous logic operation.
If the gradient formation is set to work from both homogeneous as well as random initial conditions and
at the same time reduce the used observables (see below) optimally, it can be shown numerically that

aNP = _1 and a®" = +1 are the only reasonable choices [205]. To reduce the parameter space
further, the total noise is defined as
§:=¢r ¢ (7.15)
with a total variance of
2 2
o= (O’L) + (O’G) (7.16)
Then a parameter
2
(")
o= 5 (7.17)
g

can be defined to characterize the relative noise strength. This parameter is for most of the following
paragraphs chosen to be a = %ﬁ Further, for the rest usually the paramter sets m and - are used
instead of @ and m.

All updates are performed synchronously, yet the stationary results for the main observables (see below)
qualitatively agree for asynchronous, random update [205].
As first observable, the boundary position B, defined as the average number of cells with state —%,

1 1

is chosen. To measure the fluctuations around this average, as second observable the Fuzziness F as
the number of cells in the wrong state with respect to the boundary position (regardless of their distance
to said boundary),

1 1 1
i<B,j i>B,j

is used. The fuzziness as an observable is able to include outlier cells which are enclosed completely by
other cells of different cell types as well as a rough boundary between homogeneous groups of cell types.
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7.3.2 Results
Kinetics

In contrast to equilibrium model of the previous chapter, the non-equilibrium model allows to study if and
how a steady state is reached from different initial conditions. Figure 7.3 (d) shows boundary position and
fuzziness as a function of time for the AND and SUM rule for different initial conditions (random, all % or all
—%) and different noise levels. For the AND rule, starting from an all —% (OFF) grid, the boundary moves
roughly one cell on average towards the middle of the system (see also zoom ins in insert (i)) since the
structure of the rule needs both local and global signal to switch to the on state with the local signal initially
being available only at the boundary. For random or all ON initial condition, local signals are (for sure in
the all ON case, usually in the random case) available throughout the system and thus a boundary in the
middle of the system quickly forms. In all cases, after forming the boundary in the middle of the system
the roughness quickly reaches its stationary value. It can be shown that the OR is qualitatively similar to
the AND rule with inverted state values [205].

For the SUM rule and large noise, the boundary position and fuzziness quickly converge to their station-
ary values. For small noise, the boundary position converges to a value close to the value expected by the
pure gradient of £, after which the signal from the gradient is not enough to outweigh the local signal until
a random fluctuation due to the noise introduces a “seed” (inset (iii), leftmost grid). The seed gradually
spreads through out the boundary row by flipping the neighbors (inset (iii), next 3 grids) increasing the
fuzziness temporarily, and finally consolidates into a boundary position at the zero crossing of the gradient
(inset (iii), rightmost grid).

Noise Dependency

To investigate the dependency of the pattern formation on the noise more thoroughly, in fig. 7.3 (e) the
dependency of the temporal averages of boundary position and fuzziness as well as the time necessary
to reach the stationary values are depicted for the AND, OR and SUM rule as well as for the pure gradient
(dark colors), together with predictions by analytical theory (light colors), all for a specific choice of system
size and parameters of the gradient. The initial conditions are “all off” except for the transition time where
the maximum of “all on” and “all off” initial conditions was taken.

The boundary position for the SUM rule is for all noise levels at the same position as the boundary
position of the gradient, while for AND and OR rule the boundary position deviates as a roughly linear
function of the noise level. The analytical values closely approximating the numerical results are derived
based on the fact that for a stable stationary boundary at position ¢ the probability of a fluctuation to disturb
this boundary to the left must be smaller than the probability to disturb the boundary at i — 1 to the right.
The same must hold true for a disturbance of the boundary at ¢ to the right and the boundary to the left at
i + 1 [205].

The fuzziness of all rules is a monotonically increasing function of the noise level and in general lower
than the pure gradient behavior. The SUM rule in general outperforms the AND and OR rule and has a
noticeable region of small noise where the fuzziness effectively stays zero, i.e., even though there is finite
noise present, the SUM rule is able to make any fuzziness of a pure gradient rule disappear.

To get a proper upper bound for the transition time to the stationary value, for the AND and OR rule,
the maximum time for an all ON and all OFF grid, respectively, is taken. Thus, it is independent of the
noise for these two cases because of the mechanism detailed in the previous section. For the SUM rule
it is @ monotonically decreasing function - the larger the noise the more random flips appear aiding in the
formation of the stationary pattern as discussed in the previous section.

Having discussed now the dependencies for a specific ratio of local to global noise and specific parame-
ters of the gradient, in fig. 7.3 (f), for a fixed total noise v/30 = 2, for SUM, AND and OR rule the fuzziness
is plotted as a function of the relative noise ratio « for different levels of %. For all rules, the fuzziness
with rule is lower than the fuzziness of the pure gradient well beyond the half, indicating that even if the
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local interactions are more influenced by noise than the gradient signal itself the local rule is able to reduce
boundary fuzziness for different parameters of the gradient.

Scaling

A crucial property demanded for a solution of the French Flag problem [19] is that the solution is able
to scale with system size. To investigate this property, the relative fuzziness and the boundary position
relative to the system size for fixed noise and scaling gradient parameters are plotted in fig. 7.3 (g) as a
function of the system size. Ignoring finite size effects for small lengths, the relative boundary position
and the relative fuzziness are independent of the system size indicating that all solutions with rules scale
similarly as the pure gradient solution with system size.

Gradient Dependency

The remaining parameters that ask for a systematic discussion are the gradient slope m and the threshold
a. Infig. 7.3 (h) the average as well as the maximum and minimum values over the threshold a of the
ratio of the fuzziness of a logic to the fuzziness of the pure gradient % are plotted as a function of
the gradient slope. For all investigated values of the gradient and threshold parameters, the AND and OR

rules outperform the gradient logic and are themselves outperformed by the SUM rule.
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Figure 7.3 Nonequilibrium Model. Adapted from Bojer, Kremser, Gerland; 2022; Robust boundary formation in
a morphogen gradient via cell-cell signaling; Phys. Rev. E 105, 064405 [205] ©2022 American Physical Society.
Model Definition: (a) Cells in a square grids receive a morphogen signal which is linear as a function of the
horizontal coordinate (i) as well as local signals from their neighbors. (b) Cells can in either one of two states ON
and OFF (c) The state of a cell is determined by the local and global signal, as well as how are they coupled together.
Either only the global signal is compared to a threshold a [Grad], both signals are summed up and compared to a
threshold (a), or both are individually compared to thresholds a, " or «©", respectively, and then logically coupled
via the AND or OR logic. Results: (d) Kinetics:. Boundary position and boundary fuzziness as a function of time
for different standard deviations of the noise o for the AND (upper panels) and SUM (lower panels) logic for different
initial grid configurations, together with exemplary grid configurations at the marked times. AND logic: For "Random"”
and "all On" configurations, the boundary position % is reached quickly, while for "all Off" the approach is gradually
step by step as illustrated in (i). The fuzziness similarly reaches a plateau value for "all On" and "Random" initial
conditions quickly, whereas it takes time until the boundary reaches % to reach the plateau value for the "all Off"
initial condition. SUM logic: The boundary position gets close to the plateau value % quickly, for large noise reaching
it nearly instantaneously, while it takes a long time for the low noise case. The fuzziness quickly reaches a low
value for all initial conditions in the low noise case, only increasing and falling again when the boundary is reaching
% as illustrated in (iii). In the large noise case the fuzziness falls to a finite plateau value. (e) Absolute noise
dependency: Boundary position, fuzziness and time to steady state as a function of the noise level for all presented
logics. Simulation results in bold, analytical model in faint colors. The SUM rule has the same boundary position
as the gradient, whereas for the AND (OR) rule it increases (decreases) for larger noise. For the SUM rule, the
fuzziness stays 0 for finite noise levels, whereas for AND and OR logic it increases, although it is lower than with a
pure Gradient. All logics reach the steady state quickly except for the SUM logic. (f) Relative noise dependency:
Fuzziness as a function of the ratio of the local and total noise « for different logics and ratios -*-. All logics perform
better than the gradient logic even when the noise in the local signal is larger than the noise of the gradient but not too
large (g). Scaling: Boundary position per system size as well as relative fuzziness as a function of system size, all
reaching constant values for larger system sizes. (h) Gradient Dependency: Fuzziness of the logics relative to the
fuzziness of the gradient logic for different slopes of the gradient m, showing that in all cases the logics outperform
the pure gradient.

7.4 Discussion and Further Avenues of Research

To sum up, local interactions can reduce the roughness/fuzziness of a boundary formed by a gradient
mechanism in equilibrium and non-equilibrium models on various grids (fig. 7.2 (b), (f), (g)) and for various
interaction rules of local and global signal (fig. 7.3), while keeping the scaling property of the underlying
gradient model (fig. 7.3 (g)).- In the non-equilibrium case it was shown that the SUM rule outperforms
the other interaction rules regarding its reduction of fuzziness (fig. 7.3 (d) - (h)) and conservation of the
boundary position imposed by a pure gradient rule (fig. 7.3 (e), (g)).

The simplicity of the models also has some serious drawbacks concerning the reach and strength of
the statements that can be made. For the equilibrium model, while qualitatively capturing the features of
a local interaction that aims to align cell types locally, a more thorough motivation of the chosen modeling
assumption is not available. Additionally, being an equilibrium model, all temporal effects can inherently
not be modeled like averaging signal measurements over time [14] and not only over space due to the lo-
cal interactions. The latter is also partially true for the non-equilibrium model that only allows for temporal
pooling of the previous values of the neighboring cells. Although several, including irregular, grids, were
investigated for the equilibrium models, only square grids were used in the non-equilibrium model. Ex-
tending the models to different grids by either including experimentally sourced irregular grids, extending
the models to 3 dimensions, including a mechanical model to also consider cell movements and topolog-
ical grid changes (cp. chapter 8), or taking into account the dependency of the local signal strength on
the shared interaction surface of the cells [62] are variations that should be readily implementable in the
current code-base. It can be speculated that especially the latter can reduce clustering effects found in the
equilibrium model for irregular grids [204].

Despite these drawbacks, the chosen models have advantages regarding their quick numeric solvability
and thus multitude of parameter combinations and research questions can be probed. In both cases, it
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could be established for a multitude of parameter combinations that local interactions can indeed reduce
the roughness/fuzziness of a boundary formed by a gradient mechanism and allowed for the comparison
of different mechanisms of combining the local and global signals in the non-equilibrium case. This pro-
vides theoretical support not only for developmental systems, but also for the challenging task of synthetic
mimicry of boundary formation [214]. Exemplary platforms of synthetic pattern formation have demon-
strated communication based on gradients [31, 215] and local interactions [30, 31]. Different communica-
tion logics can also be implemented and controlled in bacterial systems [216, 217]. The previous chapter
supports the choice of the SUM logic versus AND and OR logic as a design principle. It can be speculated
that the fact that for the SUM logic the signals are added up before thresholding and thus the variances of
the noise are only added as sum of squares leads to the advantageous performance over the AND and
OR logic [205]. However, it can be argued and experimentally supported in a bacterial system that for rare
signals thresholding followed by signal combination is preferential to the reversed procedure [205, 218].

In a recent study by Lee et al. [87], for the formation of the primitive streak in the chick embryo two
different models for interpreting morphogen gradients where investigated. The first compared the value of
morphogen signal to a threshold, in our notation roughly equivalent to

£L=6 [sf - a] (7.20)

in the formulation of the model here. The second compared the signal to the average neighborhood signal,

Sg Neighbors — s
E — (_) [ verage el(g; ors (A o a‘| (721)
53

with the size of the neighborhood may be larger then the nearest neighbors. Comparing these two mod-
els to data from different experimental settings lead Lee et al. to the conclusion that the second model
combining local and global signaling is better suited to explain the data. It should be noted that, while the
study shows the possibility for combining local and global signals in developmental settings, in their case,
the combination of local and global signaling is primarily used to determine the boundary position, while in
the case here the focus is on boundary fuzziness.
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8 How to Include Cell Movement, Division and
Death? - Coupling Vertex Models and Cellular
Automata

This chapter consists of work done by Sabina Orazov in her master thesis [219] supervised by Mareike
Bojer and the author of this thesis, all supervised by Ulrich Gerland.

8.1 Basic Vertex Model

The 2D vertex model (cp. fig. 8.1 a, b) in its usual form [220, 221, 222] is defined by specifying a set of
vertices {ﬁi} which determine the cell boundaries on a 2D surface, and an energy function specifying the
dynamics of the vertices of the form

E ({ﬁz}) = Z g (Aq — AO)2 + Z Aoy azla,an + Z gLi (8.1)

a1,a2 adjacent

The first term describes the resistance of cells to changes in area (volume), e.g., compression of the cell is
met by a corresponding pressure with Ay being the volume the cells try to realize if not other cell would be
present and K a weighting factor for this contribution. The second term describes contributions due to e.g.,
cell-cell adhesion by cadherine molecules, as well as contracting forces, and depends on the interaction
length (surface) between two cells o and a, [, «,- The third term is a proxy for the effects of actomyosin
cortical tension and thus dependent on total circumference length of the cell o, L. Differentiating eq. (8.1)
with respect to the vertex positions leads to an expression for the force on a single vertex R;.

. ) .
Frt,i = 5= b ({#}) (82)
The dynamics is then given in an overdamped setting by’

d o
— T ~ F; 8.3
e (8.3)

To prevent the dynamics from being stuck in local minima, the proportionality constant for the line tension
term is not kept constant, but follows noisy dynamics as described in [221]:

. 1
Aa1, oy = _; (Aoq, ag T AO) + Agl, as VMaq, as (t) (8-4)

with the second term on the right hand side describing the noise with 7., ., being a Gaussian white noise
With (Na,,05) = 0 @nd (Nay asMas,as) = dar,asias,0,0 (t —t') as well as v modeling the noise strength. The
noise term is counterbalanced by a relaxation term acting on a typical timescale 7.

The system of stochastic differential equations is solved by the Euler-Maruyama method with periodic
boundary conditions.

'Some terms presented in [221] are omitted here because they are only relevant with regards to implementing stresses in
periodic boundary conditions, but not relevant for the following discussion
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Apart from the geometrical changes by vertex movement, topological transitions (fig. 8.1 c-e) are possible
as well. Ti-Transitions (fig. 8.1 c) happen when the length of an edge shrinks below a threshold i1, ~ 0,
corresponding to a change in local neighborhood. Cell division and death are essentially triggered once a
threshold value Ap; is crossed from below, or Ap. from above, respectively. In the case of cell death, the
dying cell is taken out of the simulation and the adjacent vertices are joined together (fig. 8.1 a, d). For cell
division, 2 new vertices and a new edge are inserted at random positions along the circumference of the
cell following the boundary condition of dividing the cell into to cells of equal size (fig. 8.1 a, e).

Growth in the vertex model in periodic boundary conditions can be implemented by increasing the lo-
cal equilibrium value of A, Ay, to a large value, simultaneously scale the whole vertex model by the same
area and equilibrate the system afterwards.

8.2 Coupling to Cellular Automata

To couple the dynamics of the vertex model to a patterning dynamics via local signaling, a cellular automa-
ton can be run on the cells defined by the vertex model. Since the vertex model is defined in continuous
time and a cellular automaton in discrete time, a timescale dt needs to be defined that specifies the amount
of continous time between two cellular automaton updates. Taken together, the state s of cell a is changed
at time t + 6t by the rule f, which depends on the states of the nearest neighbors.

S (t+0t) = f(s5, B € Na) (8.5)

Since the cell state corresponds to the gene expression of the individual cells which can regulate their
mechanical properties and growth, the state of the cell could also couple to the dynamics of the vertex
model by changing the corresponding parameters. This can be modelled by using first order differential
equations to smooth out the abrupt changes in cell state,

. 1

Aah az = _; (Aal, a2 T Agl, a9 (Salvsag)) + qu, oo (5a175a2) Max, as (t) (8-6)
Ty (8a) = h(sa) (8.7)
AO (5a) = 9 (5a) (8.8)

Consequently, the energy function then changes to include these additional time dependencies

E({&}) =3 % (Ao — A0+ D Aaras W layas + Y F‘;@Li. (8.9)

a1,a2 adjacent
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Figure 8.1 Modified Vertex Model. (Previous page) (a) & (b) Vertex model. Cells are represented as polygons,
whose (shared) vertices follow an overdamped Newtonian dynamics. The force on each vertex consists of term from
3 qualitatively different origins: Area terms, depending on the area, representing the internal pressure of the cell; line
tension terms, modeling the adherence between cells, depending on the length of edges between vertices; cortical
tension terms, depending on the cellular circumferences, representing the forces due to the actomyosin ring on the
cell surface. Adding up all the forces excerted on a vertex by the adjacent cells results in the net force determining
the movement of a vertex. Technically, the forces are specified by defining an energy (b) and a force is obtained by
differentiating this expression with respect to the vertex position. The parameters of the energy expression follow
their own dynamics, only depending on the state of cells and, in case of the line tension proportionality parameter, a
noise term. The dynamics of the cell states follows a typical discrete cellular automata equation. (c)-(e) The vertex
model also allows for topological transitions, such as a change of local neighborhood positions (73 -transition, (c)),
cell death (d) and cell division (e). The processes are triggered once the length of an edge is smaller than a certain
threshold (77 -transition) or the area of a cell is smaller(death)/larger(division) than a threshold, respectively.

8.3 Patterns in Growing Systems

As a first example, it was tried to construct a CA which qualitatively reproduces the “Salt and Pepper” like
patterns of Delta-Notch inhibitory signaling. To that end, a CA with 2 states is chosen. Each cell receives as
input the sum of the states of the other cells weighted by their contact length to account for the respective
signaling strength, compare [62], and their own state. A cell takes state 1 if the total signal is low, and state
0 if the total signal received is high, with a hysteresis to avoid rapid cell state switches (fig. 8.2 (e) and
[116]). The switching points are fixed to be apart by % of the total signal required for the switch from 0 to 1
termed [;,,, (fig. 8.2 (€)). The latter is thus the only novel parameter left in the CA framework, together with
the number of Euler steps in relation to the number of CA steps taken. Figure 8.2 (a) and (b) qualitatively
show the dependence of the pattern on [;,,, for a system growing from 36 to 72 cells. For small values
of [;,w, all cells are in state 0, and for high values of [;,,, all cells are in state 1. For intermediate values
around [;,,, = 0.62, a “Salt and Pepper” pattern appears. This is interesting especially in the context that in
similar models for fixed, regular grids, only flickering of the whole grid appears and noise in the CA signal
is needed to break the symmetry [116]. Keeping [;,,, constant at 0.62 and changing the relative amounts of
CA update to Euler steps and topological transitions (fig. 8.2 (e), (d), (f)) qualitatively shows no difference
in the pattern.

8.4 Future Avenues of Research

In the previous section it was already pointed out that the influence of a dynamical interaction topology and
growth lead to effects that in static, regular systems could only be achieved through noise. Other potentially
interesting phenomena could be investigated within this framework. In the example above a very specific
CA was used to model a the specific phenomenon of “Salt and Pepper” patterns through mutual inhibition.
Given a specific type of pattern, a CA that can produce such a pattern can be searched in principle in
a similar way as presented in chapter 4 using evolutionary algorithms. The range of interaction can be
increased to model protrusions [223] or to include diffusive long range signaling [116, 205]. Also, the
coupling of chemical signaling (cell state) and mechanical properties can also be reversed as detailed
above as the mechanical properties of a cell usually depend on the cell state [224]. Another interesting
avenue might be the coupling of cell division on the chemical signals which is also a common theme in
development [225].
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Figure 8.2 Mutual Inhibition Example. CA with rule as shown in (e) on a grid grown from 36 to 72 cells from an
initially all O state for a vertex model with paramenters of case | (A = 0.12, ¥=0.04) and case Il (A = 0, =0.1) and a
relative noise magnitude z = 0.8 in the nomenclature of [220, 219]. The system is shown before (left column in each
case in (a)-(d)) and after (right) the last relaxation loop. (a) and (b): The CA parameter [;,,, was varied while there
was one CA update per growth step (> 130 Euler steps, depending on the number of T1 transitions, and increase
of Ag — 1.4A¢ of a single cell. (c) For [;,,, = 0.62, instead of before 1 now 1, 2, or 10 CA steps are carried out
consecutively. An exemplary view after 1, 4, 6, and 10 updates for 10 CA steps is depicted in (f). (d) Amount of times
a CA step is performed in between of topological rearrangements. After 50 initial Euler steps, 8 times a loop of cell
division, T2 and T1 transitions with corresponding Euler relaxation steps in between is performed. On every 2nd, 4th
or 8th loop (period), a CA Update is performed. In all of the cases from (c), (d), (f) there is no qualitative difference
between the resulting patterns. Figure composition from [219].
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9 How to Create Models of Locally Interacting
Systems Directly from Data? - Infering Cellular
Automata Rules from Biological Data - a Case
Study for a 1D Model for the Small Intestine
Tissue Renewal

The content of this chapter was developed in a master thesis by Max Sina Knicker [226], which was
supervised by Mareike Bojer and the author of this PhD Thesis, responsible for concept development, all
supervised by Ulrich Gerland.

9.1 Biologcial Data and Verbal Model for Small Intestine Ephithelial
Dynamics

The small intestine epithelial tissue renewal process in mammals is the fastest and one of the most paradig-
matic examples of self-renewing tissues [203]. The small intestine consists of villi protruding into the lumen
of the gut as well as crypts dropping into the underlying connective tissue (fig. 9.1 (a)). Both villi and crypts
are lined with a single layer of epithelial cells, and those cells can move on the underlying connective tis-
sue. The main types' of cells found in this lining of the gut are stem cells, which can differentiate in all cell
types found in the epithelium [228], absortive cells (enterocytes) and secretive cells (goblet cells, paneth
cells and enteroendocrine cells), which may have different sub-types [203, 229]. The stem cells reside in
the base of the crypt together with the paneth cells, while the enterocytes, goblet and enteroendocrine cells
slide in a conveyor belt like fashion towards the tip of the villus where they finally undergo apoptosis [203].
The division of the stem cells and the following potential differentiation of the daughter cells in the crypt
creates the cells that “feed” into the other end of the conveyor belt. Directly above the base of the crypt is
the so called rapid amplifying zone with already fate committed precursor cells (transient amplifying cells)
which divide to increase the number of cells of a certain type resulting from stem cell division [203, 229].

The signaling responsible for inducing proliferation and differentiation is based on a Wnt gradient in the
crypt lumen as well as Notch and Eph/Ephrin signaling between adjacent epithelial cells [230, 231]. Notch
signaling inhibits differentiation towards the secretory lineage, directing multipotent progenitors towards
the absorptive lineage [229]. Secretory cells in turn express Notch ligands, leading to a lateral inhibition
via direct contact interactions and thus surrounding of secretory cells with absorptive cells [229]. Further,
Notch regulates the differentiation of stem cells keeping a stem cell pool [230]. Wnt proteins are screted by
paneth and mesenchymal cells, forming a gradient in the crypt with largest values towards the base, and
are essential for stemness of the proliferating stem cells in the crypt [231]. Eph/Ephrin signaling is present
mediating cell migration and crosstalk between epithelial cell by this pathway control Wnt signaling [231].

'Also other cells types including tuft cells, m-cells and enterochromafin cells are found on the villus [227]
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Figure 9.1 Small Intestine Model (previous page) (a) Schematic cross section for the small intestine crypt. Crypts
are parts of the small intestine epithelium reaching into the underlying connective tissue. The epithelium consists
manly of stem cells (red) and paneth cells (green) in the very bottom of the crypt and goblet cells (yellow) and
enterocytes (blue) in the upper part. The cells move in a conveyor belt like motion form the bottom upwards, with the
stem cells producing new cells by cell division. In the Lumen, additionally a Wnt gradient is present (b) The dynamics
of the cell types is modelled by an probabilistic CA with 4 cell types - stem cells, paneth cells, enterocytes and goblet
cells. Each input for the probabilistic CA updating cell i at time ¢ consists of the state of the cell z! itself, its left and
right neighbors x!_,, x§+1, and a binary variable for the external Wnt signal. This input gets mapped to each of
the 4 possible cell types with a certain probability p (z!, |z!_,, x!,zt, , Wnt (i,t)). (c) Half of the cross section of
the crypt is modeled as a 1D grid of cells with size 25 and the cell types as described in (b). The Wnt gradient is
discretized to be “on” for the first 5 cells from the left and “off” for the rest of the cells. The dynamics is determined
by the probabilistic CA described in (b). (d, e) Additionally to the standard probabilistic CA, paneth and stem cells
can exchange positions with a probability p.,,.ve, and stem cells can divide with a probability pg;yide-

9.2 Constructing a Quantitative Model for Small Intestine Ephithelial
Dynamics

The small intestine ephithelium has been the target of serveral modeling approaches [38], for example
quantitative 3D Models have been developed by Buske et al. [232] and Pin et al. [233]. Here, we strive
for a simplifcation of these two models in the context of cellular automata. As modelling framework 1D
probabilistic CA are picked (fig. 9.1 (b, c)). The automaton consists of a 1D grid of size L = 25, modelling
solely the crypt. To simplify the dynamics of different cell types, only 4 cell types are considered: stem cells,
enterocytes, paneth cells and goblet cells. The CA rule takes as inputs the state of the cell itself and its two
neighbors, as well as a value for the external Wnt gradient, assumed to be 1 if i < 4 and 0 otherwise. Since
it is a probabilistic CA, for each possible combination of inputs a probability for each possible output state
is assigned, yielding 384 parameters? to be determined for the model. Further, introducing the possibility
of an exchange of positions between stem and paneth cells with probability p,,..e at each step, ensures
that the paneth cells can reside in the crypt (fig. 9.1 (d)), and stem cell proliferation, which happens with
probability pg4;.iqe at each time step (fig. 9.1 (e)). Upon stem cell proliferation, the cell with the largest index
leaves the simulated system, corresponding to leaving the crypt and moving now along the villus. Since
along the villus no more differentiation dynamics happens this omits unnecessary simulation overhead. As
boundary conditions, a stem cell at : = —1 and an enterocyte at « = 25 are chosen.

Choosing the above modeling framework implies some key assumptions about the biological system as
well as introduces some strong simplifications:

* The one dimensional representation of an effectively 2 dimensional epithelial sheet is chosen to
reflect the cylindrical symmetry of the crypt.

* In order to simplify as much as possible for an initial approach, the number of cell types is quite
restricted. Most crucially, the existence of intermediate cell types prominent in the transient amplify-
ing zone and their capability of proliferation are omitted, as well as secretory cell types found more
seldom like for example enteroentrocytes. Also, quiescent stem cells acting as reserve [234] are not
part of the model.

+ The Wnt signal is assumed to be a completely external signal independent of simulation dynamics
fixed in time, whose maintenance is not an intrinsic part of the model. This is justified by the many
possible sources of Wnt signal [235] and its stable appearance in the crypt.

« The number of parameters is large, even for a biological model. This is due to the fact that the
interactions between the different cell types as well as with the Wnt signal is not specified a priori
apart from the interaction ranges. Introducing additional assumption, like for example assuming stem

2Using conservation of probability, for the 4 states of each possible input 3 parameters have to be determined. There are 4% = 64
inputs due to the nearest neighbor CA, which double to 128 when taking the Wnt signaling into account
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cells and paneth cells are restricted to the region ¢ < 4 and enterocytes and goblet cells to the region
1 > 4 apart from random appearances by noise with probability n reduces the number of variables
to 128 + 2. Further assuming isotropic local interactions lets the number of free parameters drop to
84 4 2.

To fit values for the remaining parameters, relative occurences of paneth and goblet cells as a function
of cell position from Chwalinski and Potten [236] as presented in Buske et al. [232] were used. The fit was
carried out by using a particle swarm optimization algorithm [237, 238] using the Canberra distance [239]
as distance measure. Running 91876 fit simulations for the Wnt off regime and 128157 for the Wnt on,
taking the 10 best each and combining them yields 100 high performing solutions. For more details on the
fitting procedure see [226].

The results are shown in fig. 9.2. As expected, the model fits the data it was adjusted to quite well
(fig. 9.2 (a)) and quickly reaches a steady state (fig. 9.2 (b)). The different cell types induced by Wnt on
and Wnt off regime can clearly be seen in exemplary simulations (c). Restricting the number of variables as
discussed above yields similar results. The model is also able to qualitatively and quantitatively reproduce
some results not included in the fit: pove @and pgivide €ffectively introduce two new timescales into the
system additionally to the vanilla probabilistic CA dynamics. Their ratio is of the order 10 — 25, which is the
same order of magnitude found in literature [240, 230]. Further, the percentage of single cells, pairs, and
triplets of goblet cells adjacent to each other was in the same order of magnitude in the simulation (74%,
19%, 6%) as in experiments (80%, 12%, 5%) [241]. On the other hand, lateral inhibition would expect to
produce at least sometimes a goblet cell in a homogeneous field of enterocytes, but the corresponding
probability was close to zero in all fits. Also, seldomly occuring configurations have nearly arbitrary values
(since they do not contribute to the fit effectively).
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Figure 9.2 Results for the Small Intestine Crypt. Cell type distribution as a function of position for paneth and
goblet cells - experimental data from Chwalinski and Potten [236] as presented in Buske et al. [232] as dark markers,
mean (dark line) as well as maximum and minimum values as spanning the light colored, filled areas for a simulation
for 100 fit solutions. (b) Fraction of cell types for goblet, paneth and stem cells as well as enterocytes as a function
of generations for the 100 best solutions of the fitting procedure. As in (a), mean as dark line, with maximum
and minimum spanning the light colored, filled areas. (c) Exemplary kymograph. Figure adapted from [226] with
permission.
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10 Summary and Outlook

10.1 Summary

Motivated by developmental pattern formation by direct contact interaction, in this thesis cellular automata
were used as a modeling tool to investigate different possible mechanisms of pattern formation facilitated
by such local interactions.

First, the main focus was finding rules that create a fixed target pattern, a French Flag, from random
initial conditions. Rules using different patterning strategies were found. Rules based on (partially) erasing
the pattern and recreating it showed a great robustness to changes in the initial conditions or the number
of different states in the final pattern. Rules based on sorting the initial distribution of states were able to
withstand perturbations due to noise, asynchronous updates and growth of the system, as well as being
tunable in nearly continuous fashion with respect the width of the stripes of the flag.

As a next step, the objective was changed from finding a rule that creates a single target pattern to find
rules that generate any desired target pattern from any initial pattern given inputs from a small number of
organizer cells which follow an appropriate protocol of cell state changes. Through exhaustive numerical
investigations a limited number of rules was identified that allow for this type of programmable pattern
formation, but in an qualitatively different manner. A sufficient information-conservation principle was iden-
tified which is employed by all the numerically found rules, and is independent of the number of states and
the size of the system.

While during the majority of this thesis the CA updates were synchronous, an asynchronous version
with stochastic changes of update times, communication delay and a correction possibility was introduced.
It was shown that for intermediate connection strengths the local interactions are able to keep the syn-
chrony of the system for a long time, for different topologies, system sizes, correction algorithms, growth,
simultaneous pattern formation, and types of update noise processes.

Coupling CA with vertex models allows studying pattern formation with local signaling in the presence of
realistic mechanical movement, growth, and death of cells. In a preliminary exploration it was shown that
“Salt and Pepper” patterns can be generated in a growing 2D system based on vertex models.

Supplementing a long range signal with nearest-neighbor signaling demonstrated the possibilities to
reduce the fuzziness in boundaries in equilibrium and non-equilibrium systems, with the best performance
for a coupling via a SUM logic followed by thresholding. This is independent of system size and model
parameters, and the boundary position again shows a scaling with the size of the system similar to systems
just based on long range signaling.

For specific biological systems, CA can also be inferred from experimental data and verbal biological
model descriptions as shown for a stochastic CA for small intestine homeostasis. In that function, it can
serve as a mathematical framework to check if the verbal models are able to explain the pattern formation
process accurately.

10.2 Future Avenues

10.2.1 2D and 3D Extension

Most of the investigated pattern formation scenarios have been on a 1D or very restricted regular 2D
topology, which has serious drawbacks. Regular topologies allow for a clear distinction of direction, for
example, when buffering for errors in 2D programmable systems (section 5.5) or increasing the fitness in
2D French Flags by coupling several 1D patterning processes across a second dimension (section 4.11.4).
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However, regularity is a simplification that allows for solution that neglect that in irregular topologies also
interactions in “diagonal” direction might appear which may not allow for a clear separation of a horizontal
or vertical direction. Similarly, the neglect of a third dimension makes the models not applicable for many
potential use-cases. Thus, expanding to more dimensions and irregular topologies seems to be a key
component for extending the models to more realistic cases. In the 2D case, the already or currently
explored approaches of irregular grids sampled with the same statistics as measured in biological tissue
(section 7.2) or the use of vertex models with a similar dynamics as measured in specific biological tissue
(chapter 8) are a promising avenue worth exploring further. For the 3D case, vertex models have also been
established to model the mechanical aspects [222] and could be used as model foundation comparable to
the 2D case above. Another approach of modeling growing tissues with CA has been made by Basanta et
al. [242], introducing cell division, death and movement and may be more suitable for a primary exploration.

10.2.2 Tissue as Network

A further path to systematically increase the complexity of the CA models is to represent the tissue as a
network. On the intercellular level, cells could be modeled as the nodes of the network, while interactions
could be represented as weighted edges of the network. This would allow to include short and long range
interactions into the same framework. From a network science point of view, such a network would be
constrained insofar that the network is embedded in real space, i.e., a spatial network [243]. “Connec-
tomes” mapping the spatial relationship between cells exist for some cases and could be used as direct
experimental data input [244]. Due to possible cell rearrangements, division and death, the network topol-
ogy is dynamic, thus a temporal network is necessary [244]. If several different interaction types are of
interest, multilayer networks could be used [245]. Leaning on ideas from the statistical physics of networks
[171], defining a stochastic process to create networks with the above described properties could simplify
their investigation. Modeling the intercellular communication via a network approach could help finding the
answers to questions like for example:

» How can information be transmitted optimally through such a network and does nature do the same?

* Does the network topology facilitate the pattern formed in biological systems or does it play against
them?

+ Are there constraints on the possible dynamics happening on these networks?

CA represent the internal dynamics of cells with a single memory state and an information processing
instruction. The introduction of an intracellular network to explicitly model gene regulation that can be com-
bined with possibly several intercellular interaction networks could be another increase in complexity that in
some cases has shown interesting results [160, 246], but needs a more thorough exploration. Because the
possible state, parameter and network topology spaces are potentially huge, exploration strategies apart
from exhaustive search or random sampling might be necessary. Evolutionary approaches have shown
promising results reinventing strategies known from developmental biology for pattern formation of cells
modeled with gene regulatory networks but in simple 1D topologies and without any coupling between the
cells, only to an external gradient [247].

10.2.3 Integration of Experimental Data

The advent of large scale “-omics” datasets provides a tempting resource for the contruction of quantitative
models. Information about cellular states as a function of time may be provided by genetic lineage tracing
[248]: Prospective genetic lineage tracing uses the induction of a genetic tracer into a cell. Later, after
cell division, differentiation, etc., a sample of the tissue is collected and analysed, revealing which cells
originated from the same cellular ancestors. Retrospective genetic lineage tracing uses a similar idea, but
instead of an induced genetic trace, somatic mutations are leveraged to reconstruct relationships between
cells.
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Spatial transcriptomics is used to generate snapshots of cell states in the spatial dimension [249]. Tech-
nigues include in situ hybridisation based tools, which visualize RNAs by hybridizing labeled probes in
the original environment, with the key limitation of spectral overlap of the labels; in situ sequencing tools
sequence the RNA in place, but are restricted by the size of the DNA balls needed for signal amplification;
in situ capturing methods capture the RNA in situ with analysis steps performed ex situ — here capturing
efficiency is the main limiting factor; in silico reconstruction methods use either reference atlases or de
novo assumptions about the expression characteristic in physical space. To investigate which cells in-
teract with each other, gene expression of known receptor ligand pairs is measured and their interaction
determined, e.g., by threshold or correlation based methods [250]. Cellular signals may also be recorded
with DNA-based systems, converting cellular signaling events into records on DNA strands, which can be
read out later [251].

Exemplary datasets of the above kind include single cell surveys of the mouse small intestine epithe-
lium [252], transcriptome data of Drosophila [253], and an atlas of cell types and lineage tracing for the
freshwater planarian Schmidtea mediterranea [254].

How to integrate this amount of data in a CA model? Usually, a rough idea of what is happening in the
system of interest already exists in biological literature and can be taken as an initial verbal model that
needs to be put into a quantitative context. For example, to extract cell states from transcriptomics data,
the expression of cell type markers can be used. Alternatively, if no dependency on predetermined notions
of cell types is wished, or the thought of having certain cell types in the system needs to be checked,
or knowledge about cell types is not available, clustering algorithms can be used to define cell states
[255]. If a fixed geometry is chosen, the exact geometry can, e.g., be chosen to fit experimental data
as exemplified for the small intestine crypt [232]. Having determined geometry and possible cell states,
the general form of the transition rules has to be determined, i.e., what general types of interactions and
their associated ranges. This can be done either from the verbal model, as in chapter 9, or by using the
transcriptomics data as described above. In a next step, the exact parameters of these transition rules have
to be fitted. Using a probabilistic model as in chapter 9, values can be fitted using the spatial snapshots
of the spatial transcriptomics data or the temporal snapshots from lineage tracing. As fit methods for
deterministic models evolutionary algorithms are an option, compare chapter 4. For probabilistic CA,
similar to chapter 9, particle swarm optimization can be used, but also gradient based methods are in
principle possible. The spatial transcriptomics data may also be used to generate initial conditions as well
as boundary conditions.

What use does such a model have? Following Mogilner et al. [36], showing that a quantitative model
can reproduce the biological phenomenon indicates that all “necessary players and interactions” [36] have
been identified or, in case of not being able to reproduce the data, the underlying mechanisms may not
be understood well. Furthermore, determining sensitivities of the parameters, stiff and sloppy parameter
combinations can be extracted, indicating which parameter combinations need to be determined more
precisely [256].

Leaving the world of CA models, one can speculate that it might even be possible to arrive at a more
generic class of models that in principle can include frameworks for all relevant cell-cell interaction types
and outcomes. As first examples, an approach was already undertaken to predict the state trajectory of
cells by learning models for transcriptomic vector fields in the context of hematopoiesis [257], and focusing
on image analysis and cell population estimation [258]. Feeding such a generic class of models with
transcriptomics data, quantitative models could be produced fast, potentially even without having a verbal
model first. Since in the transcriptomics data, in principle, also the expression of proteins determining
mechanical interactions is recorded, these may potentially be included as well. In some sense, this whole
approach would be close to having a “machine learning model” for morphogenesis, which has enough
realistic and interpret-able components to adapt to different biological situations when fitted to large scale
experimental data.
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A Appendix

A.1 Autonomous DNA Cellular Automata

An implementation of Cellular Automata has been proposed by Yin et al. for purely DNA based systems
[190]. On atrack made of DNA lattice dangling DNA molecules can be mounted, engineered to have some
flexibility to allow for contact with the neighbors and a sticky end allowing connection to floating molecules
or their neighbors. In the solution, free floating DNA molecules again with sticky ends perform helper action
or act as rule molecules. Information about states is encoded into the DNA sequence. Through binding
with the neighbors and subsequent cleavage, a dangling DNA molecule can first incorporate information
about the state of the neighbors in its strand. Then, it can bind to an rule molecules which leads to the
assignment of a new state, with a subsequent restoration of a sticky end. This process an be engineered
in a way that it propagates as wave across the lattice, leading to an effectively synchronous CA update.
For more details see [190]. Organizer cells can in principle also implemented in this set-up by modifying
the initiator molecules necessary to start the waves such to also encode temporal information [167].
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A.2 Cellular Automata

A.2.1 Simulation of Elementary Cellular Automata
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