Bruno Durand (Ed)

JAC 2008

Journées Automates Cellulaires
Uzes, France, April 21 — April 25, 2008
Proceedings

Mocksa
Uznareascreo MITHMO
2008



Volume Editor

Bruno Durand

LIF, Aix-Marseille Université, CNRS

39 rue Joliot-Curie, 13013 Marseille, France
E-mail: Bruno.Durand@Iif.univ-mrs.fr

Bprono iopan (pex.) JAC 2008. Tpymabl KOH(MDEPEHINE IO KJIETOUHBIM ABTOMATAM
(Uzés, @paniust, 21-25 anpess 2008 r.)

ISBN 978-5-94057-377-7 MCCME Publishing House Moscow

Ilopnucano B neyats ¢ auanosutusos 10.04.2008

Texunueckuit pegakrop H. Omnanzxke

Bywmara 6enas. [leuars odcernasi. [apHuTypa KOMIBIOTED MOJIEPH

NznarenbctBo MOCKOBCKOTO IEHTPa HEMTPEPHIBHOTO MATEMATHIECKOTO 00Pa30BAHUS
119002, Mocksa, Bosbimoit Biacbesckuii niep., 11

Orneuarano B Tunorpadun dkoas Hopmans Cynepuop, JInox, @panrus

Printed at Ecole Normale Supérieure Lettres et Sciences Humaines, Lyon, France

Typesetting: Camera-ready by author, volume composing by N. Ollinger, LIF, Marseille, France



Foreword

This volume contains papers and abstracts presented at the First Symposium on Cellular Au-
tomata “Journées Automates Cellulaires” (JAC 2008). This year’s conference was held on 21-25
April 2008 at the Hotel du Général d’Entraigues, in the scenic old city of Uzes, France.

The Symposium on Cellular Automata “Journées Automates Cellulaires” (JAC 2008) is an
international conference centered on cellular automata and other models of computation. Topic of
interest included: cellular automata, tilings, computation models, logic and other bistroodles.

The call for papers led to approximately 25 submissions from 7 countries. Each was assigned to
at least two program committee members, refereed directly by them or treated by external referees.
The program committee selected 14 regular and 5 exploratory papers. As chair of this committee, I
would like to sincerely thank its members and the external referees for the valuable work they have
invested in the reviewing process. In the name of both the program committee and the organizing
committee, I would like to thank authors of selected papers: they chose JAC, a new conference,
to submit very good papers that could have been also accepted at top notch and well established
conferences with a wide scope.

During the four days of the conference 14 regular papers and 5 exploratory papers were pre-
sented. Indeed, the PC committee of JAC 2008 has created a special category for exploratory papers:
we considered in this category papers dealing with very special new variants of cellular automata,
papers that are scope borderline, or papers that present interesting works for the conference audience
but are yet in preliminary state.

In addition to these presentations, 5 informal talks were also given. The extended abstracts
of the invited talks, the regular and exploratory papers and the abstracts of the informal talks are
included in these proceedings.

It was a pleasure and an honor to have the opportunity to organize this first Symposium on
Cellular Automata “Journées Automates Cellulaires” (JAC 2008). The conference benefited from
six invited speakers, whose topics spanned the above list, and a total of 50 registered attendees. I
would like to express my thanks to the six invited speakers, Jacques Mazoyer, Gianpiero Cattaneo,
Eric Goles, Jarkko Kari, Maurice Nivat and Alexander Shen.

I wish to particularly thank the sponsors for the meeting: Laboratoire d’Informatique Fon-
damentale de Marseille, Escape research group of the Laboratoire d’Informatique Fondamentale
de Marseille, Laboratoire de I'Informatique du Parallélisme, IXXI Rhone-Alpes Complex Systems
Institute and Université de Provence.

Special thanks are due to A. Voronkov for his EasyChair software (http://www.easychair.
org/) which gives the organizers of conferences a remarkable level of comfort. The conference could
not be organized without the help of the members of the Organizing Committee, chaired by Grégory
Lafitte and Nicolas Ollinger. I wish to express in these lines my deepest gratitude for the harsh work
done mainly in a vacation period and for their tenacity.

These proceedings are published in an electronic format and in a printed version with ISBN 978-
5-94057-377-7. The electronic proceedings are available through several portals, and in particular
through HAL. HAL is an electronic repository managed by several French research agencies. We
want to thank HAL for hosting the proceedings of JAC and guaranteeing them perennial availability.
The rights on the articles in the proceedings are kept with the authors and the papers are available
freely, under a Creative Commons license.

Marseille, April 2008 Bruno Durand
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A FULL CELLULAR AUTOMATON TO SIMULATE PREDATOR-PREY
SYSTEMS COMPARISON WITH THE DISCRETE TIME
LOTKA-VOLTERRA EQUATIONS

G. CATTANEO

Universita degli Studi di Milano-Bicocca

Dipartimento di Informatica, Sistemistica e Comunicazione,
Via Bicocca degli Arcimboldi 8, 20126 Milano (Italy)
E-mail address: cattang@disco.unimib.it

ABSTRACT. A Cellular Automata (CA) model describing a predator-prey dynamics is
introduced; this model is based on a uniformly applied update rule which is fully local, i.e.,
without any spurious Monte Carlo step during the diffusion phase. A particular attention
has been addressed to the comparison of the obtained discrete time simulations with the
theoretical results from the difference equation versions of some generalized version of the
Lotka-Volterra equation.
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COMMUNICATION COMPLEXITY AND CELLULAR AUTOMATA

E. GOLES

E-mail address: eric.chacc@uai.cl

ABSTRACT. Given a one dimensional CA with two states, nearest interactions and n left
bits, x, a central bit ¢ and n right bits, y. The question is what is the minimum information
the left (say Alice) have to send to the right (say Bob) in order to Bob compute the n-
th step state of the C.A? We will give examples, numerical experiments and some exact
results.
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UNDECIDABLE PROPERTIES ON THE DYNAMICS OF REVERSIBLE
ONE-DIMENSIONAL CELLULAR AUTOMATA

JARKKO KARI

Department of Mathematics
FIN-20014 University of Turku
Finland

E-mail address: jkari@utu.fi

ABSTRACT. Many properties of the dynamics of one-dimensional cellular automata are
known to be undecidable. However, the undecidability proofs often rely on the undecid-
ability of the nilpotency problem, and hence cannot be applied in the case the automaton
is reversible. In this talk we review some recent approaches to prove dynamical properties
of reversible 1D CA undecidable. Properties considered include equicontinuity (=periodic-
ity), sensitivity, variants of mortality, one-sided expansivity and regularity. All these prop-
erties are undecidable, according to recent proofs obtained in collaboration with N.Ollinger
or V.Lukkarila.

Introduction

Let S be a finite set — the state alphabet — and consider bi-infinite sequences of symbols
of S, called configurations over S. The set S% of all configurations is endowed with the
standard compact and metrizable topology obtained as the countably infinite product of
the discrete topology on S. A one-dimensional cellular automaton (CA for short) over state
set S is a continuous transformation G : S% — S% that commutes with the shift function
o:8% — S% defined by o(x); = x4 for all z € S% and i € Z.

It follows from the classical Garden-of-Eden theorem that every injective CA transfor-
mation G is also surjective, and hence bijective. Because S% is compact, the inverse function
G~ is continuous and commutes with the shift — it is also a CA. We call an injective G a
reversible cellular automaton, and G~! its inverse automaton. See [6] for more details and
further historical results.

To treat cellular automata algorithmically one needs a finite representation for them.
This is provided by the famous Curtis-Hedlund-Lyndon theorem, which states that cel-
lular automata are exactly the functions that can be defined by a simultaneous, parallel
application of a local update rule [3]. More precisely, a non-negative integer r (called the

Key words and phrases: cellular automata.
Research supported by the Academy of Finland grant 211967.

creative
commons ®@®6



4 J. KARI

neighborhood radius) and a local rule f : S?"*! — S define the CA function G over state
set S where

G(SL’)l = f(:L'Z;r, [SPN ,xi+r)
for all ¢ € Z. All cellular automata functions G arise in this fashion.

Many dynamical properties of cellular automata are known to be undecidable: there is
no algorithm that would determine if a given CA (given in terms of its local update rule)
has the property. Examples of such undecidable properties include nilpotency, equiconti-
nuity and sensitivity (see Section 3 below). These properties are known to be undecidable
among the general, not necessarily reversible cellular automata. The undecidability proofs
rely mostly on nilpotency, which is a property possessed only by non-reversible CA. Until
recently, no analogous undecidability results were known for reversible CA. Yet reversible
CA constitute an important family of dynamical systems whose properties and long time
behavior should be better understood. In this paper we report some recent undecidabil-
ity results for a few dynamical properties for reversible CA. The results are obtained with
N.Ollinger and V.Lukkarila. We give the results without proofs here — the proofs will
appear elsewhere.

The paper is organized as follows: in Section 1 we define and discuss the dynamical
properties studied in this paper. In Section 2 we briefly recall some concepts and results on
Wang tiles. Section 3 reviews some basic undecidability results for non-reversible CA, and
in Section 4 we give undecidability results for reversible CA.

1. Dynamical properties

This paper summarizes some undecidability results on dynamical properties of reversible
one-dimensional cellular automata. Properties considered are equicontinuity (=periodicity),
sensitivity, variants of mortality, one-sided expansivity and regularity. In this section we
define these concepts.

First some general terms and notations: elements ¢ € Z are referred to as cells. For
configuration € S% and integers m < n we use the notation T([m,n)) to denote the word
TmTm+1 - - - Tn. Configuration z is called spatially periodic if ¢™(z) = x for some m > 0.
Spatially periodic configurations form a dense subset of S%Z. Configuration z is called
temporally periodic (or just periodic) for G if GP(x) = z for some period p > 0, and it
is called (temporally) eventually periodic for G if G™*P(z) = G™(xz) for some pre-period
m > 0 and period p > 0. A spatially periodic configuration is always eventually periodic.
In reversible CA eventually periodic configurations are all periodic, so in reversible CA
periodic configurations are dense. A well known open problem asks whether the same holds
for all surjective CA.

1.1. Equicontinuity points

Configuration x is an equicontinuity point for G if for all m € N there exists M € N
such that for all configurations y

2(-am)) = Y-wan) = G @) mm) = G () [mm) for all § € N.
The evolution of equicontinuity points can be reliable simulated up to any precision on a

computer: all forthcoming states within an observation window of radius m are uniquely
determined by the initial states within a window of radius M.
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If G is reversible one may be interested in the evolution of x both in backwards and
forwards in time. Let us define two-way equicontinuity of x analogously, only difference
being that time ¢ now takes also negative values: for all m there exists M such that for all
y e S _ _

T~ M) = Y(-mm)] = G (@) [mmm)) = G (Y)[[—m,m)) for all i € Z.
The two definitions, however, coincide:

Lemma 1.1. Let G be reversible. Point x € S is an equicontinuity point for G if and only
if it is a two-way equicontinuity point for G.

Proof. Let x be a configuration that is not a two-way equicontinuity point for reversible G.
Then for some window radius m holds the following: for all M there is some configuration y
and time ¢ € Z such that T[—M,M]) = Y[[-M,M]) while Gi(l‘)[[_mﬁn]] #* Gi(y)[[_mm”. Periodic
configurations are dense, so there are periodic 2/, 4’ such that

Tloww)) = T(=MM]) = Y[-MM) = Y-
and ' 4 4 4
G (@) [emm)) = G (@) [mm)) Z G (W) [=mm)] = G* () [=mm])-

Since 7' and y’ are temporally periodic we have a positive J such that
Then, either G’ (z ) [—m,m]] 7é GI(x ) ([—m,m]] OF GJ( )[[ mm)] F Gj(x)[[ m,m]]- In any case,

a configuration contradlctlng the equicontinuity of x exists for all M, that is, z is not
equicontinuous.
The other direction is trivial. [

1.2. Equicontinuity

Cellular automaton G is called equicontinuous if all configurations are equicontinuity
points. It easily follows from the compactness of SZ that the radius M of the initial window
can be chosen independently of configuration z, that is, G is equicontinuous iff the following
holds:

(vm € N)(3M € N)(Va,y € S%)
T M) = Y(-mm)) = G (@) [mmm)) = G (Y)[[—m,m)) for all € N.
For reversible G' one can define two-way equicontinuity by considering also negative time
i < 0 (that is, by requiring all configurations to be two-way equicontinuity points) but
according to Lemma 1.1 the concept obtained would be equivalent to normal equicontinuity.

A CA is called periodic (eventually periodic) if all configurations are periodic (eventually
periodic, respectively). One can easily see that the pre-period m and period p can be then
chosen independently of the configuration z, so that a CA is periodic (eventually periodic)
if and only if there exists p (or m and p) such that GP(z) = z (or G™P(z) = G™(z),
respectively) for all x.

It is known that one-dimensional equicontinuous cellular automata are exactly the
eventually periodic CA, and among surjective CA equicontinuity is equivalent to periodic-
ity [12, 2]. In particular, all surjective, equicontinuous CA are reversible. These facts are
summarized in the following theorem:

Theorem 1.2. The following hold [12, 2]:
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(a) One-dimensional CA is equicontinuous if and only if it is eventually periodic.
(b) One-dimensional surjective CA is equicontinuous if and only if it is periodic.

A cellular automaton is called nilpotent if there exists a positive integer ¢ such that
G*(S7) contains only one element. Nilpotent CA have the most trivial dynamics possible:
all activity dies out within time ¢. It is clear that a nilpotent CA is eventually periodic,
and hence equicontinuous.

1.3. Sensitivity

A CA is sensitive, if there is an observation window radius m € N such that for every
initial configuration x and every M &€ N there exists a configuration y and time ¢ € N such
that 2(_ara) = Yjj—ar,01)) DUt G*(2)[—m,m)] 7 G*(Y)[[=m,m])- In other words, every configu-
ration x can be modified arbitrarily far away in space in such a way that the modification
eventually propagates inside the observation window. Note that the definition states that
in sensitive CA no configuration is equicontinuous, and moreover, the observation window
size m that contradicts the equicontinuity at point x can be chosen independently of x. It
turns out that the second condition is automatically satisfied: If a one-dimensional CA has
no equicontinuity points then arbitrarily distant modifications can be made to any configu-
ration in such a way that the change propagates into the observation window whose radius
m equals the neighborhood radius r of the CA [12]. So we have the following:

Theorem 1.3. A one-dimensional CA is sensitive if and only if it has no equicontinuity
points [12].

A CA is called almost equicontinuous if it has some equicontinuity points. Almost
equicontinuity and sensitivity are complementary properties.

Two-way sensitivity of a reversible CA is defined analogously to sensitivity, only differ-
ence being that the time ¢ when Gi(:z?)[[_mm]] #* Gi(y)[[_mﬁm]] may be negative. It is easy to
see, analogously to Theorem 1.3, that a reversible one-dimensional CA is two-way sensitive
if and only if it has no two-way equicontinuity points. It follows then from Lemma 1.1 that
sensitivity and two-way sensitivity are equivalent concepts among reversible CA.

1.4. Expansivity

CA G is positively expansive if any difference in configurations eventually propagates
inside a fixed observation window: there exists m € N such that

T Fy = Gi(x)[[_,mm]] # Gi(y)[[—m,m]] for some 7 € N.

A reversible CA is expansive if time i is allowed to have a negative value: there exists m € N
such that ' '
T 7'é Yy = Gl(x)[[,mym]] 7'é Gl(y)[[,mym” for some i € Z.

According to our naming convention above, expansivity should be termed two-way expan-
sivity, but we rather decided to follow the historical terminology. Unlike for the dynamical
properties discussed so far, the concepts of expansivity and positive expansivity are not
equivalent. For example, the shift function o is expansive but not positively expansive. In
fact, it is easy to see that a reversible CA can never be positively expansive.
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Expansivity and positive expansivity of one-dimensional CA have quite natural left-
and right-sided variants. Let us call a CA positively left-expansive if there exists m € N
such that

Z[[0,00) #* Y[[0,00) = G" (l‘)[[,mﬂn]] # G (y)[[,mym]] for some i € N.
Analogously, in positively right-expansive CA differences propagate to the right. A CA is
clearly positively expansive iff it is both positively left- and positively right-expansive. The
shift o is an example of a positively left expansive CA. For reversible CA we analogously
define left- and right-expansive CA by allowing time i to obtain also negative values: G is
left-expansive if for some m € N holds

T(f0.00) 7 Yll0.00) = G (@)((-m,m)] # G'(9)[-m,m) for some i € Z.
We see in Theorem 4.4 below that it is undecidable whether a given reversible CA is left-
expansive.

1.5. Equicontinuity classification of CA

In [12] Kurka proposed a classification of one-dimensional cellular automata into four
classes based on their degree of sensitivity to initial conditions. The classes are as follows:

(K1) Equicontinuous CA.

(K2) Almost equicontinuous CA that are not equicontinuous.

(K3) Sensitive CA that are not positively expansive.

(K4) Positively expansive CA.
FEach 1D CA belongs to exactly one of these classes. First three classes are based on
the number of equicontinuity points (none, some but not all, and all configurations are
equicontinuity points, respectively). No reversible CA is in class (K4), so when classifying
reversible CA it makes sense to replace (K3) and (K4) by

(K3’) Sensitive CA that are not expansive.
(K4’) Expansive CA.

1.6. Mortality

Mortality of a dynamical system refers to the property that the evolution leads from
every initial configuration into an ”accepting” configuration. In cellular automata theory,
acceptance can be defined in various ways which leads to different variants of mortality. We
consider two variants.

Let us specify a set F' C S of accepting states. In our first variant acceptance happens
when some cell enters an accepting state, and in the second variant acceptance happens when
a fixed, predefined cell enters an accepting state. This leads to the following definitions: G
is globally mortal with respect to set F' C S if for every x € S there are i € Nand j € Z
such that G'(z); € F. It is locally mortal with respect to set F if for every x € SZ there
is i € N such that Gi(x)y € F. Every locally mortal CA is also globally mortal, while the
converse is not true.
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1.7. Column subshifts and the language classification of CA

In [12] also another classification of CA was proposed based on the complexity of their
column subshifts. A column subshift is the set of all possible temporal sequences of views
to the CA configurations through a fixed finite window. More precisely, let G be a one-
dimensional CA and let k£ be a positive integer, the width of the observation window. The
column subshift ¥;(G) of width & associated to G is

Se(G)={ye (SHN |z e 8t . y = G'(z) [ ) for all i € N}

It is a one-sided subshift over the alphabet S*. Term trace subshift was used in [4] for the
column subshift £;(G) of width one.

The column language Li(G) of width k is defined as the set of finite subwords of
sequences in Yx(G). It is a language over the alphabet S*. Language Li(G) is always
context-sensitive [14].

As in several sections above, if G is reversible then it makes sense to allow also negative
time. The two-way column subshift of width k associated to G is

{y € (Sk)z | 3z € SZ Yi = G’(x)[[l)k” for all i € Z}.

Among reversible (and even surjective) CA this does not, however, bring any new infor-
mation on the dynamics because the language of this two-sided subshift is the same L(G)
extracted from the one-sided case.

Cellular automaton G is called regular if 3 (G) is a sofic shift for every k > 0. This is
equivalent to Ly (G) being a regular language. Many questions on the dynamics of a given
CA become decidable when restricted to regular CA [10]. This fact is largely based on the
following result:

Theorem 1.4. If G is reqular then the column subshift X1 (G) of width k can be effectively
constructed, for every k > 0 [10].

CA G is equicontinuous if and only if it is eventually periodic with some pre-period
m and period p (see Theorem 1.2). This is equivalent to the column subshift ¥;(G) being
bounded periodic: For all y € ¥;(G) we have y; = ¥4, whenever ¢ > m. It is easy to
see that such subshifts are always sofic (even of finite type), so all equicontinuous CA are
regular.
The language classification of CA proposed in [12] has three classes:
(L1) Equicontinuous CA (the column subshifts are all bounded periodic).
(L2) Regular but not equicontinuous CA (the column subshifts are sofic but not bounded
periodic).
(L3) Non-regular CA (a column subshift is not sofic).

2. Wang tiles

Wang tiles and the tiling problem have been used in many undecidability proofs con-
cerning cellular automata. While the tiling problem relates naturally to two-dimensional
CA, also limiting behavior of one-dimensional CA can be treated by interpreting the space-
time diagrams as plane tilings. This leads naturally to the definition of determinism in
Wang tiles.

A Wang tile is an oriented unit square tile with labeled edges. We denote by N (),
E(t), S(t) and W (t) the label of the north, east, south and west edge of tile ¢, respectively.
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A tile set T is a finite set of such tiles. A wvalid tiling by 7" is an assignment ¢ € T
of tiles on two-dimensional lattice in such a way that abutting edges of adjacent tiles are
everywhere identical, that is, for every (i,j) € Z? we have N(c(i,5)) = S(c(i,j + 1)) and
E(c(i, j)) = W(c(i +1,7)).

The tiling problem is the algorithmic question of determining whether a given set T
admits at least one valid tiling. This problem was proved undecidable by R.Berger in [13].
This is the starting point in many reductions to prove undecidability results for cellular
automata.

To deal with one-dimensional CA we add the following constraint on tile sets: tile set
T is NW-deterministic if the colors of the north and the west edges determine each tile
uniquely, that is, for all t,u € T

N(t) = N(u) AW (t) = W(u) =t = u.

We define analogously NE- SW- and SE-determinism. Tile set T is called two-way determin-
istic if it is both NW- and SE-deterministic (i.e. deterministic in two opposite directions),
and T is four-way deterministic if determinism holds in all four directions.

If ¢ is a valid tiling admitted by a NW-deterministic tile set T" then any southwest-to-
northeast diagonal of ¢ uniquely determines the next diagonal below. A local rule using just
two tiles of the previous diagonal gives each tile. Valid tilings become space-time diagrams
of a one-dimensional CA if we interpret the diagonals as configurations of the CA. With a
similar interpretation a two-way deterministic tile set yields a reversible CA. This method
is better explained below in the proofs of Theorems 3.1 and 4.1.

The following result was proved in [15]. A weaker version dealing with NW-deterministic
tile sets only was proved earlier in [5]. The result provides a basis for some of the undecid-
ability results reported here:

Theorem 2.1. [t is undecidable whether a given 4-way deterministic tile set admits a valid
tiling [15).

3. Non-reversible CA

In this section we review some undecidability results concerning general, not necessarily
reversible CA. Using the undecidability of the tiling problem among NW-deterministic tile
sets (Theorem 2.1) we easily obtain the following:

Theorem 3.1. It is undecidable whether a given one-dimensional CA is nilpotent [5]. The
question is undecidable even among CA over the binary state set S = {0,1} [1].

Proof. For a given NW-deterministic set T' of Wang tiles we construct a one-dimensional
CA over state set S =T U {q} where ¢ & T is a new state. The local update rule only uses
the state s1 of the cell and state so of its right neighbor. If s1, s € T and there exists a tile
t € T such that
W(t) = E(s1) and N(t) = S(s2)

then the new state of the cell is ¢. (Note that this ¢ is unique due to NW-determinism.) In all
other cases the new state is q. It is clear that the configuration “¢“ = ...qqqq. .. is a fixed
point of this CA. Any southwest-to-northeast diagonal of a valid tiling is a configuration
that never evolves to this fixed point, so if T' admits a valid tiling then the CA is not
nilpotent.



10 J. KARI

Conversely, if a valid tiling does not exist then, by a compactness argument, the n x n
square can not be properly tiled for some n. This means that inside every segment of length
n state g will appear within the first 2n time steps. As state ¢ spreads the configuration
becomes “¢“ in at most 3n time steps. Hence the CA is nilpotent. The first result now
follows from the undecidability of the tiling problem among NW-deterministic tile sets.

See [1] for the technique to reduce the state set into the binary alphabet. [

Corollary 3.2. It is undecidable whether a given 1D CA is equicontinuous [1]. It is unde-
cidable whether it is sensitive [1]. These two properties are recursively inseparable. This is
true even among CA over the binary state set S = {0,1}.

Proof. Let G be an arbitrary 1D CA of radius r. Then clearly G o ¢"*! is nilpotent (and
hence equicontinuous) if G is nilpotent, and it is sensitive if G is not nilpotent. n

Among equicontinuity classification, the decidability status of positive expansivity re-
mains a challenging open problem. Concerning the mortality of non-reversible CA, we have
the following easy corollary:

Corollary 3.3. Local mortality and global mortality are undecidable among one-dimensional

CA.

Proof. Let F = {q} where ¢ is the external non-tile state in the proof of Theorem 3.1. The
CA constructed in the proof is locally (and globally) mortal with respect to F' if and only
if the tile set does not admit a valid tiling. L]

Finally, it was shown in [10] that it is undecidable to determine if a given one-dimensional
CA is regular. In fact, nilpotency and non-regularity are recursively inseparable properties.
In particular, this means that the classes (L1) and (L3) in the language classification of
Section 1.7 are recursively inseparable from each other:

Corollary 3.4. It is undecidable whether a given one-dimensional CA is regular [10]. More
precisely, nilpotency and non-reqularity are recursively inseparable.

Proof. Suppose there exists an algorithm to separate nilpotent CA from non-regular CA.
Then we can decide nilpotency of a given G as follows: The separating algorithm either
tells that G is definitely not nilpotent or that G is definitely regular. In the first case we
know the non-nilpotency of G directly, and in the second case we can effectively construct
the trace subshift 31(G) of G using Theorem 1.4. Note that G is nilpotent if and only if
%1(G) is eventually constant, that is, there is state s € S and number N such that y; = s
for all y € ¥1(G) and ¢ > N. This condition can be easily verified from the finite automaton
representation of the trace subshift. L]

4. The case of reversible CA

4.1. Mortality

Analogously to Theorem 3.1, a direct application of the undecidability of the tiling
problem among two-way deterministic tile sets was used in [9] to show that global mortality
is undecidable among reversible CA:

Theorem 4.1. [t is undecidable whether a given reversible 1D CA is globally mortal. This
holds even if the CA is known to be expansive [9].
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Proof. For a given two-way deterministic tile set T' we start by adding to it tiles until we
have a tile set S =T U F' that is two-way deterministic and complete in the sense that for
every horizontal color h and vertical color v there is a unique tile t € S with N(¢) = h and
W(t) = v, as well as a unique tile ¢’ € S with S(¢t) = h and E(t) = v. The added tile set
F' can be effectively constructed by arbitrarily pairing the missing horizontal/vertical color
pairs among NW- and SE-edges in T

One can next construct a one-dimensional CA over the state set S analogously to the
proof of Theorem 3.1: Let s; and s3 be the states of a cell and its right neighbor, respectively.
Then the new state of the cell is the unique tile ¢t € S such that

W(t) = E(s1) and N(t) = S(s2).
It follows from two-way determinism of S that the CA is reversible.

The CA is globally mortal with respect to the added tiles F' if and only if T does not
admit a tiling. Indeed, if T" admits a tiling then a diagonal of a valid tiling is a configuration
whose space-time diagram only contains elements of 7. So the CA is not globally F-mortal.

Conversely, if T' does not admit a tiling then there exists a number n such that T" does
not admit a tiling of an n x n square. Then every segment of length n will contain a state
in F' within 2n time steps, so the CA is globally mortal.

The first part of the theorem now follows from the undecidability of the tiling problem
among two-way deterministic tile sets.

For the second part we observe that global mortality is invariant under composing the
CA with the shift: G is globally mortal if and only if Goo” ! globally mortal. But Gog"t!
is always expansive where r denotes the neighborhood radius. [

A layer of binary signals was introduced in [9] to obtain the following result.

Theorem 4.2. It is undecidable whether a given reversible 1D CA is locally mortal. This
holds even if the CA is known to be left-expansive [9].

Proof. We reduce global immortality to local immortality. Let G be an expansive one-
dimensional CA, with state set S = T UF where TN F = (). Let us construct a new CA G’
with state set S x {0, 1}2. Each state has two binary signals associated with it. The S-states
evolve according to G. Normally (if the underlying S-state belongs to T') the two signals
travel left and right, respectively. An exception happens in every cell whose state belongs
to F: If the incoming right and left moving signals have binary values a and b, respectively,
the outgoing right and left moving signals will have binary values 1 + b (mod 2) and a + b
(mod 2), respectively. Let F’ (the new acceptance set) consist of all states that contain a
signal with binary value 1.

It is easy to see that G’ is left-expansive, and it is locally mortal w.r.t F” if and only if
G is globally mortal w.r.t F'. The result now follows from Theorem 4.1. L]

If one executes the constructions in the proofs of Theorems 4.1 and 4.2 starting with
an aperiodic, two-way deterministic tile set T' then the final CA G’ is left-expansive but not
regular. Aperiodic two-way deterministic tile sets must exist due to the undecidability of
the tiling problem — and an aperiodic four-way deterministic example was even explicitly
constructed in [8] — so we have the following corollary:

Corollary 4.3. There are left-expansive reversible CA that are not reqular.

By adding yet another layer of signals we can reduce local mortality among left expan-
sive CA into the problem of determining if a given CA is left-expansive:
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Theorem 4.4. It is undecidable whether a given reversible 1D CA is left-expansive [9].

Proof. Let G be a left-expansive CA over the state set S = TUF where TNF = (). Construct
anew CA G’ with two additional binary signals in each cell. The first signal shifts left while
the second one does not move. In addition, in each cell where the underlying S-state belongs
to F' the two signals are swapped. It is easy to see that G’ is left-expansive if and only if G
is locally mortal with respect to F. The result now follows from Theorem 4.2. [

It is not known whether expansivity of reversible CA is decidable. Note that if lo-
cally mortality were undecidable among expansive CA then the construction we used in
Theorem 4.4 would show that expansivity is undecidable. Global mortality is known to
be undecidable among expansive CA (Theorem 4.1), but it remains a challenge to reduce
global mortality to local mortality while preserving expansivity. For left-expansive CA this
was successfully done in the proof of Theorem 4.2.

4.2. Equicontinuity

Using a reduction from the mortality problem of reversible Turing machine it is shown
in [7] that it is undecidable if a given one-dimensional CA is periodic:

Theorem 4.5. It is undecidable whether a given reversible 1D CA is periodic [7].
Using Theorem 1.2(b) we directly obtain the following:

Corollary 4.6. It is undecidable if a given reversible one-dimensional CA is equicontinu-
ous [7].

By observing that periodicity of a sofic shift is decidable, one sees analogously to Corol-
lary 3.4 that the classes (L1) and (L3) in the language classification of Section 1.7 are
recursively inseparable even among reversible CA.

Corollary 4.7. It is undecidable if a given reversible one-dimensional CA is reqular. More
precisely, periodicity and non-regularity are recursively inseparable among reversible one-
dimensional CA [16].

Proof. Suppose there exists an algorithm to separate periodic from non-regular reversible
CA. Then we can decide periodicity of given G as follows: The separating algorithm either
tells that G is definitely not periodic or that G is definitely regular. In the first case we
know the non-periodicity of G directly, and in the second case we can effectively construct
the trace ¥1(G) of G using Theorem 1.4. It is an easy matter to effectively determine if
31 (G) is periodic, given the finite automaton representation of its language. ]

Finally, we mention without proof that recently V.Lukkarila reduced the halting prob-
lem of reversible Turing machines to show that sensitivity is undecidable among reversible
CA:

Theorem 4.8. It is undecidable whether a given reversible 1D CA is sensitive [16].
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5. Conclusions and open problems

We have discussed recent undecidability results from [9, 7, 16]. These show that
many dynamical properties that were previously known to be undecidable for general one-
dimensional CA remain undecidable with the additional constraint of reversibility.

Many challenging and interesting decidability problems remain open. Most notably, it
is not known whether it is decidable if a given one-dimensional reversible CA is expansive.
Another, closely related open question is a conjecture of Nasu [11] that all expansive one-
dimensional cellular automata are conjugate to subshifts of finite type, or equivalently, that
the column subshift ¥,4;(G) of width r + 1 is of finite type when G is expansive and r
is its neighborhood radius. It would be even interesting to know if all expansive CA are
regular, a weaker statement than Nasu’s conjecture. Note that Corollary 4.3 states that
left-expansive CA are not necessarily regular.

One approach to the expansivity problem is to try to reduce global mortality to local
mortality of expansive CA, as suggested in Section 4.1. It would seem, however, that for
this to work a counter example to Nasu’s conjecture would be needed, in an analogy to
Corollary 4.3.

We also have not yet touched the decidability status of any mixing property such as
transitivity.
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Since their origin, algorithms on cellular automata have been defined. The noticeable
point is that algorithms and computations are disjoints notions. Besides many computations
(in the framework of Turing computability) as multiplication, real-time recognition of primes
in unary, ..., algorithms without sequential counterpart have been defined as Firing Squad
Synchronization Problem, French Flag, self-reproduction, ...

We recall the notion of signal or particle. It is simply the trajectory (a neighborhood-
connected line) of an information (subset of states up to a grouping operation) in the orbit of
some configuration. Basic signals are straight lines; from them a large variety of signals may
be constructed on a finite configuration: but all signals are not constructible and it remains
to characterize (if possible) such signals. When the initial configuration is infinite, all signal
are constructible: in some way input (of some computation) may define new signals.

On other hand, a signal viewed as a connected line in an orbit may be constructed in
different manners: so, states and their order used to defined a signal may be viewed as data
setting on the signal. Many algorithms in a geometrical way move this kind of data. We
briefly indicate main algorithms showing how to translate, reverse dat and to carry data
from one signal to another one. We also give an example of how transform parts of an
orbit using tiling of the orbit respecting the natural dependencies of cellular automata. We
observe that there exist in literature a large variety of methods; so, it is quite impossible to
list all of them.

Since work of K. Culik and C. Choffrut, it is well done how to transform the graph of
dependencies of a 1D-CA of neighborhood {—1,0,+1} into a graph of dependencies of a
1D-CA of neighborhood {—1,0} and then to see the initial cellular automaton as a trellis
automaton. This leads us to the notion a grid (an injection of Z x N into Z x N). Given
a cellular automaton A which constructs a grid G on the initial configuration c4 and an
another cellular automaton B, it is possible to algorithmically defined a new cellular automa-
ton C such that from every initial configuration cp, a new configuration c¢ has an orbit such
that the orbit of ¢p appears on grid G. This is a convenient way to move the whole orbit of
B in space-time. Another interest of grids is that when communication time between cells
or computational time of cells are not uniform, the grid is modified but remains a grid: this
allows, in some sense, to bypass to synchronous character of cellular automata.

@85%%;‘1'1‘&5 ®@®06
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We study a typical example of Turing computation: the function (z,y) — (xy)?. This
points that often "good" cellular computational algorithms are the "natural" ("human")
ones. This example also show how to compute composition of functions ( (z,y) — xy and
z — %) using grids. On a grid, we have two basic moves of information (to the right and
to the left), to stay on a cell (time move) is now to achieve a right move followed by a left
one. To compose functions we put first computation on a grid G; and second computation
on a grid Go the right move of which is a time move of G; (we have choice for its left move).

Then we propose some hints to achieve a programming language for 1D-CA:

e The s-n-m theorem has two components: the classical one on local (cell based)
computations and a global one on the grid constructed during the computation. In
particular, not only the shape of the grid but also the size of its holes depend on the
data.

e Memory garbage is now synchronization of the active part (computations make sev-
eral composition and the efficient of the sequence of grids decrease).

e Recursive calls are now simply to construct a new grid in holes of the previous one.

e A while instruction is to construct an infinite family of grids.

e Clearly, problems about for loops remain.

Finally, we show that the situation for 2d-CA is far more complicated.

This work is licensed under the Creative Commons Attribution-NoDerivs License. To view a

copy of this license, visit http://creativecommons.org/licenses/by-nd/3.0/.
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ABSTRACT. For a given p > 0 we consider sequences that are random with respect to
p-Bernoulli distribution and sequences that can be obtained from them by replacing ones
by zeros. We call these sequences sparse and study their properties. They can be used in
the robustness analysis for tilings or computations and in percolation theory.

This talk is a report on an (unfinished) work and is based on the discussions with
many people in Lyon and Marseille (B. Durand, P. Gacs, D. Regnault, G. Richard a.o.)
and Moscow (at the Kolmogorov seminar: A. Minasyan, M. Raskin, A. Rumyantsev,
N. Vereshchagin, D. Hirschfeldt a.o.).

1. Motivation

There are several results which say, intuitively speaking, that “if errors are sparse
enough, they do not destroy the intended behavior of the system”. For example, percolation
theory says that if every edge of a planar conducting grid is cut with probability €, cuts
of different edges are independent and e is small enough, then the grid remains mostly
connected (there is an infinite connected component). Similar statements can be done for
cellular automata computations with independent random errors, for tiling with errors etc.

It would be nice to translate these results into the language of algorithmic information
theory and define the notion of “individual sparse set” (for a given £). This notion could
be used to split the above mentioned results into two parts: first, we note that with prob-
ability 1 with respect to the Bernoulli distribution the resulting set and any its subset is
sparse; second, we prove that a sparse set of errors does not destroy the desired behavior
(connectivity of the grid, computation of the error-correcting automaton etc.)

2000 ACM Subject Classification: 68Q30, 82B43.
Key words and phrases: algorithmic randomness, percolation theory, error correction.

Thanks to all members and guests of the ESCAPE team at LIF who contributed to the discussions
reported in this paper.
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Note that the notion of sparse set should take into account not only the overall density
of errors but also their distribution. For example, if we cut all the conductors along some
line in a grid, we may destroy the connectivity though the fraction of destroyed conductors
is negligible (density in a N x N square tends to 0 as N — o).

In this paper we suggest such a definition of p-sparse set and outline some its properties
as well as possible applications.

2. Definition of sparse sets

Let p > 0 be some rational number. Consider a Bernoulli distribution B, on the space
Q of all infinite sequences of zeros and ones where bits are independent and each bit equals
1 with probability p. This is a computable distribution on €2, so the notion of Martin-Lof
random sequence with respect to this distribution is well defined (see, e.g., [2, 6]).

Identifying each sequence w with a subset of N that consists of all ¢ such that w; = 1,
we get a notion of a random subset of N according to this distribution. Let us call p-sparse
all these sets and all their subsets. The following proposition justifies this definition:

Theorem 2.1. Let 0 < p1 < p2 < 1 be two rational numbers. Then every pi-sparse set is
p2-sparse.

Proof. We need to prove that any p;-random sequence a can be converted to a pa-random
sequence by replacing some zeros by ones. Informally, we want to replace each 0 by 1 with
probability ¢ = (p2 — p1)/(1 — p1); if this replacement is directed by a g-random (with
respect to a-oracle) sequence (8 then the result will be pa-random. To prove this, we may
use van Lambalgen theorem; it says that the pair («, ) is random with respect to the
product distribution, and the replacement result is therefore random with respect to the
image distribution, i.e., pe-Bernoulli distribution. (We do not go into the details since we
prove more general result about coupling below.) L]

Remark. We have defined the notion of a p-sparse set for subsets of N, but the Bernoulli
distribution is invariant under permutations and Bernoulli-random sequences remain Ber-
noulli-random after computable permutations of the domain. Therefore this notion can be
defined for subsets of Z, ZF, sets of strings etc.

By definition, every p-Bernoulli random sequence « is p-sparse. The next theorem
shows that there could be another reason of a to be p-sparse:

Theorem 2.2. For every computable p € (0,1) and every p-Bernoulli random sequence «
one could replace infinitely many zeros in o by ones but still have p-Bernoulli random
sequence (for the same p).

Proof. (Discovered independently by Peter Gacs.) Consider a diverging series with con-
verging squares, say, ¢; = 1/i. Then consider a sequence 3 that is random with respect to
the distribution of independent bits where ith bit is 1 with probability ¢;. Moreover, let
us assume that 3 is random even relative to the oracle o. Then we can check that «; V ;
will contain infinitely many additional ones compared to « (since Y ¢; diverges and (3 is
independent of a). On the other hand, «a; V f; is still random with respect to p-Bernoulli
distribution since its natural distribution (p + (1 — p)g;) is equivalent to p-Bernoulli distri-
bution due to the effective version of Kakutani’s theorem (because the sum of squares of
the differences between probabilities of the two Bernoulli measures converges). L]



20 L. BIENVENU, A. ROMASHCHENKO, AND A. SHEN

3. Criteria

One would like to have a more straightforward definition for p-sparse sets that does not
involves the existential quantifier (“there exists a random sequence such that...”). Such
a criterion indeed can be obtained if we restrict ourselves to monotone cylinders in the
Martin-Lof definition of randomness.

Let X be a finite subset of N. Consider the set I'x of all w € €2 that have ones at all
positions in X. The p-Bernoulli measure of I'x equals p* where k is the cardinality of X.

Let us call a set N C Q effectively p-monotone null set if there exists an algorithm
that given rational € > 0 enumerates a sequence X1, Xo, ... of finite subsets of N such that
the union of corresponding monotone cylinders I'x, has measure at most € (with respect to
p-Bernoulli distribution) and covers N.

Theorem 3.1.

A. For every rational p > 0 there exists the mazimal effectively p-monotone null set
that contains all effectively p-monotone null sets.

B. A sequence w is p-sparse if and only if w does not belong to the mazimal effectively
p-monotone null set.

Proof. A. This can be proved in the same way as Martin-Lof theorem about the existence
of the maximal effectively null set: one can enumerate all algorithms, modify them to
guarantee the bound for the measure and then take the union of all corresponding sets.

B. (See [3].) Let us note that every effectively p-monotone null set N is an effectively
null set by definition; moreover, all the sequences obtained from the elements of N by
replacing zeros with ones still form an effectively null set. Therefore, the elements of N are
not p-sparse.

On the other hand, we have to prove that the set U of all sequences that cannot be made
p-random by replacing zeros by ones is an effectively p-monotone null set. By definition, a
sequence w belongs to U if the set E,, of all sequences that can be obtained from w by such
a replacement is a subset of the maximal effectively null set M (with respect to p-Bernoulli
measure). We need (for a given ¢ > 0) to cover U by the sequence of monotone cylinders of
total measure at most . Consider the enumerable union of (non-monotone) cylinders that
covers M and has total measure at most €. This union covers the closed (and therefore
compact) set F,,, therefore a finite union of these cylinders also covers E,,. Those cylinders
deal with finitely many positions in F,,, therefore there exists a monotone cylinder that
contains w and is covered by that union. The set of all monotone cylinders covered by
some finite union of (non-monotone) cylinders in the sequence is enumerable, and we get
the required enumerable family of monotone cylinders of total measure at most e. [

Remark. This criteria can be used to prove Theorem 2.1: it remains to show that for
a monotone set X its p-Bernoulli measure By(X) is a monotone function of p. (This is a
standard result in classical probability theory that is proved essentially in the same way, by
coupling pi1- and pa-Bernoulli random variables, see below Theorem 4.4.)

It would be interesting to find another equivalent definition of p-sparse sets. One may
look for a martingale criterion of sparseness. Recall [4] that a sequence is random if and only
if every lower semicomputable martingale is bounded on its prefixes. Trying to characterize
sparse sequences, one may try to find the corresponding class of martingales.
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Formally speaking, a p-martingale (in the algorithmic information theory) is defined as
a function x — m(z) defined on binary strings with non-negative real values such that

m(z) = pm(zl) + (1 — p)m(z0).
If m(x) is interpreted as the capital of the player after bits of x appear during the game
(from left to right), this equation says that the game is fair, i.e., the expected capital after

the next round equals the capital before it. We say that martingale m makes bets only on
ones if the outcome 1 is always more profitable than 0, i.e., if

m(x0) < m(x1)

for every binary string z. A stronger condition: a martingale m is monotone if m(x) < m(y)
when & < y, i.e., when y can be obtained from x by replacing some zeros by ones. It
turns out that monotone martingales can be used for defining sparse sets (sequences) while
martingales that bet only on 1’s are not suitable (there are too many of them).

Recall that a martingale m is lower semicomputable if there exists a computable function
(z,n) — M(x,n) with rational values (here z is a string and n is a natural number) such
that for every x the sequence M (z,0), M (x,1), ... is non-decreasing and converges to m(z).

Theorem 3.2.

A. If a sequence o is mot p-sparse, there exists a monotone lower semicomputable
martingale m that tends to infinity on the prefizes of a.

B. If there exists a monotone lower semicomputable martingale m that is unbounded
on the prefizes of a, then « is not p-sparse.

C. There exists a p-sparse sequence o and a lower semicomputable martingale m that
makes bets only on ones and still tends to infinity on the prefizes of .

Proof. A. For every enumerable union 7' of monotone cylinders we may consider a lower
semicomputable martingale my by letting mz(z) be the conditional probability to get
a sequence in T starting from z (and adding independent p-Bernoulli bits). Since T is
monotone, this martingale is also monotone; it starts from the measure of T" and reaches 1
at any sequence in T. Adding up these martingales (say, take T, of measure at most 4~" and
multiply the corresponding martingale by 2"), we get a lower semicomputable martingale
that tends to infinity on the prefixes of all elements of given monotone effectively null set.

B. Let m be any lower semicomputable monotone martingale. For a given ¢ we may
consider the enumerable set of all x such that m(x) > ¢, and all (non-monotone) cylinders
rooted at these . The union of these cylinder has measure at most 1/c due to martingale
inequality. Since the martingale is monotone, we can replace non-monotone cylinders by
the monotone ones not changing the union. Doing this for large ¢, we get the required
covering by an enumerable union of monotone cylinders that has small measure.

C. To construct a required counterexample, let us consider a p-Bernoulli random se-
quence and split its elements into pairs. Then let us modify this sequence replacing pairs
01 and 10 by 00 (and leaving 00 and 11 unchanged). This gives us a p-sparse sequence since
we replace ones by zeros in a random sequence. However, the player can make a safe bet
on the second bit of each pair if she sees that the first bit is 1, and this happens infinitely
many times since we have started from a random sequence. [
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4. Coupling

In this section we review a well known technique that can be then adapted to prove
that some operation produce sparse sets.

Let A and B be two finite sets and let R C A x B be a binary relation; we write aRb
if {a,b) € R. Consider two random variables o and 3 that range over A and B. defined
on unrelated probability spaces. We say that aRf (abusing slightly the notation) if there
exist random variables o’ and 3’ defined on some common probability space M such that

e o/ has the same distribution as «;
e (3 has the same distribution as 3;
e o/(m)RB (m) for every m € M.

This definition refers not to o and (8 themselves, but only to the corresponding prob-
ability distributions on A and B, so it defines a relation between probability distributions
on A and B.

In other terms, we are looking for a matrix of non-negative reals (a distribution on
A x B) that has given sums for all rows and columns. This task can be reformulated in
terms of network flows. Indeed, consider a bipartite graph that has A on the left and B
on the right. The source s is connected with all elements of A by edges whose capacities
are given probabilities of the elements in A; all elements of B are connected to the sink ¢
by edges whose capacities are probabilities of the elements of B. The edges between A and
B have unlimited capacities and correspond to the elements of R. Then aRS means that
this network has a flow of size 1. The Ford—Fulkerson theorem provides a criterion for the
existence of such a flow; this criterion describes the obstacles for aR3. A pair of sets S C A
and T' C B is an obstacle if

e all R-neighbors of all elements in S belong to T’
o Prja e S] > Pr[f e T
It is evident that if such an obstacle exists, then aR/3 is not possible, and Ford—Fulkerson
duality says that this condition is necessary and sufficient:

Theorem 4.1. «Rf if and only if there are no obstacles of described type.

Now we extend this result to infinite sequences. Consider two random variables o and
0 that range over A and B* (here X stands for the set of all sequences zg, z1, ... where
x; € X). We say that « RS if there exist o/ and 3’ that share the same probability space M,
have the same distribution as « and 3, and of(m)RG;(m) for every m € M and for every
1€ N.

Note that this definition refers only to the distributions on A% and B> and that the
relation on A% x B* is defined coordinate-wise (separately for each ¢). It turns out that
the statement about possible obstacles remains true for this definition.

Theorem 4.2. The relation aRp is false if and only if there exist Borel sets S C A*® and
T C B*™ such that:

e for every apay ... € S every boby ... € B® such that Vi (a;Rb;) belongs to T';

e Prla e S]>Pr[feT)

Proof. Tt is evident that the existence of S and T" with these properties is indeed an obstacle
for aRB. In the other direction we cannot use just the Ford—Fulkerson argument since the
spaces are infinite. However, the relation is defined coordinate-wise, and we may for every
N find a joint distribution on AV x BY that has the same projections on AN and BY as «
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and 3, and has the required property with respect to R. (Indeed, an obstacle to this finite
task as described in Theorem 4.1 at the same time is an obstacle in our current sense.) It
remains to find limit point as N — oo using the standard compactness argument. u

Note that the existential quantifier for one of the sets S and T can be eliminated:
the obstacle can be defined as the set S such that the set of all its neighbors have -
probability less than the a-probability of T'. This evident remark shows that defined relation
is transitive:

Theorem 4.3. Let A, B,C be finite sets; let Ry C A X B and Ry C B x C be two binary
relations and R = Ry o Ry be its composition. Then aR18NBRyy = aR~y for any random
variables «, 3,7 that range over A%, B C* respectively.

We will mostly deal with the special case where A = B = {0,1} and the relation R
is linear order <. Let us denote the corresponding relation between two random variables
o and [ that range over Q = {0,1}* by o < 3. (The same notation will be used for
corresponding distributions.) In this case the description of obstacle can be simplified
further:

Theorem 4.4. a < (3 if and only if Prla € Z] < Pr[B € Z] for every monotone Borel set
Z C .

(A set Z C Q is monotone if a € Z and Vi (oy; < 3;) implies § € Z.)

Proof. One could argue that the set T'(S) of neighbors (as defined above) for every set S C

is monotone and contains S, so S can be replaced by T'(S). (Note that T'(T'(S)) = T(5).)
However, there is a technical problem since we need T' to be a Borel set. This can be

avoided if we use this argument for finite case {0,1}" and take a limit point after that. m

Remark. Similar statements can be made for any finite set and partial preordering on
it (instead of the standard ordering of {0,1}).

5. Coupling and algorithmic randomness

We want to apply coupling technique to establish results about random and sparse sets.
The following two statements will be used as main technical tools for this.

Let M be an oracle machine that accepts or rejects its input (natural number) n asking
questions of type “m € L?” for different natural numbers m and oracle L. Such a machine
defines a mapping that maps the oracle set L into the set accepted by M when oracle L is
used.

More precisely, this is a partial map, since it may happen that for some oracles L the
machine M% does not terminate for some inputs. We are not interested in the partial
functions and consider M(L) as undefined in these cases. Recall also that we identify sets
X C N and their characteristic sequences, so an oracle machine defines a (partial) mapping
Q— Q.

Let P be a computable probability distribution on 2 and let M be an oracle machine.
For a random variable « that ranges over €2 we consider the image distribution M(P) on
Q, i.e., the distribution for the variable M(«a). This distribution is well defined if M (w)
is defined with probability 1. We assume that this is the case; then Q@ = M(P) is a
computable distribution on 2. The following natural connection between P-randomness
and @Q-randomness [5] holds:
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Theorem 5.1.

A. If w is Martin-Léf P-random sequence, then M(w) is Martin-Lof Q-random se-
quence.

B. Any Martin-Léf Q-random sequence T equals M(w) for some Martin-Lof P-random
sequence w.

Proof. A. If w is Martin-Léf P-random and M (w) is defined, this is a direct corollary of
the definitions: if Z is a Q-effectively null set containing M (w) then its preimage M~1(Z)
is a P-effectively null set containing w (it is an effectively null set since the preimage of
an effectively open set of (Q-measure less than e is an effectively open set of the same
P-measure).

However, there is one more thing to prove: we need to show that M(w) is defined on
every P-random w. Indeed, for every n the set of all oracles w such that MY is defined
on n is an effectively open set of full measure. It is easy to see that its complement is an
effectively null set and therefore cannot contain a Martin-Lo6f random sequence.

B. Let N be the maximal P-effectively null subset of 2. We need to prove that every
@-random sequence has a M-preimage outside N. In other terms, we have to prove that
the set N’ of sequences that do not have preimages outside N is a Q-effectively null set.

Assume that some rational € > 0 is given. We have to find an effectively open set of
(Q-measure less than € that covers N'. First, let us consider an effectively open set N, that
covers N and has P-measure less than €. We want to show that the set of sequences that
have no preimages outside N. is an effectively open set. (Note that Q-measure of this set
is less than € since @ is the image of P.)

Indeed, consider a sequence w that has no preimages outside N.. As we have seen,
M is defined everywhere outside N (and therefore outside N:). So for every 7 ¢ N.
the infinite sequence M(7) deviates from w at some place. The set of all 7 for which
this happens at ith place is open, and these sets together with the open set IN. form a
covering of 2. Compactness allows to replace this covering by its finite part, and this gives
some neighborhood of w; all elements of this neighborhood have no preimages outside N..
Moreover, we can search for all finite coverings of this type, so the set of all sequences that
have no preimage outside N is effectively open (and has @-measure less than e as we have
discussed).

This finishes the argument (which is an effective version of a classical argument proving
that if a continuous function is defined everywhere on a compact set, then the image of this
set is also compact). ]

This statement has a simple intuitive meaning: if we have a source of random bits
composed of a P-random bit source and an oracle machine M using those bits as an oracle,
what sequences should we expect at the output? There are two possible answers. First, we
can say that the internal P-random source can produce any P-random sequence, so we can
get images of those sequences at the output. On the other hand, we can ignore the internal
structure and say that we altogether have a random bits generator with distribution @, so
@-random sequences are expected at its output. Theorem 5.1 says that these two classes
coincide.

Remark. This question is more difficult (and is not solved yet, as far as we know) if
the machine M is undefined with positive probability. Then we get only a semimeasure as
output distribution; one would like to prove that the image of the set of P-random sequences
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is still determined by this semimeasure, but it is not clear how to prove this and whether it
is possible.
The second tool connects coupling with algorithmic randomness.

Theorem 5.2. Let P and Q be two computable distributions such that P < @ and, more-
over, there exists a computable distribution on € X Q that has projections P and Q and
a; < B; has probability one according to this distribution for every i.

Then every P-random sequence can be transformed into a Q-random sequence by re-
placing some zeros by ones. Similarly, every Q-random sequence can be transformed into a
P-random one be replacing some ones by zeros.

Proof. It would be nice to get rid of the additional condition: the computability of the
distribution on pairs. But with this condition (that is easy to check in all applications below)
the statement of the theorem is a direct consequence of Theorem 5.1. Using projection as
M, we see that every P-random sequence is a first term of a random pair, and the second
term of this pair is a @-random sequence we looked for. (The same argument can be used
for choosing a P-random sequence for a given )-random one.) L]

Note that in this way we get one more proof of Theorem 2.1. More interesting applica-
tions will be given in the next section.

6. Operations that preserve sparseness

In this section we want to prove that some transformations preserve sparseness (though
may change the value of parameter p). Let us start with a simple example.

Theorem 6.1. Let ag, a1, aso,... be a p-sparse sequence. Then the sequence
ag, ag, a1, a1, 4z, a2, . . .

(each bit is doubled) is \/p-sparse.
Proof. Since bit doubling is a monotone transformation, we may assume that ag,ay, ... is
a random sequence with respect to the Bernoulli distribution B,,. Theorem 5.1 says that
the sequence ag, ag, a1, a1, az, as, ... is then random with respect to the image distribution
D(B,) where D doubles each bit.

Theorem 5.2 shows that it remains to prove that D(B),) = B, . Since both distributions
are products of (independent) distributions on bit pairs, it is enough to consider these
distributions on pairs. They have the same probability of 11 combination (p in both cases)

while 01 and 10 have zero probability in D(B,) and positive probability \/p(1 — \/p) for
B /5. So we can start with B, s distribution and then replace 1 by 0 if the other bit is 0. m

More complicated tools are needed in the other example.
Theorem 6.2. Let ag,a1,as,... be a p-sparse sequence. Then the sequence
agVay,ay Vag,azVas,...
is 2,/p-sparse.

Note that this sequence is an upper bound for aq,a,as,as,as,as,..., so this result
implies that the latter sequence is also sparse (though for a larger value of p compared with
Theorem 6.1).
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Proof. The sequence in question can be represented as bitwise OR of two sequences:
aq a9 a9 Qy a4 Qg Qg as
al ai as as as as a7 a7
agVai1 aiVas az2Vas aszVas agVas asVag agVay arVasg

If ag, a1, as, ... is arandom sequence with Bernoulli distribution, then the first two sequences
are independent and their distributions (as we have seen above) are <-below B, 5. It follows
easily that the disjuction of these two sequences is <-below the disjuction of two Bernoulli
distributions B, 5 and therefore is below By p-distribution. It remains to apply Theorem 5.2
(the computability condition is easy to check). m

Similar argument can be applied to the sequence
agVaV...Vag_1,a1VazV...Vag,...

for any k£ and shows that it is k{/p-sparse if the initial sequence is p-sparse. In terms of
sets we get the following result (note that d-neighborhood of a point in N or Z consists of
2d + 1 points):

Theorem 6.3. For every positive integer d > 0 and every p-sparse set A the d-neighborhood
of A is q-sparse for ¢ = (2d 4 1) 241}/p.

For simplicity we may ignore the exact value of the probability and say something like
“the neighborhood of a sparse set is sparse”. The exact meaning of this claim is that for
every q > 0 there exists p > 0 such that the neighborhood of every p-sparse set is g-sparse.
This is true for subsets of Z? or ZF (the proof works for Ls.-neighborhoods as before; then
the statement can be extended to any type of neighborhood).

One would like to strengthen this theorem and prove that the union of two p-sparse
sets is g-sparse if p is much less than ¢q. Unfortunately, this cannot be done:

Theorem 6.4. For every p,q € (0,1) there exist two p-sparse sets whose union is not
q-sparse.

Proof. (Discovered independently by Denis Hirschfeldt.) Note that for every g € (0, 1) (even
very close to 1) and every N (even very large) every g-sparse sequence « splitted into N-bit
blocks must contain a block of N zeros.

On the other hand, for every p for large enough N there are two p-sparse sequences «
and [ whose union « V 3 does not have this property. If p = 1/2, it is trivial: take N =1
and two complementary 1/2-random sequences.

In the general case, take N large enough so that (1—p)" < 1/2. Then two events (for a
fixed N-bit block) “all N a-bits are zeros” and “all N' 3-bits are zeros” can be made disjoint
keeping the p-Bernoulli distributions for a and 3 in the block unchanged. Making all blocks
independent, we get a computable distribution on pair of sequences that has p-Bernoulli
projections (marginal distributions) and is concentrated on pairs of sequences that have the
required property. L]

Another source of sparse sequences is provided by the following theorem:

Theorem 6.5. Let P be a computable distribution on 2 and let o = agaias ... be a random
sequence with respect to this distribution. If all the conditional probabilites of ones along
this path (i.e., Prlx; = llzg...zi—1 = ag . ..ai—1]) do not exceed some rational p, then o is
p-sparse.
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Proof. Consider the following randomized machine. It uses uniform Bernoulli distribution to
generate a sequence of independent random variables &g, &1, &2, . .. distributed uniformly in
[0,1] (by splitting random bits into countably many groups). Then these random variables
are used to produce bits that have distribution P: we compare &y with the probability of 1
at the first place to get ap, then we compare &; with the (conditional) probability of 1 after
ag to get aq, etc.

Theorem 5.1 guarantees that in this way we can obtain exactly P-random sequences.
Replacing all thresholds by p, we in parallel get p-Bernoulli random sequence that guarantees
that the sequence agay ... is p-sparse.

Note a subtle point in this argument: we do not claim that the P =X B, since the

inequality for conditional probabilities is guaranteed only along the path agaias . . .; however,
the sequence generated in parallel with agajas ... is p-random since the image of every
random sequence &pé; . .. is p-random. (]

7. Using sparse sets in error analysis

Now several results about robustness may be reformulated in terms of sparse sets. Let
us give an example from percolation theory.

Consider a grid of vertical and horizontal lines (as in the cell paper) that splits the
plane into unit squares. Each node (line crossing) is a contact, and each edge (of a unit
square) is a conductor.

Percolation theory says that if each conductor is independently cut with sufficiently
small probability, the network remains essentially connected (has an infinite connected
component) with probability 1. Now this can be reformulated in terms of sparse sets:

Theorem 7.1. If the set of deleted edges is p-sparse for small enough p, the remaining
network has an infinite connected component.

Proof. Tt is enough to show this for the case of p-random network failures (since the property
of having an infinite connected component is monotone).

Therefore, we need to show that the set of measure zero (of all networks that have no
infinite connected components or have more than one connected component) is in fact an
effectively null set. This can be done by analyzing one of the classical proofs of this result
(we omit the details since this is another story). L]

Now we can apply our results about sparse sets to derive the similar result for node
failures (instead of edge failures): failure of a node is equivalent to cutting all four edges
that are adjacent to this node.

Theorem 7.2. If the set of deleted nodes is p-sparse for small enough p, the remaining
network has an infinite connected component.

Proof. Tt is easy to see that the set of edges adjacent to deleted nodes can be covered
by a neighborhood of fixed size of the set of deleted nodes and therefore is also sparse.
(Technically, we have twice more edges than nodes, so some technical changes are needed.)

[
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The notion of sparse set can be used in the analysis of tilings that are robust to errors:
the results of [1] can be expressed in terms of sparse error sets.

8. Questions

There are some open (as far as we know) questions related to the topic of this paper.

1. Is it possible to replace in the criterion of sparseness the measure of the union of the
monotone cylinders by the sum of their measures?

2. One would expect there exists some criterion of p-sparseness in terms of complexity
or randomness deficiency. How to define “sparseness deficiency”? One possibility is to take
minimum of randomness deficiency (with respect to p-Bernoulli distribution) over all strings
obtained from a given one by 0 — 1 replacement. Another natural option is to consider
lower semicomputable deficiency functions d,,(x) defined on n-bit strings (uniformly in n)
that are monotone (i.e., replacement 0 — 1 may only increase the deficiency) such that
20n(*) has average at most 1 (over all n-bit strings).

Are these two definitions connected? close to each other? Can any of them be used to
characterize p-sparse sets?

3. Can one get rid of the computability condition in the statement of Theorem 5.27

4. What can be said about two computable measures P and @ if every P-random
sequence can be made @-random by replacing some zeros with ones? We cannot expect
P < @ since this may be not the case even for equivalent measures P and @ (that have the
same set of random sequences), but can we claim something weaker in this direction (e.g.,
P is equivalent to P’ < @ or something like this)?

5. What can be said about sets that are p-sparse for every p > 07 Can we eliminate
the universal quantifier (“for every p”) in the definition?
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ABSTRACT. In this paper we emphasize the links between model theory and tilings. More
precisely, after giving the definitions of what tilings are, we give a natural way to have
an interpretation of the tiling rules in first order logics. This opens the way to map some
model theoretical properties onto some properties of sets of tilings, or tilings themselves.

1. Introduction

Tilings are a basic and intuitive way to express geometrical constraints; they happened
to be of broad interest in computer science since Berger proved the undecidability of the
domino problem [2] by showing that they can embed, despite being static objects, some kind
of computation. This also was the first step in the links between logics and tilings as they
helped to prove the undecidability of some classes for formulae [5, 14, 12, 13]. Some more
links have then been discovered by Makowsky that used previous constructions of aperiodic
tilesets to show the existence of a complete, finetely axiomatizable and superstable theory
[9]. Some recent results by Oger generalize this approach to more abstract definitions
of tilings and proves some nice equivalences between model theory and this generalized
definition [10].

In this paper we will give details of constructions used to translate tilings and tileset
properties into model theoretic ones. Section 2 will be devoted to the proper definitions
of tilings and tilesets; We will then translate these definitions into first order formulae in
Section 3. Finally in Section 4 we shall present the equivalence results that can be obtained
by this translation.

Most of these results are already present in [9, 11]. However we hope that this paper
will offer a new look at these results.

The major part of this paper is devoted to tilings of the plane Z2. However, we may
define similar theories for tilings of other spaces such as Z? or any Cayley graph. The article
[10] in particular deals with tilings of R™ by polytopes.
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2. Tilings

Several definitions of discrete tilings can be found in the litterature, but are equivalent
for many purposes [3]. We will focus here on the definition by forbidden patterns.

First we have to define the space we are going to tile: we want to assign a state taken
in a finite set Q to each cell of the discrete plane Z2. @ may be seen as a set of colors, or a
set of states. Therefore, we define the set of configurations as the functions from Z? to Q:

Definition 2.1. The set of configurations is QZZ.

The patterns are nothing but a configuration restricted to a finite domain; that is,
considering a finite subset D of Z2, a pattern is a function from D to Q.

Definition 2.2. A pattern defined on a finite subset D of Z2 is an element of QP.

Informally a tileset represents geometric constraints imposed to the configurations, that
is how the states in the cells of the plane are constrained by their neighborhood and how
they constrain it. Formally we will define a valid tiling as a configuration that contain no
forbidden pattern:

Definition 2.3. A tileset is defined by a finite set of forbidden patterns F..
A configuration ¢ contains a pattern P defined on D (or equivalently P appears in c)
if there exists « € Z2? such that:

Vy € D,c(x+y) = P(y)
A configuration is said to be a valid tiling by 7 if it contains no pattern in F.

The so-called domino problem [2] is to know given a tileset whether it generates a valid
tiling. The problem has been proven undecidable by Berger in [2].

We will now define a preorder < on configurations that focuses on patterns contained
in them. This preorder has been defined in [4, 1], however references to the concept can be
found as early as [11]:

Definition 2.4 (The pre-order <). Let z,y be two configurations, we say that x < y if any
pattern that appears in x also appears in y.

This induces the notion of local isomorphism between two configurations:

Definition 2.5 (Local isomorphism). Two configurations z and y are said to be locally
isomorphic if x < y and y < x. That is x and y contain the same patterns. We denote it
by z ~ y.

Two configurations that are equal up to shift are locally isomorphic but the converse
is not always true: there exists configurations that are locally isomorphic but one is not a
shifted form of the other.
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Figure 1: The model we would like to obtain

3. From tilesets to model theory

In this section we translate the definitions given in Section 2 into first order formulae
on some given language. This translation maps some properties of tilings onto some other
properties of first order logics.

Such a correspondence between tilesets and first order logic has already been defined
[11, 9] to show an example of finitely axiomatizable and superstable theory. A similar
approach (see 3.4) has been used to prove the undecidability of certain classes of formulae
13, 14, 12, 5.

3.1. Axiomatizing the plane

The ideal model we would like to obtain is the plane Z? like depicted in Figure 1. The
natural way to define cells on the plane Z?2 is to consider them as variables and the adjacency
relations between them as functions that allow us to move north, south, east or west from
a given cell:

Definition 3.1. We consider the language with the unary functions for movements on the
plane: Ly is a set of unary functions : Lo = {N, S, E, W}.
And the corresponding axioms of the plane Z2:
o vV, N(S(x)) = S(N(x)) = E(W(x)) = W(E(x)) =«
« ¥, N(E(2)) = B(N(x))
These formulae tends to axiomatize Z? as a Cayley graph with two generators, the first

formula axiomatizing the invertibility of the movements and the second the commutativity.
However, these axioms are not sufficient, as we will see in the following sections.
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Figure 2: A cylindric model

3.1.1. Non standard models. With the axioms of the plane from the previous sections it is
still possible to obtain some weird models. First, they also axiomatize some finite models
like Z/nZ x Z/mZ, or some cylindric models like Z/nZ x Z (like e.g., in Figure 2).

This problem can be dealt with by adding more axioms : For any ¢ and j we may
add the axiom Vz, E*N7(z) # x. The main problem is then that the number of axioms is
not finite, so that (we can prove that) the theory we obtain is not finitely axiomatisable
anymore. However in most cases, the presence of these models is not a problem as we can
“unfold” them into a plane (see e.g proof of lemma 4.2).

3.1.2. Connectedness. The main problem however, which cannot be avoided, is that there
is no way to ensure that all models of our theory are connected : A model is said to be
connected if any two points can be connected using the N, S, E, W functions. An example
of a disconnected model of our theory is depicted on Figure 3. These disconnected models
cannot be avoided. This is e.g., a consequence of the Lowenheim-Skolem theorem (There
exist models of our theory of arbitrary infinite cardinals, these models cannot be connected
if they are not countable) or more simply can be proven by a simple compactness argument:
Consider a theory T that axiomatises the plane Z2. Add two constants ¢, d and the formulae
¢n that express that the points ¢ and d are at distance at least n. Consider the theory
T' =T U{¢, | n € N}. Any arbitary finite part of 7" admits Z? as a model (choose two
points ¢ and d arbitrary far) so that T” itself has a model by compactness. Such a model
cannot be connected.

This proof also hints to a way to partially solve the problem. Consider formulae ¢, (z,y)
that express that the points x and y are at distance at most n. Now consider the collection
p(z,y) = {¢n(z,y),n € N}. p(x,y) is a type, that is we can find for every finite part q(z,y)
of p(x,y) some points ¢ and d in any model so that ¢(c,d) is true. Now we are interested



TILINGS AND MODEL THEORY 33

Figure 3: An example of disconnected model

in those models where p is not satisfied, that is in models where there do not exists ¢ and
d such that p(c,d) is true. We say that such a model omits p

A part of model theory is devoted to the study of models omitting types. As an example,
the omitting type theorem states that given a theory T any reasonable type can be omitted.
However, most of the classical results in model theory will not work in this context, as e.g.
the compactness theorem.

3.2. Encoding configurations

Now that we have some kind of axioms for the plane Z2, we may define what a con-
figuration is. We defined a configuration as an application from Z? to a finite set of states
@. We can code the states of the cells in our theory by unary predicates : we take one
predicate Q; for each state. The only thing we need to ensure is that each cell has exactly
one state:

Definition 3.2. New language:
‘CQ :‘COU{QhHWQTL}

New axioms:

A Vm,\/Qi(x)

B:Vz, \(Qi(z) = —Q;(x))
J#
We can also reduce the number of predicates by coding the states in binary form: for
example, with 4 predicates, we can code up to 16 states.

3.3. The theory of a tileset

Following our definitions of tilesets in Section 2, all what we need to do in order to
encode them in first order logic is to write formulae that express ”some specific pattern
never appears”. It can be done in the following way : Given a pattern P of domain D,
any point p in D can be represented by a function that is a composition of the functions
N,S,E,W. We can then write formulae that express that P appears at a point z:

Definition 3.3. A formula to express that a pattern P defined on D appears at point x
ep(@) == N\ jep P, J)(E' (N (x)))



34 A. BALLIER AND E. JEANDEL

As an example, the formula ¢ = Q1(E(z)) A Q2(z) expresses that z is of color 2 and
its east neighbour is of color 1.
Then the formula Vz, ~¢p(x) axiomatizes that P never appears.

Definition 3.4. The theory T’ of a tileset 7 is the theory over the langage L that contains
all previous formulae and the formula Vz, —¢p(z) for each forbidden pattern P. If the set
of forbidden pattern F; is finite, this theory is finitely axiomatisable.

3.4. Other languages

Before proceeding to the results, we give in this section various other languages in which
to express tilings.

Another way to represent tilings is with a single unary function s (that intuitively
denotes the successor of an integer) and with binary predicates P;. P;(x,y) means that the
state in the cell (x,y) is 4. A structure is then over Z rather than Z2.

It is easy to represent forbidden patterns in this language. As an example, the formula
¢ =Vz,y,~ (Pi(z,y) A Px(s(x),y)) means that there cannot be a cell in state 1 at the left
of a cell in state 2.

Now suppose that the set of forbidden patterns has some particular form, that is
constraints only concern adjacent cells. We now have a set of horizontal constraints H
((i,j) € H if a cell in state ¢ cannot be at the left of a cell in state j) and vertical con-
straints V.

Now, the constraints can be written in the following way:

¢p=vavy N (Pilz.y) = -Pi(s@),p) A\ (Bilz,y) = Pz, s(y))
(id)eH (i)ev

This can be rewritten (by a slight change of variables in the second part of the formula):

Vavy /\ (Pi(@,y) = ~Pj(s(x),y)) A /\ (Pi(y, ) = =P;(y,s(x))
(i,5)eH (1,5)eV
Now by a straightforward application of the skolemization process, we can replace the
function s by a quantifier :

Vz3x'Vy /\ (Pi(z,y) = ~Pj(2,y)) A /\ (Pi(y,z) = —Pj(y,2")
(i,5)eH (1,5)eV

We then obtain a new formula ¢ such that ¢ has a model if and only if there exists a
tiling of the plane by the tileset. The proof proceeds as in lemma 4.2 below. Note that the
unfolding gives us only a tiling of a quarter of the plane. But it is known that a tileset can
tile the entire plane if and only if it can tile a quarter of the plane.

The new formula ¢ is a formula with only three quantifiers V3V and which contains only
binary predicates. Thus we actually have proven that the class of formulae [V3V, (0,w)] is
undecidable. This is the core of the works by Wang, Kahr, Biichi about decidability of
class of formulae. We then can deduce by an intricate transformation that the Kahr class
[V3V, (w, 1)] (one binary predicate, a finite number of unary predicates) is also undecidable.

See [14, 12, 13] for more details. The encoding also has another property : The formula
¢ has a finite model if and only if there exists a periodic tiling of the plane by the tileset.
This actually proves that the class [V3V, (0,w)] is a conservative reduction class. See [5] for
more details.
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4. Translating tilesets and tilings properties in model theoretical ones
We now show the links between those two different approaches.

Lemma 4.1. A configuration can be seen as a structure over Lg. A tiling by T can be seen
as a model of T .

This lemma is a consequence of the definitions we have taken, any configuration is a
structure over L and the construction of 7> was done in order to forbid patterns that are
forbidden by 7, thus a tiling by 7 is a model of T;.

Lemma 4.2. T is consistent if and only if T can tile the plane.

Proof. 1t is obvious (by lemma 4.1) that if 7 can tile the plane, then T’ is consistent: A tiling
provides a model of T;.

Now suppose that 7, has a model M. We will “unfold” M starting from a point
x in it by applying the functions N, S, E,W that will give us any point in Z%. We can
define a configuration ¢, such that ¢(0,0) has the “state” of =, and c(7, j) has the “state” of
E(NJ((z))). This configuration is a tiling : As M is a model of T}, no forbidden pattern
can appear. Therefore, from any model of T, we can obtain a tiling of the plane by 7,
which finishes the proof. n

Remark 4.3. T, has a model if and only if T; has an infinite model.

We can force all models to be infinite by adding (infinitely many) axioms that will
ensure this property. The theory may however not be finitely axiomatisable anymore.

Note however that if a tileset does not admit any periodic tiling, no finite models can
appear. Moreover, if a tileset does not admit any tiling with at least one direction of
periodicity, then all models are only union of copies of Z2. That is, no degenerate torus or
cylinder may appear.

Lemma 4.4. T; has a finite model if and only if 7 can tile periodically the plane.

Proof. Consider a periodic tiling of period p, we “fold” it into Z/pZ x Z/pZ and obtain a
model of T since the cell at position (x + p,y) will have the same state as the one at (z,y)

or (z,y +p).
If we have a finite model, we unfold it the same way as in Lemma 4.2. It is easy to see
that we obtain this way a periodic tiling. [

Most of these results can be generalized to tilings of R? using “patches” as tiles and we
still get the same translation from tileset and tilings into model theory [10].

4.1. Isomorphism

One of the first properties of models of a given theory one has to study is the iso-
morphism of models. The translation of this property as properties of tilings is quite
straightforward:

Lemma 4.5. Two configurations are equal up to shift if and only if they are isomorphic as
structures on the language Lg.
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Proof. = : Let x,y be two configurations equal up to shift and o be a shift of vector (i, )
such that x = o(y). Then o is an isomorphism from z to y.

< : Let © be the isomorphism and a and b two points of x and y such that ©(a) = b.
Then E'NY(a) has the same state as E*N7(b), as the predicate P,(E*N7(x)) has the same
value in a and b since © is an isomorphism. n

4.2. Elementary equivalence

Another model theoretic property that translates to tilings is the elementary equiva-
lence. We recall that two structures are elementary equivalent if and only if they satisfy
the same formulae (that is have the same theory)

Lemma 4.6 ([11, 10]). Two configurations = and y are locally isomorphic if and only if
they are elementary equivalent as structures over L.

Proof. We will consider for the proof x and y as structures over the language without func-
tions, i.e., we replace in Lg the functions N, S, E, W by functional predicates N', S", E/, W,
that is N'(z,y) & N(z) = y.

< : One can express the apparition of the pattern M by a first order formula like in
Definition 3.3: 3z, pps(x). Therefore, as any formula valid in one structure is valid in the
other one, any pattern that appears in one tiling appears in the other one. This proves that
if the structures are elementary equivalent then the tilings are locally isomorphic.

= : This proof is rather technical and is given in [10] using Hanf locality lemma
[6](lemma 2.3). Hanf locality lemma states that for two structures, if the spheres (using
the relational distance) all contain finitely many points (what is always true in our case),
and if both stuctures have either the same finite number of different spheres or both have
an infinite number, then the two structures are elementary equivalent. Hanf locality lemma
can be proved using a back and forth method, or an Ehrenfeucht-Fraissé game.

In our case, the spheres represent the patterns: Consider a point x and all the points
at relational distance at most n, since our language contains only binary predicates and
that they represent the functions N, S, E, W, the relational distance is nothing but the L
distance (or Manhattan distance or also Taxicab Metric) on Z2. Therefore the sphere at
point z of radius n is the pattern defined on By (z,n).

Both configurations x and y have the same patterns thus if a pattern appears only a
finite number of times in x, it appears the same number of times in both configurations.
As a consequence, Hanf lemma applies: x and y, having the same patterns, have the same
theory. [

This theorem allows us to get an equivalence between the completeness of T, and a
property of the tileset 7:

Theorem 4.7. A tileset 7 can produce only one tiling up to local isomorphism if and only
if T =T, U{Va, E"(N™(x)) # x|m,n € Z} is complete.

Note that the additional axioms ensure that no model of T’ is skewed, that is all models
of T, are based on Z? or disconnected copies of Z2.

There is no need indeed for these additional axioms if we can ensure that the only
(up to local isomorphism) tiling by 7 is actually strictly aperiodic (that is has no vector of
periodicity)
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Proof. Before going on the proof of Theorem 4.7, we first need an extra lemma on tilings:

Lemma 4.8. If all the tilings produced by a tileset T are locally isomorphic then every
pattern that appears in a tiling appears infinitely many times in it.

Proof. Consider a tiling x and suppose that there exists a pattern that appears only finitely
many times. By compactness, we can extract a tiling that does not contain this pattern
since we can have arbitrary large patterns that do not overlap with it. The extracted tiling
that does not contain this pattern will thus not have the same patterns as x. [

=: We prove that any two models of T>° are elementary equivalent. This is already
true for models that are tilings (Lemma 4.6) but we still have to prove it for arbitrary
models. Consider two models M and M’ of T2°, they are made of disconnected copies of
tilings; all patterns that appear in a tiling appear infinitely many times therefore all the
spheres that appear in M or M’ appear infinitely many times. Thus the hypothesis of Hanf
locality lemma hold, so M = M’. Therefore T2° is complete.

<: If T is complete, for any pattern M, the formula 3z, o () is either valid in any
model or false in any model, therefore any two tilings contain exactly the same patterns,
thus 7 can produce only one tiling up to local isomorphism. [

Corollary 4.9. If a tileset T can produce only one tiling up to local isomorphism then the
appeareance of any pattern is a decidable problem.

This is a corollary of Theorem 4.7 that we express here without any model theoretic
language: 7 can produce only one tiling up to local isomorphism thus 7T:° is complete.
Given a pattern M, one can enumerate the valid proofs in 72° and stop when either a
proof of 3z, ¢ (x) or of =3z, ppr(x) is found; and such a proof will be found since 772° is
complete.

4.2.1. On compactness. With all those results one could try to prove some results about
tilings in an elegant and short way using model theoretic arguments. Take for example the
fact that any tileset that produces only periodic tilings can produce only finitely many of
them [1]. This can be reformulated as ”if a tileset can produce tilings with arbitrarily large
periods then it can produce one that is not periodic”. It is easy to write a formula ¢,, that
expresses that there is a tiling with no period lower than n. If a tileset can produce tilings
with arbitrarily large periods then it has a model verifying any finite set of such formulae,
thus by compactness it has a model that verifies all these formulae, e.g., it has a model that
has no period. However, we can not conclude that the tileset can produce a tiling with no
period. Indeed this model we obtain by compactness will certainly consist of a copy of each
periodic tiling : As we have tilings of arbitrary large period, there is no common period for
all these tilings, so that our model indeed does not have a period.

We would like to be able to use the compactness theorem of the first order logic but
within the domain of connected models. However as said earlier, many classical theorems
of first order logic will not hold. See [7] for some possible solutions.

4.3. Applying the results to model theory

A finitely axiomatizable, complete and superstable theory has been exhibited with these
methods of translating tilesets into first order theories. This has historically been done by
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Makowsky [9] to prove that these three properties of theories are not incompatible and then
explained in a more detailed way by Poizat [11].

The idea is quite simple: take 7 an aperiodic tileset that produces only one tiling up to
local isomorphism; for example the one used by Berger to prove the undecidability of the
domino problem [2]. Transform it in a first order theory as explained in Section 3 to obtain
a finitely axiomatized theory T7. Since Berger proved that his tileset can not produce any
tiling with a vector of periodicity, Theorem 4.7 holds without any need to add more axioms
to ensure that the models are infinite by Lemma 4.4; therefore T is complete and finitely
axiomatizable.

We can then prove that the theory is superstable. This definition has to do with how
many types there are in the theory, or more simply, with how many tilings we can produce.

It has been proven that this tileset can produce 2% different tilings [4, 1], therefore
2% countable models; Those models are not isomorphic because there is only a countable
number of shifts. Furthermore, there is no skewed models, so that all models of this theory
are then easy to give : they consists of some copies of these 28 different tilings, that is we
have to say for each tiling how many times it appears. This shows that the theory is not
w-stable, but superstable.

5. Conclusion

We have seen along this paper the tight links between tilings and logic, especially
between tilings properties and model theoretical properties of their interpretation. Tilings
have then provided interesting examples of theories [11] as well as a good framework in
which to study properties of classes of formulaes|5]

Some links still remain unexplored and might lead to interesting results. As an exemple,
the Cantor-Bendixson rank [8] introduced in [1] has been motivated by the study of a notion
of rank for finitely generated structures of universal theories in [7].
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ABSTRACT. We continue the study of cellular automata (CA) directional dynamics, i.e.
the behavior of the joint action of CA and shift maps. This notion has been investigated
for general CA in the case of expansive dynamics by Boyle and by Sablik for sensitivity
and equicontinuity. In this paper we give a detailed classification for the class of additive
CA providing non-trivial examples for some classes of Sablik’s classification. Moreover, we
extend the directional dynamics studies by considering also factor languages and attractors.

1. Introduction

Cellular automata (CA) are simple formal models for complex systems. They have
been widely studied in a number of disciplines (Computer Science, Physics, Mathematics,
Biology, Chemistry, etc.) with different purposes (simulation of natural phenomena, pseudo-
random number generation, image processing, analysis of universal model of computations,
quasi-crystals, etc.). For an extensive and up-to-date bibliography, for example, see [13, 8,
17, 21, 31, 11, 23].

The huge variety of distinct dynamical behaviors is one of the main features which deter-
mined the success of CA in applications. Paradoxically, the formal (decidable) classification
of such behaviors is still a major open problem in CA theory. Indeed, many classifications
have been introduced over the years but none of them is decidable [14, 9, 5, 19, 16, 12, 22].

This work has been supported by the Interlink/MIUR project “Cellular Automata: Topological Prop-
erties, Chaos and Associated Formal Languages”, by the ANR Blanc “Projet Sycomore” and by the
PRIN/MIUR project “Formal Languages and Automata: Mathematical and Applicative Aspects”.
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Inspired by [28, 4], M. Sablik proposed to refine Kurka’s equicontinuity classification
along “directions” different from the standard time arrow [32]. The idea is to see how
“robust” a given topological behavior is when changing the way by which time samples
are taken into account. In other words, Sablik studies the space-time structure of CA
evolutions by classifying the dynamics of o o F* where o is the shift map and F is the
global rule of a CA (k € Z,h € N1, see Section 2 for the definitions). Sablik’s work is
concerned particularly with directions of equicontinuity and (left/right) expansivity: he
provides a directional dynamics classification of CA according to such properties. Despite
his classification sheds new light about the complexity of CA behavior, most of his classes
are still not well understood. Moreover, it is actually unknown whether his classification is
(at least partially) decidable or not.

Additive CA (ACA) are the subclass of CA whose local rule is defined by an additive
function. Despite their simplicity that makes it possible a detailed algebraic analysis, ACA
exhibit many of the complex features of general CA. Several important properties of ACA
have been studied during the last twenty years and in some cases exact characterizations
have been obtained [15, 33, 27, 26, 7, 6].

In this paper we use ACA to further illustrate the work of Sablik and we extend the di-
rectional dynamics picture by further introducing attractors and factor languages directions.
We provide a very detailed directional dynamics classification of ACA and we compare our
classes with Sablik’s ones. Moreover, we show that our classification is completely decidable.

The paper is organized as follows. Sections 2 to 4 are devoted to the basic background
on the subject of CA and ACA. In Section 5, we consider factor languages directions, in
particular we show that all ACA are regular. In Section 6 we consider attractor directions.
In Section 7 we provide a directional dynamics classification of ACA and compare our classes
with Sablik’s ones. In Section 8, we draw some conclusions and provide arguments for the
decidability of our classification.

For lack of space, proofs are put in the Appendix.

2. Cellular automata

A CA consists in an infinite set of finite automata distributed over a regular lattice L.
All finite automata are identical. Each automaton assumes a state, chosen from a finite
set A, called the set of states or the alphabet. A configuration is a snapshot of all the
states of the automata i.e. a function from £ to A. In the present paper, we consider one
dimensional CA in which £ = Z. A local rule updates the state of each automaton on the
basis of its current state and the ones of a fixed set of neighboring automata individuated by
the neighborhood frame N = {m,m + 1,...,a}, where m,a € Z, with m < a. The integers
m, a and r = max{|m/|, |a|} are called the memory, the anticipation and the radius of the
CA, respectively. Formally, the local rule is a function f : A%~™+! — A. All automata in
the lattice are updated synchronously. In other words, the local rule f induces a global rule
F: A% — A” describing the evolution of the whole system from time ¢ to ¢ + 1:

Vee AZ NG € Z,  F(c); = f(Citms-- - Cita) - (2.1)

We say that a CA is one-sided if either m > 0 or a < 0. The shift map o : A% AZ,
defined as Ve € A%, Vi € Z, o(c); = c;+1 is one of the simplest examples of CA (it is induced
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by the local rule f : A2 — A defined as Vxo,21 € A, f(xo,21) = x1 with memory m = 0
and anticipation a = 1).

In this work we restrict our attention to the class of additive CA, i.e., CA based on an
additive local rule defined over the ring Zs = {0,1,...,s—1}. A function f : Z¢~™+! — Z,
is said to be additive if there exist A\, ..., A\q € Zg such that it can be expressed as:

V(Zm, . 2a) € Z™T f(m, ... T0) = Z AT
j=m .

where [z], is the integer = taken modulo s. A CA is additive if its local rule is additive. In
this case, Equation (2.1) becomes

Ve e Zf,Vz e, F(C)i = Z /\jCi_;,_j
Jj=m s
A rule f: A A is permutive in the position i if Vb, bmi1, .. bi 1, Diq1, . ba €
AVbe A3, € A, f(bpm, .oy biz1,bi, b1, ...y bg) = b. The local rule of an ACA is permutive
in the position i iff ged(s, A;) = 1.
Finally, remark that if (ZZ, F') is additive, then for all k € Z,h € Nt the automaton
(ZZ, 0% o FP) is also additive.

3. Dynamical properties of topological dynamical systems and CA

A topological dynamical system is a pair (X, g) where X is a compact topological
space and ¢ is a continuous mapping from X to itself. When A is equipped with the
discrete topology and A% with the induced product topology, for any CA F, the pair
(A%, F) is a topological dynamical system. The study of the dynamical behavior of CA is
interesting and captured the attention of researchers in the last decades. We now illustrate
several properties which are widely recognized as fundamental in the characterization of the
behavior of dynamical system.

Dynamical and set theoretical properties for topological dynamical systems.
Let (X, g) be a topological dynamical system. It is injective (resp., surjective, open) iff g is
injective (resp., surjective, open). It is sensitive to the initial conditions (or simply sensitive)
if 3¢ > 0 such that Vz € X,Vd > 0,3y € X such that d(y,z) < § and d(g"(y), g"(x)) > € for
some n € N. It is positively expansive if 3e > 0 such that Vo, y € X,z # y,d(¢"(y), g"(x)) >
€ for some n € N. If X is a perfect set, any positively expansive dynamical system is also
sensitive. When ¢ is a homeomorphism it cannot be positively expansive. In this case the
notion of expansivity can be considered. It is obtained by replacing n € N with n € Z in
the definition of positive expansivity. Both sensitivity and expansivity are referred to as
elements of unstability for the system. We now recall two notions which represent conditions
of stability for topological dynamical systems. An element x € X is an equicontinuity point
for g if Ve > 0,3,0 > 0 such that Vy € X, d(y,x) < ¢ implies that Vn € N, d(¢"(y), ¢"(x)) <
¢. The dynamical systems (X,g) is said to be equicontinuous iff every point in X is an
equicontinuity point. It is almost equicontinuous if the set of equicontinuity points is residual
(i.e., it can be obtained by an infinite intersection of dense open subsets).

The system (X, g) is (topologically) transitive if for any pair of non-empty open sets
U, V. C X,3n € N such that ¢"(U)NV # 0. It is (topologically) mixing if for any pair
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of non-empty open sets U,V C A% 3n € N such that Vt > n,g"(U) NV # (). Trivially, a
mixing dynamical system is transitive.

A morphism between two dynamical systems (X, g) and (Y,h) is a continuous map
¢ : X — Y such that ho ¢ = ¢ og. If ¢ is surjective, (Y, h) is a factor of (X, g). If ¢ is a
homeomorphism, the two systems are said to be (topologically) conjugated. The conjugacy
preserves most of the properties seen so far. In the sequel we recall some notions useful
to understand the long term behavior of dynamical systems. For a given (X, g), a subset
V C X is said to be invariant if g(V) C V.The omega limit of a closed invariant subset
V C X is defined as

W(V) = m1’L>0U'm>ngm(‘/)

The limit set of (X, g) is w(X). A dynamical system is called stable if it reaches its limit set
in a fine amount of time, i.e., if there exists some n > 0 such that Vm > n, ¢™(X) = ¢"(X).
A set Y C X is an attractor if there exists a nonempty open set V such that F(V) C V
and Y = w(V). In totally disconnected spaces, attractors are omega limit sets of clopen
invariant sets. A set Y C X is a minimal attractor if it is an attractor and no proper subset
of Y is an attractor. A quasi-attractor is a countable intersection of attractors which is not
an attractor.

Topology on CA configurations and related properties. In order to study the
dynamical properties of CA, A% is usually equipped with the Cantor metric d defined as

Ve, € A%, d(c,d) = 27", where n = min {i>0:¢#core_; £} .
The topology induced by d coincides with the product topology defined above. In this case,
AZ is a Cantor space, i.e., it is compact, perfect and totally disconnected.

For any configuration ¢ € A% and any pair i,j € Z, with ¢ < j, denote by Clij) the
word ¢;---¢j € AJ=1 i e, the portion of the configuration ¢ € A% inside the interval
li,j] ={k € Z :i < k < j}. A cylinder of block u € A¥ and position i € Z is the set
Ci(u) = {ce A”: Clii+k—1] = u}. Cylinders are clopen (i.e. closed and open) sets w.r.t. the
Cantor metric.

In the case of CA, it is possible to study other forms of expansivity. For any n € Z,
let ¢y 00) (1€SP-; C(—o0,n)) denote the portion of a configuration c inside the infinite integer
interval [n, o) (resp., (—oo,n]). A CA (A%, F) is right (vesp., left) expansive if there exists
a constant € > 0 such that for any pair of configurations ¢, ¢ € A% with Clo,00) F CEO7 50)
(resp., C(—oo,0) 7 C/(—oo,O]) we have d(F™(c), F*(¢)) > ¢ for some n € N. Remark that a CA
is positively expansive iff it is both left and right expansive. A simple class of left (resp.,
right) expansive CA is the one of automata whose local rule is permutive in its leftmost
(resp., rightmost) position.

Subshifts and column subshifts. A subshift on the alphabet A is a pair (S, o) where
S is a closed o-invariant subset of the full shift AN (or AZ). From now on, for the sake of
simplicity, when it is clear from the context, we identify a subshift (S, o) with the set S. For
w=w; - w, € A%and y € AY, w < y means that w is a proper factor of y € AN, i.e., there
exists i € N such that y[; ;4,—1) = w. Let 7 C A* and S = {y e AN v <y, w¢ f}.
Sr is a subshift, and F is its set of forbidden patterns. A subshift S is said to be a subshift
of finite type (SFT) if S = Sz for some finite set F. The language of a subshift S is
Lg = {w € A*: e AN w < y} A subshift is sofic if it is a factor of some SFT. We refer
to [24] for more on subshifts. Let S; and Sz be two subshifts. A function ¢ : S} — So is
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said to be a block map if it is continuous and o-commuting, i.e., p oo = gop. In particular,
CA are block maps from the sushift A to itself. The column subshift of width k > 0 of a
given CA (A%, F), is the subshift (X;(F),o) on the B = A* where

Si(F) = {y eBY:3cec AL Vie N,y = Fi(c)w}

Remark that, for a given CA F, the set X (F') does not change when replacing the interval
[1, k] involved in the previous definition with any other interval of width & . A language
L C A* is bounded periodic if there exist two integers [ > 0 and n > 0 such that for every
u € L and ¢ > [ we have u; = uj+n. A CA is said to be bounded periodic (resp., regular)
if for any k > 0 the the language of the column subshift (X;(F'),o) is bounded periodic
(resp., regular).

Directional dynamics of CA. The directional dynamics of CA concerns the study
of the joint action of CA with the shift map. More precisely, for a given CA F' and for any
rational k/h € Q, the focus is the dynamical behavior of the CA ¢*F". A CA F is said to
be equicontinuous (resp., almost equicontinuous, resp. left expansive, resp., right expansive,
resp., positively expansive, resp., expansive) along the direction k/h, k € Z, h € Nt if the
CA ¢*F" is equicontinuous (resp., almost equicontinuous, resp. left expansive, resp., right
expansive, resp., positively expansive, resp., expansive). Note that all the above properties
are preserved along directions, i.e., if o*F" has property P then Vn > 0, (c*F")" has
property P.

3.1. Classifications of CA

This section reviews three important classifications of CA based on the complexity of
their column subshift languages, the degree of stability /unstability of their behavior, and
the existence of attractors, respectively. All these classifications have been defined and
compared in [19].

Theorem 3.1. [19] Every CA (A%, F) falls exactly in one of the following classes:

L1 (A%, F) is bounded periodic.

L2 (A%, F) is regular not bounded periodic.

L3 (A%, F) is not regular.

Theorem 3.2. [19] Every CA (A%, F) falls exactly in one of the following classes:

E1 (A%, F) is equicontinuous;

E2 (A%, F) is almost equicontinuous but not equicontinuous;

E3 (A% F) is sensitive but not positively expansive;

E4 (AZ,F) is positively expansive.

Factor languages of equicontinuous and positively expansive CA have been studied in
deep. Here we just recall some results that will be useful later.

Theorem 3.3. [19] L1 = E1.

Theorem 3.4. [19, 29] Let (A%, F) be a positively expansive CA with memory and antici-
pation m < 0 < a. Then, it is conjugated to (Xq—m+1(F), o) which is a mizing SFT.

In particular, Nasu proved that (X,_m+1(F), o) is conjugated to a full shift [29].
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Theorem 3.5. [3] Let (AN, F) be a positively expansive CA with anticipation a > 0. Then,
it is conjugated to (X,(F), o) which is a mizing SFT.

Theorem 3.6. [19] Every CA (A%, F) falls exactly in one of the following classes.

A1 There exist two disjoint attractors.

A2 There exists a unique minimal quasi-attractor.

A3 There exists a unique minimal attractor different from w(A%).
A4 There exists a unique attractor w(A%) # A%,

A5 There exists a unique attractor w(A%) = A%,

We report some results concerning attractors of CA. They will be useful in the sequel.

Theorem 3.7. [20] An equicontinuous CA has either a pair of disjoint attractors or a
unique attractor which is a singleton.

If an equicontinuous CA is surjective then it must have two disjoint attractors. CA
with a unique attractor which is a singleton are called nilpotent.

Theorem 3.8. [19] A transitive CA has a unique attractor.

Theorem 3.9. [1] Let (A%, F) be a surjective CA with memory m and anticipation a. If
either m > 0 or a < 0, then F' is mixing.

Since transitive CA are surjective and mixing CA are transitive (see [20], for example),
from Theorem 3.7 and Theorem 3.9 it follows that surjective CA with either memory m > 0
or anticipation a < 0 have a unique attractor.

A recent classification concerns the directional dynamics of a CA F. In order to illus-
trate it, we introduce the following notation.

Definition 3.10. The equicontinuous, almost equicontinuous, erpansive and left-or-right
expansive direction sets of a CA (A%, F) are defined as follows

¢p ={k/h| k€ Z hec Nt :oFF"is equicontinuous}.

Ap = {k/h | k € Z,h € NT : g*F" is almost equicontinuous}.

Xp={k/h |k €Z,heNt:c"F" is left expansive}.

Xt ={k/h|k€Z,heN*t:c"F" is right expansive}.
Xp={k/h|k€Z,hecNt:0FF"is expansive}.

Note that the sets €p,%p, X and %JI; are convex (in Q or in R). Moreover, note that
the set of positively expansive directions is %; NnXg.

Theorem 3.11. [32] Let (AZ, F) be a CA with memory m and anticipation a.
o If|€p| > 1 then €r = Q and (AZ, F) is nilpotent.
o If €p # 0 and €p # Q then o € [—a,—m],€p = {a} and X = (—o0, ),
Xt = (a,00). In particular, (A%, F) is injective.

Theorem 3.12. [32] Every (A%, F) CA with memory m and anticipation a falls exactly in
one of the following classes:
Cl. ¢p =Ap = Q and X = X} = 0. This happens iff (A%, F) is nilpotent.
C2. There ezists a € [—a,—m], €r = Ap = {a}. Moreover, if (A% F) is surjective,
Xp = (—o0,a) and X} = (a,0).
C3. There exists a € [—a,—m|, €p = 0,Ap = {a}.
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C4. There exist ay < g such that (a1, 00) CAp C g, 0] C [—a, —m] and Ep = X =
XL =0.

C5. X NX} #0. This implies €p = Ap = 0.

C6. ¢p=Ap =0 and X NXL =

3.2. Main properties of ACA

The dynamical behavior of ACA has been extensively studied. We briefly report the
main results which characterize the most important dynamical and set theoretical properties
for ACA.

Theorem 3.13. [15, 25, 27, 7, 6] Let (Z%, F) be an ACA with local rule f(zp,...,xq) =
[Z@_ )\jxj]s and with s = pi* - py? - ... - p;"" where py1,..,p; are primes. Then,

o (ZZ,F) is surjective iff gcd(s, A\_m, .. Aa) = 1

e (ZZ,F) is injective iff ¥p;, INj, pi 1 A

o (ZZ,F) is equicontinuous iff ¥p;, p; | ged(A_m, ooy A1, A1, ey Aa)

o (ZZ,F) is sensitive iff Ip;, pi 1 gcd(A_m, s A1, A1y ooy Aa)

o (ZZ, F) is transitive iff it is mizing iff gcd(s, A_m, - A_1, A1, ooy Aa) =
o (ZZ F) is pos. expansive iff gcd(s, A\, ...; A_1) = ged(s, A1, ooy Ag) =
o (ZZ,F) is expansive iff gcd(s, A, ooy A_1, AL, ooy Ag) = 1

Remark that, as immediate consequence of Theorem 3.13, E2 = () for ACA. Moreover,
all the characterizations are given in terms of coefficients of the local rule and hence they
are decidable.

In the sequel, we are going to recall two fundamental tools. The former states that any
ACA has a canonical decomposition into simple basic ACA. The latter tells us that in order
to study ACA one can focus on the surjective ones. This is possible since ACA are stable
and the class of possible dynamics on their limit sets is equivalent to the class of dynamics
of surjective ACA.

Theorem 3.14. [10] Consider an ACA (2%,
conjugated to the ACA (Z% X ZqZ,[ lp % [Flg)-

F) with ged(p,q) = 1. Then (ZZ,F) is

pq’

On the basis of this theorem, if s = p{* ---p;" is the prime factor decomposition of s,
an ACA on Z; is conjugated to the product of ACA on Z i So all the properties which
are preserved under product and under topological conJugacy are lifted from ACA on Z,x
to Zs.

Theorem 3.15. [26] Let (Z%, F) be an ACA. ThenVh > |logy s|, FMZ%) = Flos251(ZZ) =
w(ZZ). Moreover, (FM(ZZ), F) is conjugated to some surjective ACA (ZZ,, Fx).

Remark that the conjugacy map involved in the proof of Theorem 3.15 preserves factor
languages complexities, i.e., for k > 0, the column factor of width k of (FMZ%),F) is a
SFT if and only if the column factor of width k of (ZZ,, Fx) is SFT. This property will be
useful in the sequel.
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4. Surjective ACA

Thanks to Theorem 3.14 and Theorem 3.15, most of the properties of general ACA can
be deduced from undecomposable ACA, namely surjective ACA over Z,. for some prime
number p. In this section we restrict our attention to the class of surjective ACA and,
in particular, we classify the possible dynamics of undecomposable surjective ACA. The
results contained in this section will be useful later to understand the directional dynamics

of general ACA.

One useful property of undecomposable ACA is that there always exist powers of the un-
decomposable maps which are permutive in both their leftmost and rightmost positions.

Lemma 4.1. Let (ZIZ),C, F) be a surjective ACA with p prime whose local rule has memory
m and anticipation a. Then there exists i € [m,a] such that ged(\;,p) = 1.

Lemma 4.2. [10] Let (ka,F) be a surjective ACA with p prime. Set
L =min{j : gcd(Nj,p) =1} and R = max{j:gced()\;,p) = 1}.
Then there exists h > 1 such that the local rule f* associated to F" has the form

F (@ hms s Tha) = {EzhthMixi}pk with ged(pne, p) = ged(pnr, p) = 1.

Recall that the condition ged(pnr,p) = ged(pnr, p) = 1 implies permutivity in AL and
hR. The following proposition characterizes the possible dynamics of undecomposable CA.

Proposition 4.3. Consider a surjective ACA (ZIZ)k, F) with p prime. Then, exactly one of
the following cases occurs:

1. (Z?,C,F) is equicontinuous.

2. (Z?,C,F) is positively expansive.

3. (Z?,m F) is either left or right expansive.

Remark 4.4. By the same property used in the previous proof, one can show that right /left
expansive ACA on Z,; are mixing.

The following theorem classifies the directional dynamics of undecomposable surjective
ACA: any undecomposable ACA either contains exactly one equicontinuous direction (and
it is injective) or contains a positively expansive direction (and it is not injective).

Theorem 4.5. Let (Z?k,F) be a surjective ACA with p prime. Then exactly one of the
following cases can occur
1. (ka7F) is injective. Then,
XpNXE=0,|C¢p=1and Xp =X, UX;=Q)\ ¢p.
2. (ka7F) is not injective. Then,
x;mx};ﬁ@ and ¢p = Xp = 0.
Remark 4.6. Since the openness property is preserved in every direction and it is preserved

also under product, by Theorem 3.14 and Theorem 4.5 it follows that any surjective ACA
is open. For proofs of this property in a more general setting see, for example, [33] and [18].
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5. Directional dynamics of ACA according to regularity

In this section we show that all ACA are regular. This fact implies that the dynamics
of ACA is regular in all rational directions.

Theorem 5.1. [30] A subshift ¥ C AY is a SFT if and only if o : ¥ — % is open.

Lemma 5.2. Let ¥ C AN be a subshift. Then the following conditions are equivalent:
1. (3,0) is open
2. Yn > 0,(3,0™) is open.
3. In > 1 such that (X,0™) is open.
A proof of Lemma 5.2 in a more general setting can be found in [2].

Lemma 5.3. Let (ZZZ,H,F) be a right (left) expansive ACA with p prime. Then for all
sufficiently large k, (X (F),0) is a SFT.

Note that the condition that for all sufficiently large k > 0, X (F) is a SFT is sufficient
to conclude that (Z%n, F) is regular.
Theorem 5.4. Any ACA is reqular.

Actually, since the conjugacy of Theorem 3.15, preserves factor languages, we can obtain
the following more strong property.

Corollary 5.5. Let (Z% F) be an ACA. Then for all sufficiently large k > 0,%,(F) is a
SFT.

Question 1. Is there any ACA having a strictly sofic column factor 3y (F)?

6. Directional dynamics of ACA according to attractors

In this section we study the class of attractors of ACA according to rational directions.
In [26], Manzini and Margara show that any ACA can have either a unique attractor or a
pair of disjoint attractors. Here we show some properties of disjoint attractor directions of
ACA. We will need the two following results.

Lemma 6.1. Let (ZZ, F) be a surjective ACA and let s = p}* - py® - ... - p;" be the prime
factor decomposition of s. Then the following conditions are equivalent:

1. (ZZ, F) has two disjoint attractors,
2. (ZZ, F) is not mizing,
3. (ZIZ;TW [F]n:) is equicontinuous for some p;".

We can easily characterize the class of attractors of ACA from the class of attractors
of surjective undecomposable ACA.
Theorem 6.2. [26] Any ACA has either a unique attractor or a pair of disjoint attractors.
We can now study the set of disjoint attractor directions of ACA.

Definition 6.3. Let (ZZ, F) be an ACA. The disjoint attractors direction set of (ZZ, F) is
Dp ={k/h |k € Z,hc Nt :oFF" has two disjoint attractors}.
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The following proposition shows some properties of the set ® . In particular, we have
that ©p is finite and that between two disjoint attractors directions oy, g € Dp there
cannot exist left /right expansive directions.

Proposition 6.4. Let (Z%, F) be an ACA with memory m and anticipation a. Then the
following conditions hold.
1. If |€p| > 1 then Dp = 0.
If €p = {a} then ®p = {a}.
If|Dp| > 1 then €p = 0.
. Dp C [—a,—m)] is finite.
AfDF ={ai, ..., an} then Yoy < o, [0y, 0] € X5 U%};.

To conclude we enumerate some classes of ACA for which D is easy to characterize.

Corollary 6.5. Let (ZZ, F) be an ACA.

If (ZZ, F) is nilpotent then Dp = ().

If (Z%, F) is equicontinuous and not nilpotent then ®p = {0}.
If (ZZ, F) is positively expansive then D = .

If (ZZ, F) is expansive then Dp # ()

QU s W N

In the case of ACA, the presence of a direction with two disjoint attractors is tightly
linked to the presence of some form of equicontinuity. Indeed, such an ACA is either
equicontinuous (not nilpotent) or it is the product of an ACA having an equicontinuous
direction with some other ACA (see Lemma 6.1). It is not known if the same holds for
general CA.

7. Directional dynamics of ACA

In this section we classify the directional dynamics of ACA according to equicontinuous,
left /right expansive, expansive and disjoint attractor directions. We do not consider explic-
itly factor languages directions since, by Theorem 5.4, for ACA all language directions are
regular, and, by Theorem 3.3, directions which have bounded periodic languages coincide
exactly with equicontinuous directions. To have a more clear picture we introduce explicitly
the class of strictly sensitive nonexpansive directions.

Definition 7.1. The strictly sensitive direction sets of the ACA (ZZ, F) is defined by
GFZQ\(@FUXI;U%;U%F).

We consider separately the directional dynamics of non surjective, strictly surjective
and injective ACA. Note that, since there are no almost equicontinuous ACA, classes C3
and C4 of Theorem 3.12 are empty for ACA. By Theorem 4.5, it follows that surjective ACA
always have left and right expansive directions. In particular, it is not difficult to see that for
any surjective ACA of memory m and anticipation a it happens that (—oco, —a) € X5 and
(=m,00) C .’{; This implies that surjective ACA can only belong to classes C2,C5, C6.
In particular, injective ACA are contained in class C2 U C6 and strictly surjective ACA
are contained in C5U C6. Obviously, in the strictly surjective case there are not expansive
directions which arise uniquely in the injective case. For injective ACA it happens also that
Dr # () and that expansive directions are always the complement in Q of Dp.

Theorem 7.2. Let (Z%, F) be an injective ACA with memory m and anticipation a. Then
Xr = Q\Dp. Moreover, exactly one of the following cases can occur:
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1. € #£0. Then Dp = €p = {a} C [—a,—m], XTp = (a,00), X" p = (—00, ).
2. €¢p = 0. Then Dp = {a1,..,an} C [—a,—m], with a1 < .. < ap,n > 1 and
X Fp=(-00,01), X" F = (an, 0).
Strictly surjective ACA trivially cannot contain equicontinuous directions but they can
have disjoint attractors directions.

Theorem 7.3. Let (ZZ, F) be a surjective but non injective ACA with memory m and
anticipation a. Then €p = (). Moreover, ezactly one of the following cases occurs.
1. Dp=0and X" pNXTp=10. Then Jai,as € [—a,—m|,a1 < as, X~ = (—00,a1),
XTr = (ag,00), 6F = [a1, as].
2. Dp=0and X" pNXTF #0. Then Jai,as € [—a,—m|, as < a1, X" p = (—o0, a1),
:f"'_p = (CKQ,OO), GF = @
3. # 0. Then 3—a < aq < 1 < .. < By < a2 < -mDp = {f1,..,0u},
X Fp=(-00,01), X" = (a2,0),6F = [a1, as].
For any non surjective CA trivially X~ p = XTp = Xp = 0.

Theorem 7.4. Let (Z% F) be a non surjective ACA. Then exactly one of the following
cases can occur.

1. ¢ =Q and Df = & = ).

2. ¢p =Dp ={a} C [—a,—m] and &p = Q\ {a}.

3. 6 =Q,¢r =0 (with either Dp =0 or Dp # ().

As requested by one of the referee, in the next theorem we summarise all our results

and we express them in terms of the coefficients of the local rule. We beg the reader pardon
for its unreadable form.

Theorem 7.5. Let (Z%, F) be an ACA with local rule f(xm,...,Tq) = [Z?zm )\jacj} and
s

with s = p{* - py* - ... - p* where p1,..,p; are primes. Then,

1 (ZZ,F) is in class 1. of Theorem 7.2 iff
3N, Vpi, pit A
1.2 (ZZ,F) is in class 2. of Theorem 7.2 iff
Vpi, 3!)\]‘,})1‘ f )\j and ﬂ!)\j,Vpi,pi 1’ )\j
2.1 (ZZ, F) is in class 1. of Theorem 7.3 iff
Vpi, E|)\j/ #* )\j//,pi f )\j/,pi 'i' )‘j” and ﬂk S [m, a],Vpl—, E|)\j/ <k< )\j//,pi f )\j/,pi '|' )\ju
2 (ZZ,F) is in class 2. of Theorem 7.3 iff
dk € [m, a],Vpi, E|)\j/ <k < )\ju,pi J( /\j/,pi T )‘j”
3 (ZZ,F) is in class 3. of Theorem 7.3 iff
Vpi, ANj, pi t Ay and 3p;, N, 04 Nj and Ipy, 3Ny F# N, par 4 Ajr,pir £ A
1 (ZZ,F) is in class 1. of Theorem 7.4 iff it is nilpotent iff
Vpi, VA, pi | Aj
3.2 (ZZ,F) is in class 2. of Theorem 7.4 iff
ged(s, Am, -y Ag) # 1 and 3ps, 3N, pit A and
3k € [m,a], Vi, pi | gcd(Amy ooy Ak—1y Akt1y ooy Aa)
3.3 (ZZ, F) is in class 3. of Theorem 7.4 iff
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ged(s, Am, -y Ag) # 1 and 3ps, 3N, pit A and
Pk € [m, al,Vpi, pi | gcd(Amy ooy N1, Akt1s s Aa)

8. Conclusions

In this paper we have completely characterized the directional dynamics of ACA, not
only w.r.t. equicontinuity or expansivity (as in the Sablik’s approach) but also w.r.¢. attrac-
tors and factor languages. Figures 1 to 3 summarize all the possibles scenarios.

Looking at the pictures, one immediately sees that the algebraic nature of ACA has
greatly reduced the number and complexity of the possible dynamics. For example, we have
proved that the factor languages of any ACA are regular along any direction. Of course,
this is not true for the general case but it would be very interesting to investigate which is
the largest class of CA with such a property.

The directional classification proposed by Sablik [32] sheds some light on how informa-
tion propagates space-time diagrams of CA. For instance, there is no exchange of informa-
tion between zones delimited by two directions of equicontinuity (almost equicontinuity)
and the rest of phase space. In this paper, we showed that this is also the case for CA
having directions with two disjoint attractors (see Figure 2 right or Figure 3). Remark that
in the case of ACA, directions with two disjoint attractors are always tightly linked to the
presence of equicontinuity (see Lemma 6.1). We wonder if this happens also in the general
case where the situation is much more complicated, since one must take into account also
almost equicontinuity and other types of attractors.

—a -m -a -m

Figure 1: Directional dynamics for injective ACA. Green area depicts expansive directions.
Lightblue line is a direction of equicontinuity. Magenta dotted lines are directions
presenting two disjoint attractors.

a" a- -
—m —m

Figure 2: Directional dynamics for surjective ACA. Red (resp., blue) area depicts left (resp.,
right) expansive directions. Gold area indicates directions presenting sensitivity.
Red/blue checkered area gives the positively expansive directions. Magenta dot-
ted lines are directions presenting two disjoint attractors.

—m
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—a

—m

Figure 3: Directional dynamics for non-surjective ACA. Lightblue (resp., gold) area in-

dicates equicontinuity (resp. sensitivity) directions. Magenta dotted lines are
directions presenting two disjoint attractors.

To conclude we remark that, from Theorem 7.5, it follows that our classification is

completely decidable.
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ABSTRACT. There are several systems consisting in an object that moves on the plane
by following a given rule. It is frequently observed that these systems eventually fall
into an unexplained repetitive movement. The general framework of k-dimensional Turing
machines with only one head is adopted. A subshift is associated to each Turing machine,
and its properties are studied. The subshift consists in the set of sequences of symbols that
the machine reads together with the states that it has through each evolution. The focus
is placed on the machines whose associated subshift is sofic. These machines cannot make
long tours, i.e., the time between two consecutive visits to a given cell is bounded, and this
property characterises them. It is proved that all of these machines eventually fall into
a repetitive movement when starting over an initially periodic coloration. Nevertheless,
it seems that the machines with a sofic subshift are too simple. Many known machines
remain out of scope. As an example, the 0,1 and 2 pebble automata with 1 symbol are
studied.

Introduction

We call “One Head Machine” an automaton that lives in a discrete space. It can walk,
read and write symbols, and its behaviour is governed, at discrete time, by a deterministic
and finitely described rule. Examples of this kind of dynamical systems are the Langton’s
Ant [9, 8, 6], the Pebble Automata [2], the one head Turing Machines [3, 7] and the Lorentz
Lattice Gas [1, 10]. Such an object can represent a particle that collides with obstacles; a
living being that interacts with its environment; an automaton that performs a task, etc.

All of these systems are more or less comprised by the following definition.

Definition 0.1. A One Head Machine over ZF is a 4-tuple (S, Q, k, §) where:

e S is a finite set, representing the state of the environment at each lattice point, and
called symbol set,

e () is a finite set, representing the internal state of the machine, called state set,

e k € N represents the dimension of the lattice,

Key words and phrases: Multidimensional Turing Machine, Formal Language, Symbolic System.
This work has been supported by CONICYT FONDECYT #1061036.
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o 0 = (d5,9Q,dp) is the transition function, where ¢; : S x Q — i, for each ¢ = S,
Qor D,and D = {j:ej}?:l are the k canonical vectors in ZF together with their
opposites.

The elements of Z* are called cells. A configuration of the system is given by an
assignment of symbols to each cell, ¢ : ZF¥ — S, called coloration; a position g € ZF; and a
state ¢ € @, i.e., the phase space is X = SZ" % 7k x Q.

The global transition function T': X — X is defined by T'((¢,9,q)) = (¢, ¢',¢’), where

e ¢ =dq(c(9),9),
e g =g+p(c(g)q),
o d(g) = ds(c(g),q) and ¢/ (u) = c(u) for all u # g.

This system can be fruitfully studied by projecting it into a symbolic system [4, 5, 7],
as we precise in the next definition. This method works well due to a relevant feature of
this system: all the changes happen only on the machine position, the rest of the coloration
remaining static. Thus, if we register the sequence of symbols that the machine reads
together with its state, we describe the entire evolution of the system without ambiguity.

Definition 0.2. Given a one head machine M = (S, Q, k,d) and its associated dynamical
system (X, T),let 7 : X — Sx@Q be defined by 7(c, g,q) = (c(g),q) and let ¥ : X — (SxQ)N
be defined by ¥ (z) = (7(T™(x)))nen- The t-shift of (X, T) is Sp = ¢(X).

The set (X)) represents all the possible sequences of pairs (symbol, state) that the
machine can produce when considering all the possible initial configurations. Given an
infinite sequence y = (aqig‘;'_'_') € St, we can deduce the machine itinerary. In fact, if we
suppose that the initial position is 0, its position at iteration j must be:

j—1
() = Y bplana) (<)) , I)i=0
i=1

and the set of visited cells is given by

Viy) = {I();I1 <j}
The initial symbol of the visited cells can be deduced from y and it is given by the
following formula

¢y(9) = oy where i=min{j|l(y); =g} (Vg€ V(y))

The partial function ¢, is a kind of pre-image of y by 1 in the following sense: if c is
an extension of ¢, to Z¥ then v(c,0,¢1) = y. This means that the sequence 1(z) contains
information about the visited cells and discards the symbols of the other cells. Moreover,
it is invariant under translations.

Remark 0.3. I(y), V(y) and ¢, can be defined also if y is a finite word. In this context
the following properties hold for every u, v € (S x Q)*:

(1) Iuwv); = I(w);, i j < [u] + 1.

(2) I(uv); = W1 + 1) pups if > Jul + 1.

The set St is sensitive to many of the machine properties. For example, if ¢ (z) is

periodic we can deduce that the sequence of movements of the machine is periodic, i.e.,
that the machine is making a regular movement (which can be propagative or cyclic).
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Next section recall some concepts from symbolic dynamics and presents basic properties
of St. In Section 2, we characterise the machines having a sofic t-shift and we prove an
important feature of these systems: starting over a periodic coloration with a finite number
of perturbations the machine always finishes by falling in a periodic movement. The last
section shows how to adapt the this theory to a particular type of pebble automaton, we
obtain two results already proved by Delorme and Mazoyer [2].

1. Basic notions and previous results

Given a finite set ¥, the set N denotes the set of infinite sequences of elements of ¥.
A function o is defined on N by: o(y192y3...) = Y2y3y4..., it is called the shift function.
A metric can be defined on XN by: d(y,z) = 27", where n is the smallest index such that
Yn # 2n. This metric makes XN compact and o continuous. Closed and o invariant sets are
called subshifts.

The finite sequences of elements of ¥ are called words. The set of words is denoted by
¥*. If a word v € ¥* appears as a subsequence of an infinite sequence y € XN, it is called a
factor of y, and this is denoted by v C y. A language is any subset of ¥*.

Any subshift Y € ¥V has an associated language L(Y) C £*, defined by:

LY)={weX*:(3yeY)wly}
This is the factors language of Y. The factors language characterises Y because
Y={yeA¥V: (VvuCly)ue L)}
Another way to characterise a subshift is through a set of forbidden words. A language
P is a set of forbidden words for Y if

V={yeA": (VuCy)ugP}.

If Y has a finite set of forbidden words, Y is said to be a shift of finite type (SFT).

The complexity of Y is defined with reference to the complexity of its language L(Y).
For instance, Y is said to be sofic if L(Y') is regular. It is easy to see that if Y is a SFT, Y
is also sofic.

Let us come back to the shift associated to a one head machine: St. It is a subshift.
Moreover, functions T, o and 1) satisfy ¢ o T = ¢ o 2. The following result characterises
the words in L(S7). This property can be easily proved by induction.

Lemma 1.1. [7] If w= ({}"0") € L(St), then for all i € {1,..,n}:

gi+1 = 00 (i, ¢s) (state coherence) (1.1)
and for any pair 1 < i < j < mn, such that I(w); = I(w); (say = g) and for every k
between i and j, I(w)y # g, one has that
aj; = og(a, ¢). (writing coherence) (1.2)
Moreover, these are sufficient conditions for w to belong to L(ST).

Equation (1.1) expresses that the sequence of states must be coherent with the transition
rule of the machine. Equation (1.2) expresses that when the machine visits a cell a second
time, it must find the symbol that it wrote there when it visited it the first time. A set of
forbidden words for S can be obtained from these two equations. From Equation (1.1) we
obtain the following set:
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= {(5) 55000}

Equation (1.2) refers to trajectories that visit two times the same cell.

Definition 1.2. A word w € L(S7) whose itinerary starts and finishes in the same cell
and does not visit that cell in between, is called a cycle, i.e., w is a cycle if it satisfies:
I(w)1 = I(w)}y|+1 = 0 and I(w); # 0, for all j € {2, .., [w[}. When saying “the cycle w” we
will being making reference to either the word w, the itinerary I(w) or the set V(w); the
interpretation will be clear from the context.

There is a set of forbidden words for each cycle w = (2::2‘:): the word (0211...3:5) is

forbidden for every [ # dg(a1,q1). Thus, we obtain the following set of forbidden words:

P, = {(al“anﬂ> : (al..an) is a cycle and (3 # 55(01»(11)} .

a1--9nq q1--9n

St is defined by the set of forbidden words P = Py U P,. P; is finite but P, may be
infinite, depending on the behaviour of the machine. For example, if the machine never
visits a cell more than once, P, is empty. If the number of cycles is finite, P» is finite. In
both cases, the set of forbidden words of St is finite and therefore St is a SFT. With some
work it is possible to prove the converse [7], i.e., if Sp is a SFT, then the number of cycles
is finite. If St is a SFT, the machine has significant movement restrictions that prevent
it from making long cycles. What happens when St is sofic? In [7] the one dimensional
case was studied and it was established that if St is sofic, then it is of finite type too. Is
this also true in Z*? What is the relation between the complexity of Sy and the machine
behaviour? In order to answer these questions we need more information about the relation
between Sp, T and the automaton that recognises St. Let us recall some definitions.

Definition 1.3. A Deterministic Finite Automaton (DFA) is a 5-tuple M = (A,Q, A, 0g, F)
where A is the input alphabet,  is the states set, A : A x Q — € is a partial function called
transition function, og € ) is the initial state and F is the set of final states.

A labelled graph, Gy, is associated to M. Its set of vertices is 2, and the label of an
edge (e, f) is ‘@’ if and only if f = A(a,e).

The language recognised by M consists of all words w in A* such that there exists a
path in G with label w, starting on vertex oy and finishing on a vertex f € F.

If a language L is the factors language of some subshift, then it is closed for the factor
relation, i.e., if w € L and u is a subword of w, then v € L. Consequently, the automaton
M = (5xQ,Q,\, 00, F) that recognises it can be chosen such that F' = Q. In the following
we will omit the set F' from the automata definition.

Definition 1.4. A language is said to be reqular if it is recognised by some DFA.

Remark 1.5. Given a vertex v € €, it holds that:

(1) If v has an input edge labelled by («,q), then all the exiting edges of v have a
label of the form (3, dg(a, q)), with 5 € S, because the next state of the machine is
uniquely determined by « and ¢ and it is dg(«, ).

(2) Since every word in L(St) defines a unique path in Gy, Equation (1.2) implies that
v has only one exiting edge if and only if every path from oy to v corresponds to an
itinerary that has already visited its last cell. Otherwise, v has exactly |S| exiting
edges.
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(3) The last assertion is not valid when |S| = 1. But, in this case, St is of finite type,
more precisely, it is a finite set composed by eventually periodic sequences. The
cycles exist in a finite quantity. The vertices of the automaton that recognises it
have degree 1 (except for op)

This remark allows us to characterise the one head machines whose t-shift is sofic.

2. When S is sofic

Let us consider a metric in Z* as follows. Given two points: p = (p1,p2,..,px) and
g = (91,92, ., gr), the distance between p and g is

k
d(p,g) = > |pi — gil-
i=1
Thus the set B(p,n) = {g € Z* : d(p,g) < n} represents the ball of radius n and
centre p.

Lemma 2.1. The number of cycles of L(St) is finite if and only if the distance that a cycle
can attain form the origin is bounded.

Proof. Let us suppose that every cycle is contained in a ball of radius n. The number of
configurations defined in this ball is |S \Q”k x 2n* x |Q|. Each configuration corresponds to
at most one cycle, hence there is a finite number of cycles. [

The following theorem has already been proved for k =1 in [7].
Theorem 2.2. St is sofic if and only if the number of cycles of L(ST) is finite.

Proof. In one direction, the result is trivial since every SF'T is sofic.

Let us suppose that Sp is sofic. Therefore, there exists a DFA M = (S x Q,Q, A, 00)
that recognises it and satisfies the conditions given in Remark 1.5. Let us suppose that the
length of the cycles is arbitrary large. Lemma 2.1 implies that for every natural n there
is a cycle that attains a distance bigger than n from its initial cell: 0. Let us consider the
set of cycles that makes this for n = |©2|. Let us choose from this set the shortest cycle
W= Wy.. Wy, = (Zig‘:)

Given r < m, we can use Remark 0.3, with u = w;..w,_1 and v = w,..w,, and the fact
that I(w)),41 = 0 to obtain that:

I(w)y = =1 (Wy.. W) m—r+1 7 0. (2.1)

The cycle w corresponds to a unique path in the graph Gas: ogoi, .., 0n,. From Re-
mark 1.5, the vertex o, has an exit degree equal to 1, because the last cell of w (cell 0) has
already been visited.

Let ! < m be such that d(I(w);,0) > n. Since for every j, d(I(w);,0) < j — 1, we can
assert that [ —1 > n. In consequence, there must exist two repeated vertices between o1 and
01—1: 0; = 05. Thus 0001..0;0j41..0, is also a path in Gy, its label is u = wiws.. W;W;j41.. Wy,
its length is t = m — j 4+ 4, and I(u)¢4;1 has already been visited. This implies that there
exists r such that I(u), = I(u)iy1. By using Remark 0.3 over u decomposed by uy..rp—1
and u,..us, we obtain that I(u,..ut)i—rt2 =0, i.e., uy..uy is a cycle of length t — r + 1.
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If r >4, up..uy = Wyp4j—i..wy, which, from Equation (2.1), is not a cycle, therefore r < i.
In summary, 1 <r <i < j <l < m. Now, we use Remark 0.3 again over u,..u_1 and
ug..u, with k =1 — 5 + ¢, and we obtain

I(ur up—1)k—rp1 = —I(Up.Ug)t—pt1
= —I(w;..wm)m—ir1, since k > i,
= I(w), due to Equation (2.1).
Hence d(I(up..ut)g—r+1,0) = d(I(w);,0) > n. We conclude that u,..u; is a cycle that
attains a distance bigger than n and is shorter than w, which is a contradiction. [

This implies that the machines whose t-shift is sofic are very simple: they cannot revisit
far cells; the diversity of cycles they can do is finite; its t-shift is also a SFT; and all the
closed itineraries can be putted inside a finite ball. Since the state of the visited cells can be
interpreted as the external “remembers” of the machine, this ball represents its attainable
memory. Sofic machines have in fact a finite memory.

Corollary 2.3. If St is sofic and V (¢(c, g,q)) is infinite, then the number of times that the
machine visits each cell is bounded by a finite constant which only depends on the machine.

Proof. Let r be the radius of a ball containing all the closed trajectories. The number of
configurations defined on this ball is finite, say N. Let x = (¢, g,q) be an initial configura-
tion. If some cell p is visited more than N times during the evolution of T on x, we can
assert that the machine remained inside the ball of radius r and centre p from the first to
the last time that it visited p. Within this time, some configuration of the ball has appeared
two or more times. Which means that the system has fallen in a periodic point and that
its complete itinerary is contained in a finite set. L]

When a sofic machine starts over a periodic coloration, its behaviour is particularly
simple, as the following theorem establishes. This theorem is proved in [7] for k£ = 1.

Theorem 2.4. If St is sofic and c is periodic except for a finite number of cells, then
U(c,g,q) is eventually periodic for every g € ZF and q € Q.

Proof. We can suppose, without loss of generality, that the initial position of the machine
is 0. Let g be its initial internal state, and ¢ : Z*¥ — S a periodic coloration except for a
finite number of cells. This means that ¢ is equal to some periodic coloration d except for
a finite set of cells E.

Now, let us study y = (

o) =
i/ 4eN
or not. If it is finite, (7%(c, 0, qo))ien is eventually periodic, and so is y.

Let us analyse the case when V(y) is infinite. Let n be the last iteration in which a
cell of F is visited. This means that after iteration n every cell g either has been already
visited or its state is given by d(g).

Coloration d consists in the repetition of a pattern defined on a rectangle R. Let us
assume that R = {0,..,71} x {0,..,m2} x -+ x {0,.., 7}, where r; € N for all . This means
that the value of d at cell g = (g1, 92, .., gr) is equal to d(gimod 71, gamod rg, .., ggmod 7).

Now let M = (SxQ,Q,\: (SxQ)xQ — Q,00) be the automaton that recognises St.
We define M = (S x Q,Q x R, A, (0p,0)) where X : (S x Q) x (2 x R) — (2 x R) is defined
by:

/\((3‘), (;‘)) = (;) &= A((‘;)Hu) =v and (Vi) fi = (¢: + 0p(a, q);) mod 7.

(¢, 0, qo). Two possibilities appear: V (y) can be finite
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M recognises the same language than M. Moreover, it registers the position of the
machine modulo R, i.e., if ((0;,¢%))ien is the sequence of vertices in Gy whose label is y,
then, for every j € N, I(y)j11 = ¢ modulo R.

From Remark 1.5, we distinguish two kinds of vertices in Gy either deg((0;, %)) = 1
or deg((0i, %)) = |S|. If deg((0i, ")) = |S|, we know that I(y);4+1 is being visited by
the first time at iteration ¢ + 1. If in addition ¢ > n, we can assert that c(I(y)it+1) =
d(I(y)iy1) = d(g%). Consequently, the label of the arc ((o;, ¢%), (0ir1,9' ")) is d(g?), this
means that (0;11,¢'"!) is uniquely determined by (o;, ¢%). Thus starting from (o0, g") only
one sequence of vertices of Gz can be taken, hence ((0;, ¢"))ien is ultimately periodic and
S0 18 y. ]

These two theorems can be easily proved for other regular grids than Z*, for example,
Cayley graphs of groups.

3. Pebble automata with one symbol

Pebble automata are two dimensional one head machines that cannot write but are
provided with a set of “pebbles” that they can drop and recover in order to mark their way.
They could be seen as a particular kind of one head machine by assimilating the pebbles as
part of the internal state and space symbols. The following definition is adapted from [2]
for the particular case where the space has only one symbol.

Definition 3.1. A Pebble Automata is a 3-tuple (Q, d,1) where:

e () is a finite set, representing the internal state of the machine,
e [ represents the number of pebbles, and
e 0 =(dp,0q,0p) is the transition function, where
— 0p : Q@ x{0,1} x {0,1}} — {0,1}! determines the pebbles that will be taken or
dropped,
— g : Q x {0, 1} x {0,1}} — @ determines the new machine state, and
— 0p : Q@ x{0,1} x{0,1}! — D determines the moving direction of the machine.
Moreover, dp satisfies that for every ¢ € Q and p,r € {0,1}, 5p(q,p,7) < p + r; this
assures that the machine can only act over pebbles that the machine is carrying or that are
on the current machine position.
The configuration of the system is given by an assignment of pebbles to each cell
c: 7% — {0,1}!, a position g € Z?, a state ¢ € Q, and the pebbles reserve of the machine
p € {0,1}\. Thus, the phase space is X = ({0, 1})%* x Z2 x Q x {0, 1}".
The global transition function A : X — X is defined by A((c,g,q¢,p)) = (¢, ¢, ¢, D),
where

¢ =dq(q,c(9),p),
p' = (p+ dp(q,c(g),p)) mod 2,
9 =9+ 0plgc(9),p),
d(g9) = (c(g) + 6p(q,c(g),p)) mod 2 and for all u # g, ¢/(u) = c(u).!
The system starts with the empty configuration c(u) = (0,0, ..,0) and all the pebbles
on the machine: p = (1,1,..,1).

/

et us remark that c(g)+p=7(9)+p.
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In [2], the behaviour of these automata is studied for the case in which the number
of symbols is 1. The object of doing this is to analyse the ability of the automaton to
explore the plane without external help. They prove that this task is impossible when the
automaton has less than 3 pebbles. Delorme and Mazoyer prove this by showing that the
d-pebble automata have serious restrictions on their movements when d < 2. This can be
illustrated within the present theory too. 0-pebble automata are a trivial case. Since they
have no pebble, they are actually one head machines where |S| = 1, and k = 2. Thus the
number of cycles is bounded and, independently from the initial state qg € @), the machine
will always finish by making repetitive movements.

3.1. 1-pebble automata

As we said before, pebble automata can be seen as a particular case of one head machine
by assimilating the pebbles as part of the internal state of the machine and symbols of the
space. This means to define a one head machine M = (S,Q,2,5) where Q@ = Q x {0,1},
S ={0,1} and ¢ is defined appropriately. The second component of the state represents
the pebble reserve of the machine. The symbol represents the pebble content of the cells.

The difference between pebble automata and one head machines is that in the pebble
automata the total number of pebbles in the system is fixed and constant. A 1-pebble
automaton is a one head machine that works over a particular set of configurations: those
with exactly one pebble in the whole space.

Thus the shift of a pebble automata is smaller than the shift of its corresponding one-
head machine. In the pebble automata, not only cycles define forbidden words. If the
pebble automata put the pebble somewhere, it cannot find it elsewhere. This fact induces
additional forbidden words. First, Py forbids to find the pebble in the plane when the

pebble is on the machine.
Py = {(a) g= (¢ 1) Aa= 1}.
q

Second, let w = (%i::g‘:) € ({0,1} x Q)* be such that I(w); # 0 for every i > 2. In
this case, we know that if at the beginning of w the initial cell contains the pebble, i.e.,
a1 = 1, and the machine does not take it (dp(a1,¢1) = 0), then a; = 0 for all i > 2.
The same happens if the machine has the pebble and drops it at the beginning, i.e., if

a; = 0Adp(ag,q1) = 1. In these cases, we can add the forbidden word (alo_‘_%“%"il). This

defines the following set of forbidden words:

sapl
P} = {w = (al on ) caq +0p(ar,q1) = 1A (Vi > 2) I(w); # 0} .
q1--4n9n+1

We only need to consider a finite part of Pj, because if the machine has no pebble, it
behaves like a 0-pebble automaton where the length of cycles is bounded, say by M, and
therefore longer trajectories do not visit 0. Thus forbidden words longer than M can be

replaced by the word (;B;;). We obtain a new set of forbidden words:
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aq..0p1

P = {w: ( o ) :a1+(5p(0z1,ql):1/\(Vi22) I(w)i;«éO/\nSM}
Q1"ann+l

U (g = @0}
0..01

Finally, each time we have a word w = (51@ ) where q; = (q1,0), we know that this
pebble must have been dropped by the automaton at some past iteration, then w is a suffix

of a cycle that begins by leaving the pebble on the plane. We thus obtain the forbidden set

P;.
0..01 0..0
P - {( );: A (e ( - ) }
4 4.0, 7 = (q1,0) A ( 0) -Gy A

Where Cj denotes the set of cycles that begins by leaving the pebble and < is the suffix
relation. Again, only a finite part of P; is enough, because we know that every word longer
than M is not suffix of some cycle. Hence, we consider the set Pj:

P = {(0"01>;qlz(ql,om(weco) (0“0 >%v/\n§M}

ql"qn Q1"§n—1
By avoiding these words, we assure that the pebble is always found exactly where it
was dropped.
Let us recall now the definition of the set Ps:

Py = {(al..anﬂ> : <a1..an> is a cycle and 8 # a1 + dp(oq, ¢;)mod 2}
q1--9p9 d1--4n

We distinguish three types of cycles, depending on the position of the pebble at the
beginning of the itinerary: a) the pebble is left at 0 (a1 + dp(a1,G;) = 1), b) the pebble is
not at 0 nor on the machine (o; = 0 and g; = (¢,0), ¢ € @), ¢) the pebble is carried by the
machine ((a1 +dp(a1,q;) =0AG, = (q,1)) Vag +dp(a1,qy) = 2).

There is only a finite number of cycles of type a). If the cycle is of type b), there are two
cases. First, the pebble does not appear in the cycle, it behaves like a 0-pebble automaton,
therefore there is only a finite quantity of these cycles. Second, the pebble is found during
the cycle. In this case, by avoiding the forbidden words of P3 and Py we prevent from
finding the pebble at position 0. Finally, if the cycle is of type c), two cases appear again.
First, the pebble is over the machine during the whole cycle; in this case, the set Py assures
that the pebble will not be found at the initial cell. Second, the machine drops the pebble
somewhere; in this case, by avoiding the words of P3 we preclude the possibility of finding
the pebble at 0. It follows that, only a finite number of words of P, are necessary. The
union of Py, Py, P53, Py and a finite part of P, is a forbidden set for S4. We conclude that
S4 is of finite type.

Remark 1.5 is not valid in this case because we are using information that is not available
for general one head machines. But Remark 1.5 is used in Theorem 2.4 to have vertices
with exit degree equal to one. In L(S4) only short words that do not contain the pebble
can be enlarged in two different ways, because words longer than M that has no the pebble
will never have it; and if a word contain the pebble, its future is uniquely determined. This
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means that after iteration M, all the attainable vertices has degree 1. Thus the proof of
Theorem 2.4 applies to the present case and we can conclude that the automaton will always
finish by making a repetitive movement.

3.2. 2-pebble automata

In these automata, trajectories as those of Figure 1 can occur, as it is shown in [2].
Theorem 2.2 can be used to assert that, in this case, S4 is not sofic. We can wonder about
the complexity of S4. Delorme-Mazoyer proved that these automata cannot explore the
plane, this suggest that its complexity cannot be very high.

Figure 1: A trajectory that may contain cycles of arbitrary length. The automaton comes
from below, it finds the pebble on top and comes back.

4. Discussion

The results of this paper apply to very simple machines. Sometimes, proving the
hypothesis of our theorems is not easy. Nevertheless, we think that the present paper is
a first step in the construction of effective tools to understand the dynamics of one head
machines.

The study of pebble automaton was not easy, the principal reason is that pebble au-
tomaton do not feet with the definition of one head machine. Delorme and Mazoyer obtained
the same results through an analysis of similar complexity

The next step may be to study machines with a context free language. In such a
machine, the cycles may be very long, but they probably have a simple structure. Maybe
the 2-pebble automata with one symbol is in this class. It would be important to study the
dynamical properties of these machines.

Langton’s Ant is a one head machine that, apparently, always falls in a periodic move-
ment when it starts with a coloration with a finite number of black cells. Unhappily the
cycles that Langton’s Ant can do can be very complicated and arbitrarily long, hence our
results do not apply. But maybe the ideas presented in the proofs may help to understand
Langton’s Ant behaviour.
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ABSTRACT. The problem of describing the dynamics of a conserved energy in a cellular
automaton in terms of local movements of “particles” (quanta of that energy) has attracted
some people’s attention. The one-dimensional case was already solved by Fuks (2000) and
Pivato (2002). For the two-dimensional cellular automata, we show that every (context-
free) conservation law can be expressed in terms of such particle displacements.

Introduction

Let L = Z¢ be the d-dimensional square lattice, and S a finite set of states. Every
cellular automaton (CA for short) F : S — S™ maps the uniform configurations into the
uniform configurations. Two configurations x,y : . — S are asymptotic if they agree on all
but finitely many cells of the lattice. The image of asymptotic configurations under every
cellular automaton remain asymptotic.

A (context-free) energy assignment is a function p : S — R. The p-content of a finite
pattern p : A — S (A C L finite) is the sum M (p) £ 3, 4 p (pli]). For every two asymptotic
configurations x,y € S¥, the corresponding energy difference is

OM (z,y) £ Y [u(yli]) — p(afi))] (0.1)
i€l
which is clearly well-defined (only a finite number of terms are non-zero). The energy u is
conserved by a cellular automaton F : S& — ST if
IM(Fz,Fy) =0M(x,y) (0.2)

Key words and phrases: Conservation Laws, Flows, Particles.
Research supported by the Academy of Finland grant 211967.
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for every two asymptotic configurations x and y. This is equivalent to the formulations in
terms of finite or periodic configurations [7, 3]. In particular, one can show that, if F' maps
an a-uniform configuration to a b-uniform configuration, we must have p(a) = pu(b).

For a conserved energy p, it is desirable to find a local rule that explains the microscopic
dynamics of p under the iteration of F', in terms of “flows” of energy from one cell to another.
More specifically, a flow for u is a mapping z,4,j — ®;—;(x) € R for x € St and i,7 € L
that satisfies the following conditions:

a) For every configuration x and every cell a,
p(xla]) = ®aj(x), (0.3)
JjeEL
b) For every configuration = and every cell a,

D Pinalz) = pu((Fo)d]) (0-4)

i€l
¢) There exist finite sets K, I C I, and a rule ¢ : S® x I — R such that,
oy e+ K] i) ifi—jel,
injlz) = { 0 otherwise, (0.5)

for every = € S* and i,j € L.

Here, f[A] denotes the restriction of a function f to a subset A of its domain. Equations (0.4)
and (0.3) are called the continuity equations. Equation (0.5) states that the amount of the
flows toward each cell is decided locally, by looking at a finite neighborhood K of that cell.
The set I is the set of directions from which energy flows into a cell. The local rule ¢ is
called an inflow. An energy p is locally conserved by F, if it has an inflow.

Proposition 0.1 (Hattori and Takesue [7]). In cellular automata, conserved energies are
locally conserved.

We remark that the third condition in the above definition could equivalently be for-
mulated in terms of an outflow.

Recently a number of people have shown interest in flows that can be interpreted as
displacement of “particles” (see e.g. [6, 10, 9, 1]). In such a case, the p-content of a pattern
p is seen as the sum of the energies (or masses) of the particles in p.

Recall that every finitely generated subgroup of R is isomorphic to Z™ for some m > 0.
If an energy p: S — Z™ is conserved by a cellular automaton F', each of its m components
must be conserved independently. If we are able to find “particle flows” for each component,
we can extend our interpretation for u by assuming m different types of particles which flow
independently. So, without loss of generality, we can concentrate on the case u : S — Z
or i : S — Q. Now, if the particles are indistinguishable and each have the same energy
¢ € R, for every state s € S we must have u(s) = v(s) -, where v(s) € Z=° is the number of
particles in s. Thus, it makes sense to assume p is everywhere non-negative (or everywhere
non-positive).

Formally, let 2 : S — Q20 be a conserved energy for a cellular automaton F. A particle
flow for v is a flow ® whose values are from non-negative rationals Q=°. Let ® be a particle
flow which is defined by an inflow ¢ : S% x I — Q2. Let € > 0 be such that ¢(p,i)/e € Z2°
for every p and i. Then ¢ is the u-content of a particle and the function p(-,-) = ¢(-,-)/e
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is called a particle displacement rule. For every state s € S, v(s) = u(s)/e is the number of
particles in s.

Proposition 0.2 (Fuks [6] and Pivato [10]). Let F : SZ — S% be a one-dimensional cellular
automaton, and p: S — N an energy conserved by F. Then, p has a particle flow.

We extend this result to the two-dimensional CA. In Section 1, we show how to construct
a particle flow for a conserved energy in a two-dimensional radius—% CA. In Section 2, we
give a sketch of how this can be exploited in the case of arbitrary neighborhoods. Some
open problems are proposed in Section 3.

1. Particle Flows in Radius One Half CA
Let F : SZ° — 5% be a two-dimensional CA with neighborhood

N ={(0,0),(0,1),(1,1),(1,0)} (1.1)
and local rule f : SV — S. The neighbors (0,0), (0,1), (1,1) and (1,0) are interpreted,
respectively, as the down-left (d1), up-left (ul), up-right (ur) and down-right (dr) neighbors.
Such a neighborhood is often called mdz’us—%.

To simplify our exposition, let us distinguish between neighbors of a cell 7, and the cells
adjacent to it. The former are the cells i +d1, i4+ul, ¢ +ur and i+ dr one step before, while
the latter are the cells i + r, i +u, i + 1 and ¢ + d at the same time step, where r = (1, 0),
u=(0,1),1=(-1,0) and d = (0, —1).

Let p: S — Q20 be a conserved energy. Without loss of generality, we can assume that
u(o) = 0 for a state o € S which we call blank. For every state x € S we define the free
flows going out of x by looking at the configurations

o o o
F T2 T3
oz — (1.2)
O
o o o

o T o 0

That is, ¢, (z) 2 p(f(G-0)s ex(@) 2 p(fCe0)) (@) 2 u(f(5-7) and o (z) £
u(f(i-i)). By the conservation of y, we have
e () +ox (1) + 0 (2) + o () = p@). (1.3)

When two states are put next to each other, their touching out-going flows interfere
and as a result we have a flow deflection from one cell toward another.

< <& <& <&

r T2 a Y3
o x Y o — (1.4)
1 b Y4
o o o o
Specifically, for every z,y € S, define
S O
wi(e v) 2 max {0, w(f(C3) — ¢ (2) o )} (L5)

and

G v) 2max {0, u(f(-0) ~ (@)~ 0, W)} (1.6)
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By the conservation of u we have

o 0

H(fCo) = @ @) +o ) +up(a v) =9y (a v), (1.7)
wfCD) = ou@) +o ) Fo(s v) = ), (1.8)

and either 9| (z v) or ¥;(z v) is zero. The deflections 1#%(;) and wH(Z) are defined simi-

larly, and in the same way we have

WIC) = o) +o ) +ua(D) —we(l), (1.9)
WICD) = @) +on )+ e () —v-(), (1.10)

and either 1@_(;) or 1/1_,(5) is zero. The deflections summarize all the interactions between
the free flows:

Lemma 1.1. For every x,y,z,t € S we have
pCD) = o @)+ e W) o, (2) + e (1)
+ () U D)+ v () + (e b
— (D= rv ) =) == ). (1.11)

We shall think of the free flows and the flow deflections as weighted arrows from one
cell (in the space-time) to another. For example, in the consecutive configurations

p Yy 4 p Yy z
N XN ¥ P
a b —_— a——-} (1 . 12)
N N
q T t q x t

the free flow ¢, (p) determines an arrow toward the cell with state a from its up-left neighbor
in the previous time step, and so forth. Similarly, there is a deflection arrow from a to b

with weight w_,(i) > 0 and one in the opposite direction with weight w‘_(Z) > 0, even

though at least one of them is zero. For two consecutive configurations = and y = F(x),
let us write ® . [i] for the free flow arrow with value ¢ » (z[i + d1]) from the cell i 4+ d1 (on
x), to the cell ¢ (on y), and so forth. Similarly, let Wy[¢], T_[i], ¥,[;] and ¥._[i] be the
deflection arrows going out from ¢ (on y) to the cells i +u, i +r, i +d and i + 1 (on y),
respectively.

Deflections represent the deviation of an actual flow from the free flows. If we split each
deflection ¥ (resp. v¥_,, 9|, ¥_) into two parts ¥ and 9 (resp. ¥ and 9_,, 9| and 1|,
— and 1._) and use these parts to correct the free flows, we obtain an actual flow for .
To be precise, at each cell ¢, the arrow ® »[i] is corrected to

(1] £ @i — U [i] + Ui +u] — O[i] + U [i + 1] (1.13)

and so forth (Figure 1). We require the splits ¢, %y, ... to be non-negative and rational.
Otherwise, the splitting can be arbitrary and may depend on the local neighborhood pattern.
The main challenge here is to do the splitting in such a way that the corrected flow has
only non-negative rational values.
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Figure 1: Correcting the flows.

Let us say that a cell ¢ on y is balanced, if
a) © [i| + @ [i] > U;[i] (and its rotations),
b) @ [i]+ @, [i] + P« [5] > ¥q[i] + U_[4] (and its rotations), and
Q) @ [i] + O [i] + D [i] + 1 [i] > W[i] + W_[i] + W i) + T[]
Observation 1.2. For every a,b,c € S we have
a) o\ (a) +¢, (b) = ¥y(a b).

b

b) o (a) + ¢, (b) + @< (c) 2 p(a b) + ¥ ().

Lemma 1.3. If a cell is balanced, we can split its out-going deflections properly, so that its
corrected in-coming flows remain non-negative and rational.

Proof. Let i be a balanced cell. Let us do the splitting in such a way that (the splits are
non-negative and rational, and) when the flows are corrected, the total amount of negative
flows coming into ¢ (let us call it M) is minimal. We claim that the corrected in-coming

flows of ¢ are non-negative.
Suppose the contrary. Without loss of generality, assume that <I>’/ < 0. Since the sum

of the corrected in-coming flows of ¢ is non-negative (requirement (c) of balancedness), at
least one of the other in-coming flows is strictly positive.
First assume that all the splits are strictly positive. If <I>'\ > 0, we could get a splitting

with smaller M, by choosing
U = U —¢ (1.14)
U = U +e (1.15)

(see Figure 2.a) for a sufficiently small & > 0.
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U/ )s : +/6\U U/ ): : +/5 \U U/ } : \U
/ :\ i: \ :
N A A

(a) (b) ()
Figure 2: Proper splitting of the deflections.

By symmetry, ® > 0 cannot happen either. So let ® ,® <0 and ®, > 0. Again,
this is not possible, because if (for a sufficiently small € > 0) we chose

\I/j = VU, —-¢ (1.16)
/l = U +¢ (1.17)
\Il/_, = Vv_ —¢ (1.18)
¥, = U +4¢ (1.19)

(see Figure 2.b) we would get a smaller M.

If ¥| =0, then ® » < ¥_ and by requirement (a) of balancedness &, > ¥._ > 0. If
<I)'\ > 0, by choosing a different splitting like before, we could get a smaller M. So <I>’\ <0
and ¥y > 0. Now, by requirement (b) of balancedness ® , > ¥} > 0. Again, if ', > 0, by
choosing a different splitting like before, leads us to a smaller M. So ®', <0 and ¥_. > 0.

At this point, since ®, < 0 and @ ,®', < 0, we must have &, > 0. But again, by
taking a sufficiently small £ > 0 and choosing the splitting

V.= U_—¢ (1.20)
U, = U +¢ (1.21)
U o= Uy—e¢ (1.22)
= Up+e (1.23)
Vo= U.-—¢ (1.24)
V. o= VU +e (1.25)

(see Figure 2.c) we would get a smaller M.

Finally, let ¥, ¥_ > 0. If either ® > 0 or ® > 0 we could make M smaller like
before. So <I>’\,<I>’\ < 0and ®, > 0. Now, by the requirement (b) of balancedness, either
V_, > 0or ¥ > 0. So, again we could get a smaller M as before.

Hence, in any case <I>'/ < 0 leads to a contradiction, which by symmetry means the
corrected in-coming flows of 7 must all be non-negative. [
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Figure 3: The situations that may happen around a cell.
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Figure 4: Doubly problematic cell.

Figure 3 shows a cell and the various situations that may happen, based on the direction
of the deflection arrows around it. The other possibility are all symmetrically identical to
these five case. According to the Lemma 1.3, Observation 1.2 guarantees that, unless there
is exactly one deflection directing toward a cell (i.e., the cases (1-4)), one can correct the
in-coming free flows of that cell to satisfy its out-going deflections, in such a way that the
corrected flows remain non-negative. Let us call a cell problematic (P in symbol) if the
situation around it is as in case (5) (or its symmetrically identical variants). We call a cell
doubly problematic (P in symbol) if it is problematic, and furthermore, the endpoints of its
out-going deflection arrows are also problematic (Figure 4). For two adjacent cells ¢ and j,
let us say j follows i, if there is a deflection arrow from 7 to j.

Observation 1.4. If j follows ¢, both of ¢ and j cannot be doubly problematic at the same
time.

Theorem 1.5. Let F : SZ° — SZ° be a two-dimensional mdius—% cellular automaton.
Then, every conserved energy p: S — QZ° has a particle flow, with flows entering each cell

only from its four neighbors.

Proof. Let x and y be two consecutive configurations in SZ . Let us set the free flows as
an initial approximation of the desired flow. That is, let CD(SO) 20 (de{ N\, s, N}
We construct a non-negative rational flow for p, by correcting this approximation in three
steps. At each step a number of deflections are split and redistributed into the affected
flows.

Step 1.

SPLITTING. For every cell ¢ which is in either cases (1-4) of Figure 3 we split the out-
going deflections as suggested in Lemma 1.3. If the cell is doubly problematic, we leave the
splitting of its out-going deflections for the next step. If the cell is problematic, but not
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doubly problematic, we leave one of its out-going deflections that leads to a non-problematic
cell for the next step, and split the other two, as described in Lemma 1.3.

CORRECTING. We use the already split deflections to correct the flows. Let <I>£ll) (d e
{7y, v, N}) be the corrected flow arrows of this step.

Step 2.

SPLITTING. Let ¢ be a problematic cell. Notice that unless i follows a doubly problematic
cell, its in-coming deflection is already resolved in the previous step. So, in this case i is no
more problematic, and we can split its out-going deflections as explained in Lemma 1.3. In
particular, all the out-going deflections of (formerly) doubly problematic cells are split in
this step (Observation 1.4).

CORRECTING. We correct the flows using the newly split deflections. Let @fiz) (d €
{/,\, v, N}) be the corrected flow arrows of this step.

Step 3.

SPLITTING. The only unresolved deflections are those leaving a problematic cell (such as
) which follows an initially doubly problematic cell. But the out-going deflections of the
doubly problematic cells are already resolved. So 7 is no further problematic. We split its
unresolved out-going deflection using Lemma 1.3.

CORRECTING. We correct the flows using the newly split deflections. Let @23) (d €
{/,N,/,N}) be the corrected flow arrows of this step.

At this point, all the deflections are resolved. The corrected arrows @EIS) define a flow
® by

®3)r; e
@] ifi=j+4d1,
o] ifi=j+ul,
@iy = q 9] ifi=j+ur, (1.26)
P[] ifi=j+adr,
0 otherwise,

for p, which satisfies the continuity equations, and its values are locally determined. Also,
by construction, the values of ® are all non-negative and rational. Therefore, ® is a particle
flow. [

2. Particle Flows in CA with Arbitrary Neighborhood

Every CA can be transformed into a radius—% one, using a combination of a translation
and moving to a higher block representation. A conserved energy p : S — Q20 gives a
conserved energy fi : S — Q20 for the new CA, which simply measures the collective energy
of the super-cells of this new CA. By the discussion of the previous chapter, we can find a
particle flow for fi. This can be turned into a particle flow for p in the following way.

Let x and y = F(z) be two consecutive configurations in the original CA. For each
super-cell 7 on z let us order its out-going flow arrows using, for example, the lexicographic
ordering of their end points, and distribute them properly into its constituent cells, so that
each cell with state s gives out exactly p(s). Now for each cell i on = and each super-
cell j on y, we have a flow arrow from i to j. Then, for each super-cell on y order its
in-coming flow arrows according to the lexicographic ordering of their starting points, and
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distribute them properly into its constituent cells, so that each cell with state s receives
exactly u(s). Clearly, this can be done locally, but the obtained flow may not be translation-
invariant. However, if we translate the partitioning of the cells and take the average of the
flows obtained from each partitioning, we obtain a translation-invariant flow which is still
non-negative and rational-valued.

3. Open Problems

With enough patience, one should be able to find a particle representation for the
conservation laws of the three-dimensional CA, or the CA on the hexagonal or triangular
lattices, using similar analysis. Is there a unified approach that works for any lattice, in
any number of dimensions?

A drawback of our solution is the arbitrariness involved. There are infinite number of
ways one can assign a flow to a given conservation law. Can we (possibly by putting some
extra constraints, or by formalizing the concept of the flows in a different way) obtain a
“natural” flow for each conservation law, which is unique? One criterion for naturalness is
that for a reversible CA, the flows in the backward direction of time should be obtained
from the flows in the forward direction, only by reversing the direction of the arrows. Such a
concept of flow would definitely give a better understanding of the dynamics of the conserved
energy.
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ABSTRACT. We investigate the frontline of Godel’s incompleteness theorems’ proofs and
the links with computability.

The Godel incompleteness phenomenon

Godel’s incompleteness theorems [God31, SFKM™86] are milestones in the subject of
mathematical logic.

Apart from Goédel’s original syntactical proof, many other proofs have been presented.
Kreisel’s proof [Kre68] was the first with a model-theoretical flavor. Most of these proofs
are attempts to get rid of any form of self-referential reasoning, even if there remains
diagonalization arguments in each of these proofs. The reason for this quest holds in the
fact that the diagonalization lemma, when used as a method of constructing an independent
statement, is intuitively unclear. Boolos’ proof [Boo89b] was the first attempt in this
direction and gave rise to many other attempts. Sometimes, it unfortunately sounds a bit
like finding a way to sweep self-reference under the mathematical rug.

One of these attempts has been to prove the incompleteness theorems using another
paradox than the Richard and the Liar paradoxes. It is interesting to note that, in his
famous paper announcing the incompleteness theorem, Godel remarked that, though his
argument is analogous to the Liar paradox, “Any epistemological antinomy could be used
for a similar proof of the existence of undecidable propositions”. G. Boolos has proved quite
recently (1989) a form of the first incompleteness theorem using Berry’s paradox consisting
in the fact that “the least integer not nameable in fewer than seventy characters” has just
now been named in sixty-three characters. G. Boolos thought the interest of such proofs is
that they provide a different sort of reason for incompleteness. It is true that each of these
new arguments gives us a better understanding of the incompleteness phenomenon.

When studying proofs and provability, there are two different points of view: the proof-
theoretical one (axioms and inference rules) and the model-theoretical one (axioms, models,
consequences). The former one tends to be quite syntactical and the latter one more seman-
tical. We have tried to present both points of view and linger over the model-theoretical side
because, at least from the author’s point of view, model-theoretic arguments are intuitively
clearer than proof-theoretic ones.
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Godel’s argumentation was heavily based not only on the arithmetization of syntax,
but on the arithmetization of all mathematical objects (sentences, proofs, theories) and the
fact that all this arithmetization is primitive recursive. In fact, it has opened the way for
the notions of computation and computability to arise.

The goal of this paper is twofold: a survey of incompleteness proofs and to precise links
with computability.

Computability and incompleteness are inherently linked. For instance, one can obtain
a first form of the first incompleteness theorem by considering propositions of the form
n & X, where X is a non-recursive but recursively enumerable set, e.g., the diagonal halting
set KC. Even if the language of the considered theory does not contain €, there is a simple
algorithm that generates given n the proposition “n ¢ X”. Given a sound (every provable
statement is true) recursively enumerable theory 7', there is a number ng such that ng ¢ X
but T does not prove it. The proof is direct: Suppose that there is no such ng, then we
would have that 7" proves “n & X” if and only n ¢ X, and X would be recursive (generate
the theorems of 7" and at the same time enumerate X; if n € X then n will eventually show
up in the enumeration; otherwise, “n ¢ X” will eventually show up in the theorems of T
and be true by the soundness assumption). We thus have a true sentence, “ng ¢ X", which
is not provable in T'.

Incompleteness is also famously linked to computability via Chaitin’s incompleteness
theorem. Chaitin’s result, showing that there are unprovable statements on Kolmogorov-
Chaitin complexity', is a form of Godel’s first incompleteness theorem. Actually, Kol-
mogorov showed in the sixties that the set of non-random (or incompressible) numbers, i.e.,
{z : K(x) > x}, is recursively enumerable but not recursive, and, by the above argument,
this is already a version of Godel’s first incompleteness theorem. Moreover, Kolmogorov’s
proof can be seen as an application of Berry’s paradox. Following Boolos, it is thus no
wonder that we can get proofs using this Kolmogorov complexity function (or other similar
computability-related functions) of both incompleteness theorems.

One of the reason of the existence of the quest of better understanding the incomplete-
ness phenomenon holds in the peculiarity of Gédel’s unprovable statements. They are not
natural mathematical statements: no mathematician has ever stumbled on them (or should
we say over them?). And thus, it seems to many that normal mathematical practice is not
concerned with the incompleteness phenomenon. More and more results show however the
contrary. In particular, Harvey Friedman’s I1{ statements, that are unprovable in Zermelo-
Fraenkel (ZF) set theory and need the 1-consistency of strong set-theoretical unprovable
statements, going way beyond ZF', to be proved, are examples of such results.

Nevertheless, incompleteness theorems only provide unprovable statements like the con-
sistency of a theory, that are of an unclear nature. What combinatorial properties does the
consistency statement bring to a theory? Feferman [Fef62, Her88] has shown that a cer-
tain reflection principle, an unprovable statement, has to be added W™ times to Peano
arithmetic in order to cover all true arithmetical statements. Adding the 1-consistency, a
soundness assumption, of strong set-theoretical unprovable statements, e.g., large cardinal
axioms, to a given arithmetical theory amounts to asserting that “every II3 consequence of
these strong statements is true”. In this case, the combinatorial properties that are added
are the combinatorial T3 consequences of these strong statements. Having a link between
consistency (or soundness) and computability, in particular Kolmogorov complexity, would

1Looscly speaking, the Kolmogorov-Chaitin complexity of a natural number n, denoted by K(n), is the
smallest size of a program which generates n.
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make possible an understanding of what properties consistency adds to a theory. Adding
consistency as an axiom would then yield new combinatorial properties because of the ex-
isting links between combinatorics and Kolmogorov complexity. This could be one reason
behind the stir surrounding Chaitin’s incompleteness result.

This paper is organized as follows. We start by recalling the basic notions behind
formulze, proofs, theories and arithmetization. Then we present Gédel’s original proofs.
We continue by presenting a survey of existing incompleteness proofs, of both first and
second incompleteness theorems. We finish with incompleteness results and proofs that are
computability-related and discuss the interpretation of Chaitin’s incompleteness theorem.

1. Objects to play with

1.1. What are the basic objects?

On top of the usual logical connectives (A, V and —), we will respectively denote the
logical connectives of implication and equivalence by o and =.

Lpa will designate the first order language on the signature of arithmetic {S, +, x, <, 0}.
S, +, x designate respectively the successor, addition and multiplication functions. <
designates the lower-or-equal relation and 0 designates the constant zero.

The Turing machines indexed by their codes, for any appropriate coding which we will
later on make to coincide with the Gédel numbering, are denoted by {T; };en. A computation
(of a Turing machine, or any equivalent computation model) either diverges, denoted by T,
or converges, denoted by |. The partial recursive functions computed by Turing machines,
following a fixed convention, are denoted by {;}ien (agreeing with the Turing machines’
coding). The sets {W;};en denote the recursively enumerable sets, i.e., the domains of
partial recursive functions. A central set in computability theory is the diagonal halting set
K={z:¢s(x) |} ={x:Tp(x) |} = {z: z € Wy}. The set K is recursively enumerable
but not recursive; it is the archetypal creative set.

Concerning computability, the reader is referred to [0di89, 0di99, Rog67, Roghs,
Smu93, VS03].

1.2. What is a proof?

A formal theory T is determined by a first order? language £ and a set of axioms A7,
which are formulee in that language. The set Thmsy of theorems consists of those formulae
¢ for which there is a proof in T'.

There are two different points of view concerning proofs: the proof-theoretical one
(axioms and inference rules) and the model-theoretical one (axioms, models, consequences).

2All our reasoning also works for theories on second order languages. For simplicity and brevity, we will
only consider first order theories in this article.
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1.2.1. Proof theoretical. Proofs are most commonly seen as a deduction sequence from a set
of axioms.
In proof theory, we can for example take the following deduction rules:

I=g¢ifgpel I'=¢AYif T= and [ = ¢
Iflr=¢orl'=1,then'= ¢V HTU{¢} =9, then T = g
Il=¢and = ¢, then T = ¢ | If T = (s =t) and I’ = ¢(s),, then T = ¢(t),
T =y and I'= ), then T = ¢ F=Ve (z=2x)

HTU{-¢}= v and TU{-¢} = -, then T = ¢
FTU{¢l = ¢ and TU{] = 0, then [’ = —¢
HTu{¢}=0and T U{¢} =0, then TU{pV} =0
If I' = ¢ and x does not occur free in I', then ' UA = Vz ¢
If ' = Vx ¢, then I’ = ¢(s),, for any term s free for z in ¢
If T = ¢(s)y, then ' = 3z ¢, for any term s free for z in ¢
KT U{¢(y)z} = ¢ and y is not free in I" or ¢, then TUA U {Iz ¢} = ¢
IlTr=Vz(zeX=z€Y), thenI'=X =Y

A = ¢ holds if and only if there is a derivation showing this in the form of a finite
sequence (I'1, 1), ..., (Tp, dn), where (I'y, ¢pn) is (A, ¢) and each (I';, ¢;) follows by one
of the above rules from previous pairs in the sequence. A derivation is a sequence number
(80, .. .,8n) where each s; is a pair (t;, ¢;) with ¢; a sequence number of formule and s; is
related as indicated in the rules to zero, one or two previous pairs in the sequence. s is a
derivation of ¢ from I if s, is (tp, ¢) where every formula in the sequence ¢, is a member
of I'. A proofin a theory T is a derivation from Arp.

1.2.2. Model theoretical. Another way to consider provability is through models. A sentence
¢ is provable in an axiomatic theory T if all models of T satisfy ¢.

Leon Henkin gave in 1949 a non-constructive but easier (than Godel’s original) proof of
Godel’s completeness theorem. It consists in reducing the consistency of a set of sentences
in a language L to that of a set of quantifier-free sentences in an extended language. This
process can be arithmetized to build a partial order, called the Henkin tree. It gives an
arithmetical A, 41 model for any consistent ¥, or A, theory. For a complete description,
the reader is referred to [Kay91].

Through Henkin’s method, we can obtain a more model-theoretical notion of proof. If
¢ and 1 are sentences, to say that 1 is a consequence of ¢ is to say that the set {¢, ")} is
inconsistent. The consistency of {¢, =1} can be determined by Henkin’s method. We get
a proof that ¢ is a consequence of ¢ as soon as we reach a natural number p at which the
branches of Henkin’s tree all end at a contradiction. This natural number p can take the
place of a proof.

If a theory T is a X, fragment of arithmetic, then consistency can be expressed by a
II,, sentence: it is enough to express that 0 = SO is not a consequence of the axioms of T’
or else to express that the Henkin tree associated with T is infinite.

For more on model theory, see [Hod93].
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1.3. What is an arithmetical-able theory?

Throughout this paper, T will be some fixed, but unspecified, consistent formal theory.

The properties that a theory T' should meet to satisfy the clauses of incompleteness
theorems are for it to contain arithmetic. There are several ways to precise these properties.
These properties are encodability conditions and, as Godel showed, one can do a great deal
of encoding on natural numbers.

To follow classical expositions of the incompleteness theorems, we assume that the
encoding is done in some fixed formal theory S and that 7" contains S. S is usually not
specified but it is commonly taken to be a formal system of arithmetic, although a weak
set theory? is often more convenient. If S is a formal system of arithmetic, e.g., PA (Peano
Arithmetic), and T is ZF (Zermelo-Fraenkel set theory), then T' contains S in the sense
that there is a well-known embedding of S in T

S needs to be able to represent primitive recursive functions. It should be primitive
recursive-able. A more model-theoretical way to require these properties is to require of the
theory to have Xi-induction.

To each formula ¢ of the language of T is assigned a closed term, "¢, called the code
of ¢. For any natural number n, "n' designates a closed term, the numeral for n, in the
language S that represents n, e.g., o(o(...(0)...)). n is called the value of this numeral
n.

To avoid any ambiguity, we define a function called var. An ambiguity arises in the
following example. There are two possible meanings for "z": the code for the value for the
variable x or the code for the variable x. var(z) designates the latter case, i.e., the code for
the variable .

S will have certain function symbols corresponding to the logical connectives and
quantifiers : neg, implies, etc., such that, for all formule ¢, ¥, S F neg("¢7) = "T=¢7,
S+ implies("¢ ", ") =Td 7, ete.

The substitution operator, represented in S by the function symbol sub, is of particular
importance. For any codes ¢; and ¢y for terms ¢; and t9 and a variable x, sub;(cy,c2)
is the code of the term that results from substituting ¢; for every occurrence of = in ¢ :
St sub, ("t Tp(x) ") ="p(t)x

For readability, we will use the same names for functions and predicates in formulse and
in the running text. All the functions previously defined are actually primitive recursive.

From the previous discussion on proofs, we have a binary relation, whose symbol in S
is Proof, such that for closed ¢; and ty: S F Proofr(t1,t2) iff ¢1 is the code of a proof in T
of the formula with code to. It follows that T+ ¢ iff S F Proofr(¢,"¢7) for some closed
term ¢.

We then define a predicate, whose symbol in .S is Prov, asserting provability :

Provr(y) = 3z Proofr(z,y)

One must be careful and understand that we do not always have : T F ¢ iff S
Provy(T¢™). It depends on the soundness properties of our theory. Soundness is linked to
consistency as summarized in section 1.4.

We will use a special notation for formalizations of provability statements. If ¢ is a sen-
tence, we write O¢ for the sentence Provy(T¢7), where the theory T is implicit. Accordingly,
0O O ¢ is the formula Provy(T¢7) where ¢ is Provy(T¢7).

3See [Dev8d, JecTs).
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This encoding (of S in T") can be carried out in such a way that the following important
conditions, the deducibility (or derivability) conditions, are met for all sentences ¢:

T+ ¢ implies S + Provy(T¢™), for every sentence ¢. (1.1)
St Provp("¢") & Prove("Provy(T¢7)7), for every sentence ¢. (1.2)
S+ Provy("¢™) A Provy(Té & 7)) o Provy(Ty7), for all sentences ¢, 1. (1.3)

Much of the intricacy of Godel’s incompleteness theorems’ proofs lies in the scarcely
illuminating details of setting up and checking the properties of a coding system representing
the syntax of Lpy within that same language. For this reason a number of efforts have
been made to present the essentials of the proofs of Gédel’s theorems without getting
entangled in syntactic details. One of the most important of these efforts was made by Léb
[Lob55] and Hilbert and Bernays [HB39]. They formulated these three conditions on the
provability predicate in a formal system which are jointly sufficient to yield Goédel’s second
incompleteness theorem.

Given that the axioms of T" are defined using a X-formula, these deducibility conditions
all hold: the first two conditions are corollaries of the Y-completeness theorem and the third
condition is a formalization of an obvious argument.

1.4. What are consistency statements?

A theory T is inconsistent if there exists ¢ such that ¢ and —¢ are theorems of T', and
otherwise consistent.

A theory T is complete if for every sentence ¢ in the language of T, ¢ or —¢ is a theorem
of T, and otherwise incomplete.

Godel introduced a stronger form of consistency, coined w-consistency. In a w-consistent
theory T', we cannot have at the same time Tt 3z ¢(x) and T+ —¢("07), T F —=¢p("17), ...
(having for all natural number i, T+ —=¢(7i™)).

More formally: T is w-consistent if for any formula ¢

Provy("3z ¢(z)7) implies 3z = Provy("—¢(x)™) (1.4)
w-consistency is a restriction of another property, reflection:
Refly :  Provyp(T¢™) implies ¢ for closed ¢

For ¢ € Ay, (1.4) is called 1-consistency. It can be shown that 1-consistency means
that all 3; provable statements are true. It is actually Refly for 3; statements, denoted by
Reﬂ%l. Reflection is also called soundness. ¥-soundness is 1-consistency

Nevertheless, every arithmetical-able theory T has the following property.

Theorem 1.1 (Xi-completeness). If ¢ is a X1 statement, then S+ ¢ & Provy(T¢™).

Hence, in T, Consy, the statement expressing that there is no proof in 7" of 0 = SO0, is
equivalent to reflection of II; statements, denoted by Reﬂ%l.

Consistency statements play a major role in the incompleteness theorems. Each incom-
pleteness result necessitates a consistency statement assumption on the considered theory.
Plain consistency is the weakest of these statements. Godel introduced w-consistency to
be able to obtain an independent statement. The weaker assumption, 1-consistency, gen-
erally suffices. In all our incompleteness theorems and proofs, the strongest assumption
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is 1-consistency. For more details on consistency and reflection statements, the reader is
referred to [Smo77].

2. Original and model-theoretical proofs

For various descriptions of mathematical logic in general and Gédel’s incompleteness
theorems in particular, see [Smo77, Kle52, Fef60, Kre50, Kot94, Kot96, Kot98, Kot04,
Ros36, Boo95, End72, Hen57].

2.1. Original (syntactical) proof

The original proof of Godel’s incompleteness theorems goes necessarily through proving
the diagonalization lemma.

Lemma 2.1 (Diagonalization lemma). For every formula ¢ with a single free variable x
there is a sentence ¢ such that St ¢ =(T¢7),.

Proof. Given 1, let 8, be ¢ (sub(var(z), z)),, the diagonalization of 1. Let m =6, and
¢ = 60(m),. Then we have

Sto=9(¢ )
In S, we have that

¢ = 6(m), = P(suby(var(m), m)), = p(subg(var(m), 0, 7). = V(" 0(m), Ny = (TP,

The* Gédel sentence G for T' consists in diagonalizing = Proofr(-). By the diagonal-
ization lemma, we have a sentence G such that G = - O G is provable in S.

Theorem 2.2 (Godel’s first incompleteness theorem). If T is consistent, G is not provable
inT, and if T is X-sound, then Gt is independent of T.

Proof. If Gt is provable in T, then OGT is also provable by the first deducibility condition.
By definition of G, we thus have that =G is provable in T, so T is inconsistent.

If =Gp is provable in T, either T is inconsistent and thus not Y-sound, or if T is
consistent, =Gy is false (since G is true: we have just proved that "Gy is not provable”,
which is equivalent in S to Gr) and again T is not X-sound, since =G is equivalent in S
(and thus in T') to OG7, which is equivalent in S to a X-formula. ]

4There is no uniquely defined Godel sentence for a theory T, because the sentences depend on the Y-
formula used to define the axioms of T'. It is an abuse of language.
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This proof is formalizable in T: O(Gp & — 0O Gr) is provable in T by definition of Gp
and 1.1, so OGy & O—- 0O Gp is provable in T by 1.3, and OG7r & O O G is provable in T'
by 1.2, so OGr e (00O Gy AO-0OGr) is provable in T. Hence, OG7 & — Consy is provable
inT.

Thus, Consy implies - O Gr (and also Gr) in T.

This yields the second incompleteness theorem:

Theorem 2.3 (Gddel’s second incompleteness theorem). If T' is consistent, Consr is not
provable in T.

Proof. The formalization of theorem 2.2 shows that Consy implies G in T and by the same
theorem 2.2, G cannot be provable in T', and thus in T neither can Consy.

The implication Gt & Consr is also provable in T, since ”if T is inconsistent, every
formula is provable in T” is provable in T'. Thus, Gy and Consy are in fact equivalent in
T. [

The second incompleteness theorem can also be strengthened:

Theorem 2.4 (Léb’s theorem). If ¢ is a sentence for which O¢ & ¢ is provable in T, then
¢ 1is provable in T.

Kreisel’s proof. If O¢ & ¢ is provable in T, then T + —¢ F — O ¢, which is equivalent in
T to Consry-. Thereby, T 4 —¢ proves its own consistency, and so by theorem 2.3 is
inconsistent. Thus ¢ is a theorem of T'. (]

Lob’s original proof. Suppose that O¢ o ¢ is provable in T and let ¢ be the diagonalization
of Oz & ¢: the diagonal lemma gives ¢ such that ¢» = (0 & ¢) is provable in 7. Thus we
have by 1.1 and two applications of 1.3 that

Oy o (OO & Og) is provable in T.
By 1.2, we obtain that O & O¢ is provable in T" and also by the assumption on ¢,

O & ¢ is provable in T. (2.1)
By definition of 1, it follows that 1) is provable in T'. All of this has been proven in T, thus
0% is provable in 7', and by 2.1, ¢ is provable in T'. (]

Rosser’s theorem is a variant of Godel first incompleteness theorem dropping the sound-
ness condition on T to obtain an independent statement. It uses a modification of Proof.

Proof&(z,7y7) iff Proofr(z, "y 1) AVz,"w’ <z, (Provy(z,"w’) oy # —w)
From Proof#, one defines ProvZ and Consf.

Theorem 2.5 (Rosser’s theorem). Let ¢ be a sentence by the diagonalization lemma such
that S+ ¢ = = ProvE("¢7). Then

(1) T¥ ¢;

(2) T¥ —¢;

(3) T+ Consk.

2.2. Semantical proofs

By semantical proofs, we mean “more model-theoretical” proofs.
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2.2.1. Gp = Consy. From the first syntactical incompleteness theorem, one can obtain a
model theoretical proof of the second incompleteness theorem: a model theoretical way
to prove the equivalence of G and Consy. It is a forerunner of the ideas underlying the
subsequent model-theoretical proofs of both incompleteness theorems.

Model-theoretical proof of G = Consy. Suppose that we have a model M of T + Consy
such that M = —Grp.

Since M = Consy, Henkin’s completeness theorem gives a As model M’ such that
M ET.

M = =G, thus M |= OGr and by Henkin’s construction, M’ = Grp.

In M, we define a function which to x € M gives xp, the z-th successor of 0 in the
sense of M’. Let M” be the image of M by this function; it is an initial segment of M’.

Gr is I and M’ |= Gy, thus so does M” and M. Contradiction with M = =Gr.

2.2.2. Chaitin’s proofs of theorem 2.2. Let {(;};cn designate a recursive enumeration of all
partial recursive functions. We work with an acceptable enumeration ¢, in which all classical
computability results hold (enumeration, s-m-n, fixed point, etc.).

For the purpose of proving Chaitin’s incompleteness theorem, the following simple def-
inition of Kolmogorov complexity is sufficient.

K (x|y) = smallest e such that ¢.(y) =z, and K,(z) = K,(x|0)

A more classical definition of Kolmogorov complexity goes as follows. A complexity
is defined according to a decompressor, giving the length of a smallest input to the de-
compressor yielding the sought string. The Kolmogorov complexity is then the complexity
according to an optimal decompressor; optimal in the sense that it differs only by an ad-
ditive constant from other decompressors. For more on classical Kolmogorov complexity,
see [LV90]. Our definition is merely a change of scale from the classical one. Both share
the same basic computability properties: a computable function which is a lower bound for
them is necessarily bounded and their graphs are Turing-complete. We call these functions
the Kolmogorov functions.

Theorem 2.6 (Chaitin’s theorem). Let T' be a arithmetical-able sound theory. There is a
constant ¢ such that T does not prove “K,(x) > ¢r” for any x.

Proof. Let f be the recursive function assigning to ¢ the code m of a the Turing machine M,
such that M enumerates the theorems of T, searches for a theorem of the form “Ky(z) > ¢”
and in case of success, outputs x.

By Kleene’s recursion theorem there is an e such that 9. = ¢y(.). Suppose that T¢ halts
when started with input 0. T outputs x such that K,(x) > e because of the soundness
assumption. On the other hand, if T, outputs x with input 0, then K,(z) < e by the
definition of K. Contradiction.

Hence, T, does not halt and thus there is no proof of “K(x) > e” for any z. Thereby
¢ = e works. n
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Chaitin has given many other variants of this proof. Another proof goes by the observa-
tion that if no such ¢ existed, then there would exist an unbounded lower bound function
of the Kolmogorov complexity function.

2.2.3. Other proofs. Many other model-theoretical proofs of the incompleteness theorems
have appeared.

In [Vop66], Vopénka proved theorem 2.3 for Bernays-Godel axiomatic set theory using
Richard’s paradox: “the least number not definable in 1000 words”. More recently, in
[Jec94], Jech gave a short proof of theorem 2.3 for set theory.

In [Kre68], Kreisel gave the first proof of theorem 2.3 using Henkin’s arithmetized
completeness theorem.

In [Boo89b, Boo89a], Boolos proved both theorems 2.2 and 2.3 using both model-
theoretical techniques and Berry’s paradox.

3. Incompleteness revisited

From Henkin’s proof of the completeness theorem, one can derive the arithmetized
completeness theorem. It is an important result that is essential for constructing arithmetical
models and thus for proving Goédel’s second incompleteness theorem.

The arithmetized completeness theorem asserts that any recursively axiomatizable
consistent theory has an arithmetically definable model. We say that a formula ¢ in
Lpa defines a model of T in a theory S in Lpa if we can prove within S that the set
{0 : o is a sentence in L7 U C that satisfies ¢("0 ")}, where C is a set of new constants,
forms an elementary diagram of a model of T" with a universe from C.

Theorem 3.1 (Hilbert-Bernays arithmetized completeness theorem). There ezists a Asg
formula Trp in Lpa that defines a model of T' in PA+ Consyp.

The following is a corollary of this theorem: if Mj is a model of PA+ Consr, then
there exists a model My of T such that

(1) for any sentence ¢ in Lpa, M1 E ¢ if and only if Mg = Trp("¢™),

(2) for any 3q sentence ¢ in Lpa, if Mg | ¢, then M; | ¢.
We then say that M is a model of T' definable in a model of Mg of PA+ Consy and write
My <4 Mp.

3.1. Incompleteness in computability

3.1.1. From K = {z: pz(x) |} or similar. Using the same basic arguments we have used in
the introduction, if we consider any non-recursive recursively enumerable set L, then given
a II;-sound (= consistent) theory T, there is an nk ¢ L such that 7' does not prove it. This
is a form of the first incompleteness theorem.

Using the arithmetized completeness theorem 3.1, the second incompleteness theorem
(T + 1- Consy &= Provy(Consy)) can be proved as follows:
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KC-related proof of a variant of theorem 2.3. We assume that Consp is derivable from 7.
Then by the completeness theorem, there exists a model Mg of T.

If Mg |= Provy(T0 € L7), then let My = M. Otherwise Mg |= = Provy("0 € L) and
thus Mo = Consryogr. Hence, by the Hilbert-Bernays arithmetized completeness theorem,
there exists M; <4 My such that

either My |= Provyp(T0 € L7) (in case M1 = My) or My |= Provp("0 & L7).

We iterate this construction.
Consider the final model /\/ln%, it satisfies = Consy by the previous form of the first

incompleteness theorem: If we have M, = Provy("nk € L), then the 1-consistency of
T is contradicted by the fact that n% ¢ L, since it is a 3; statement. Hence, Mn% =

ProvT('_n% ¢ L") which implies the non-consistency of T, since n% is such that n%« ¢ Lis
not provable in T [

3.1.2. From computability functions. In the sixties, Tibor Radd, a professor at the Ohio
State University, thought of a simple non-computable function besides the standard halting
problem for Turing machines. Given a fixed finite number of symbols and states, select
those Turing machines which eventually halt when run with a blank tape. Among these
programs, find the maximum number of non-blank symbols left on the tape when they halt.
Alternatively, find the maximum number of time steps before halting. These functions are
well-defined but uncomputable. Tibor Radé called them the Busy Beaver functions. For
more on the Busy Beaver problem, read [Rad62, Lin63, LR65, Bra66, Bra83, Dew84, Dew85,
Her88, MS90, MB90, LP07].

Alternative functions can be defined that are close in nature to these Busy Beaver
functions. Let o5%*PS be the function which to i gives the maximum number of steps for
which a Turing machine with code < i will keep running before halting starting with a blank
tape. For a Turing machine M, ¢j; denotes the time complexity function of M: tps(z) = s
if M(x) halts after s steps. Following the Busy Beaver functions’ definitions, we define
o¥lue to be the function which to i gives the maximum number which a Turing machine
with code < i will output, following a fixed convention, after halting starting with an input
< i. These functions are in a sense inverses of the K, function.

Other functions can be defined following classical Kolmogorov complexity, e.g., the
function which to n gives the biggest number with Kolmogorov complexity lower than n.

We call these functions the o functions. For each variant, we can define a function
focusing on maximizing the number of steps, e.g., 5P, or the outputed values, e.g., ¥,
The value of one of the functions on a certain x is computable from x and the value of the
other function on input = + ¢ for a certain constant c.

A result similar to Chaitin’s result (see section 2.2.2) can be obtained concerning the
o functions:

Theorem 3.2 (Chaitin-like incompleteness theorem for o functions). Let o be one of the
o functions. Let T' be an arithmetical-able consistent theory. There is a constant ng. such
that

T F Consy & Vs—Provr("o(ng) < s7). (3.1)

Proof. Consider a II; formula ¢, in the language of T such that ¢, (z,s) expresses that
o(z) < s.
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Working in T, for a given z, take the smallest s such that Provy(" ¢, (z,s)") holds. T
being consistent and ¢, Iy, ¢ (x, s) also holds.

Provy(" ¢y (2z,5) ") is a ¥ formula and thus can be seen as Jyip(z, s,y) or equivalently
s, y)y(z, s,y) where ¥ is Ay.

Thus there is a Turing machine computing ¢. Consider its code iy (or its number of
states or transitions, depending on the choice of ). For large enough x, i.e., > iy + ¢,
knowing that ¢,(x,s) holds (using the computation through shifting, i.e., the constant c,
between both types of o functions), we know that o(z) < s and thus there is an §' =
(s}, sh) < s such that i(z,s],s)) holds. But for each s’ = (s}, sh) smaller than s, the
statement —)(z, s/, s5) is true by the minimality of s, and provable (being Ag). Thus we
have — Consy. [

It is also possible to go through the same proof but using Kolmogorov functions (classical
Kolmogorov complexity function C, Ky, ...) and a variant of Chaitin’s theorem 2.6,
following closely the proof of theorem 3.2: Let K be a Kolmogorov function. If T is
consistent, then there exists nf such that for all x, T ¥ K(x) > n¥. Moreover, if T is
w-consistent, then for all , if K (x) > n£, then T ¥ K(x) < nff.

From there, we can show Godel’s second incompleteness theorem in a model-theoretical
way.

Model-theoretical proof of theorem 2.3 using o functions. We have supposed that T is con-
sistent. So, let My be a model of T'.
If My = Provy("Vo —tg,(0) = x ), then let My = My. Otherwise,

Mo E =~ Provy("=3z t1,(0) = z7)

Thereby, My = Consy,z, tr, (0)=a* Hence there exists, by theorem 3.1, M; =<4
My such that either My | Provp("—3z t7,(0) = z) (when M; = My), or M;
Jz Provy (Tt (0) = ) (because {(i,z) : t1,(0) = x} is Ay, in other words primitive re-
cursive, and thus its truth in M; implies its provability).

We iterate this construction (consider now Mj and “t7,(0) = 2”7, instead of My and
“t7,(0) = &”; in i-th iteration, consider M; and “t1,(0) = 7).

Consider the last model My, the model constructed after the n7-th iteration. This
model satisfies Vi < n7. Provy("—=3z t7,(4) = 2 ) V 3z Provy("t7;(4) = ) by theorem 3.1.
In this model, for each ¢ < ng. such that the second case holds (3z Provy("tr, (i) = ™)), we
take the smallest appropriate x and choose s to be greater than all these x’s. Thus, this
model satisfies the provability in T of o(n7.) < s and thus satisfies = Consy by (3.1). ]

This argument can be carried out for other functions than o. In particular for the
variants of the Busy Beaver functions.

The second incompleteness theorem 2.3 can also be proved in this manner from the
above Kolmogorov function variant of theorem 3.2.

It is an open question to carry out this type of argument (for proving both incom-
pleteness theorems) for bizarre functions derived from the Busy Beaver functions, defined
in [LPOT7], e.g., consider the function giving the parity of one of the Busy Beaver functions.
One of the obvious missing properties of these functions is unboundedness.
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3.1.3. Giving its own relative consistency. We say that a statement ¢ is a revelation for T
if ¢ is unprovable in T" and its consistency relative to T' (if T is consistent, so is T+ ¢) is
provable from itself in T
T+ ¢ & Consr(¢)
The links between incompleteness and computability functions described above in sec-
tion 3.1.2 have yielded the following serendipitous result.

Theorem 3.3 (Serendipitous incompleteness theorem for o functions). Let o be one of the
o functions. If T' is consistent, then there exists a natural number t7 such that for all x,
o(t7) < x is a revelation for T

Proof. Consider the II; statement Va 1(x), equivalent to Consr 4.

1 € Ag and thus there is a machine My, with code iy, such that My, decides {x : ¥(x)g}:
My, on input « eventually enters an acceptance state if ¢(x);, or a rejection state otherwise.

Consider another Turing machine M{b which runs My, successively on each natural
number starting from 0 and stops and writes the counter example of 1 if the simulation of
My, enters a rejection state.

Let i, be the code of Turing machine Mj,. o(i}) makes the verification of Vz 1(z), a
Aq property.

By using Kleene’s recursion theorem on this previous construction, we find 7 such
that knowing (or bounding) the value of ¢(t7) makes the verification of Consr,(w)<s
a Ao property. Knowing that 7" is consistent and assuming o(v$) < x, T thus proves
Consr(o(r7) < z).

By Gédel second incompleteness theorem, o(t7) < x is an unprovable statement in 7". m

3.2. Interpretations of Chaitin’s theorem

Chaitin’s famous version of Gédel’s first incompleteness theorem (see section 2.2.2) is
compelling for various obvious reasons. Firstly a statement of the type “the Kolmogorov
complexity of this integer is greater than that integer” looks more mathematically natural
than a consistency statement and secondly it gives a bound on the provable complexity
of objects in a given theory. The question that arises forthrightly is the relevance of this
bound to measure the complezity, the power, or information content of a theory.

We will now discuss the validity of the common way of interpreting Chaitin’s theorem.
Many people have addressed criticisms towards this interpretation. In particular see [Fal96,
Raa98]. We try to sum up these criticisms here.

Chaitin’s result, theorem 2.6, has been interpreted to show that in a formalized theory
one cannot prove an object to be more complex than the complexity of the theory itself. This
received interpretation claims that the limiting constant c¢7 is determined by the complexity
of the theory T itself and is a good measure of the strength of the theory.

As Chaitin puts it in [Cha82]: “I would like to measure the power of a set of axioms
and rules of inference. I would like to be able to say that if one has ten pounds of axioms
and a twenty-pound theorem, then that theorem cannot be derived from those axioms.”

It is assumed here that the algorithmic complexity of the axioms gives a good measure
of the power, or information content, of the theory. The constant ¢ is assumed to depend
on the complexity of the axioms of T. The finite bound given by the constant ¢ is hence
thought to reflect the power, or information content, of the theory.



GODEL INCOMPLETENESS REVISITED 87

By playing with Kleene’s fixed point theorem, for any suitable theory 7', one can con-
struct acceptable enumerations of partial recursive functions yielding constants ¢ equal to
0 or arbitrarily large, whatever the theory T

A closer inspection shows that the value of ¢y is actually determined simply by the
smallest (by its code) Turing machine which does not halt, but for which this cannot be
proved in T'. It is really hard to see why the code of such a Turing machine would reveal
anything interesting about the power or information content of T.

Considering a strong theory like ZFC, Zermelo-Fraenkel set theory with the aziom
of choice, we could compare its constant czpc to the constant of a weak theory, say PA,
Peano Arithmetic. The constants depend on our acceptable enumeration of partial recursive
functions. Thus, suppose we have ¢zrpc > cpa. We can then add to PA all true sentences
of the form —3x ¢.(0) = x which are provable in ZFC, for all e < ¢zpc. It follows from a
result of Kreisel and Levy [KL68] that this new theory cannot possibly come even close to
the power of ZFC. But the constants of this new theory and ZFC are now equal, and hence,
they should, according to the received interpretation, have the same power. Furthermore,
we may still add to our new theory one more true sentence -3z ¢¢,..(0) = z. Now the
constant of this theory is bigger than the one of ZFC. This whole argumentation shows
that one has to be careful on the interpretation given to the constants cr’s.

As mentioned in [Fal96], the only thing that these constants could at most tell of a
theory is what propositions of the form “K(-) > -7 it can prove. Therefore, withstanding all
the above arguments, one could wonder whether adding as an axiom a sentence of the form
“K(x) > ¢” could not be equivalent to the relative 1-consistency of a strong (consistency-
wise) unprovable statement or even to the 1-consistency of a theory. For example, the
1-consistency of a large cardinal axiom® would also only add “information” about some of
the propositions and be incredibly weaker than the large cardinal axiom itself. This would
give credit to Chaitin’s interpretation of his theorem and present the constant ¢r as a partial
measure of the power of a theory T.

Having a link between consistency (or soundness) and computability (K, Busy beaver
functions or Kolmogorov complexity) would make possible an understanding of what prop-
erties consistency adds to a theory. Adding consistency as an axiom would then yield new
combinatorial properties. Until now, consistency has been seen as a strange statement, only
considered because of Gédel’s second incompleteness theorem. It is true that even if one can
construct stronger theories by adding as a new axiom its consistency, it is not clear in what
way the obtained theory is stronger. It could well be that the only additional information
this new theory has is this consistency statement and that nothing else is added because of
this additional axiom. In fact, as mentioned in the introduction of this paper, one would
need to add® w**"" times a reflection principle to our theory to cover all true arithmetic
statements.

Taking into account the above arguments, we see that the only total measure one
could get of a theory through Chaitin’s theorem 2.6 would not be a constant ¢y but a
set Cp of constants for which Chaitin’s proposition is unprovable in T. If we want the
above objections not to apply (in particular modifying by Kleene’s fixed point theorem the

5See [KM78, Kan94].
6For any uniform reflection progression {7, }sco, there is a branch B in an ordinal notation system O,

such that there is, for any true arithmetical sentence ¢, an a in B with |a| < w* " for which ¢ is provable
in Ty,. For details, see [Fef62, FS62].
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acceptable enumeration with which we work), Cr should necessarily be infinite and non-

recursive.

This set could not then be used to form an additional axiom if we want our

theory to stay recursively axiomatizable.
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ABSTRACT. We consider simulations of graph automata. We introduce two local trans-
formations on the neighborhood: splitting and merging. We explain how to use such
transformations, and their consequences on the topology of the simulated graph, the speed
of the simulation and the memory size of simulating automata in some cases. As an ex-
ample, we apply these transformations to graph automata embedded on surfaces and we
link our results with some simulation results between cellular automata on Cayley graphs.

1. Introduction

In this paper, we consider simulations between networks of automata arranged on graphs
which are embedded on surfaces. The way to draw graphs on surfaces comes from combina-
torial topology, an older name for algebraic topology which was addressed by Kuratowski [4].

Combinatorial topology (see [3]) was developed at first as a branch of geometry. The
work of Euler and a number of nineteenth-century geometers on polyhedra is part of the
development. Under the scope of this theory is also the study of surfaces. Surfaces are
topological spaces in which every point has a neighborhood that is topologically equivalent
to an open disk. The simplest example of a surface is the plane. Other objects can be
constructed in a combinatorial way by gluing disks together. With this kind of operation
one gets a cylinder, a surface with boundary, or the torus which is the surface that results
when both pairs of opposite sides of a rectangle are identified.

This kind of networks of automata has to be compared with cellular automata on
Cayley graphs. Both models share the same underlying networks but are described in a
completely different fashion. Instead of drawing the graph of the network on a surface, it is
defined by the Cayley graph of a finitely presented group. The approach, more algebraic,
brings more constraints. Some authors already considered simulations between cellular
automata on Cayley graphs: Réka [10, 11, 12, 13] proposed different simulations extended
by Martin [5, 6, 7).

Key words and phrases: Graph automata, Cellular automata on Cayley graphs, algorithmics, topology.
(This work has been supported by the Interlink/MIUR project “Cellular Automata: Topological Prop-
erties, Chaos and Associated Formal Languages” and by the french ANR programme Sycomore.)
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Some results can be imported from the Cayley graphs approach to the combinatorial
topology approach and we will discuss their similarities and differences.

The paper is organized as follows. We introduce our model of computation in Section 2.
Section 3 presents our local transformations on the neighborhood and gives some examples.
Section 4 uses the local transformations to simulate finite graph automata embedded on
surfaces.

2. Notation and definitions

We start with two surfaces with boundary: the cylinder and the Moebius strip (see
Fig. 1). The cylinder which can be described as a square in which top and bottom edges

Figure 1: Two surfaces with boundary; a cylinder (left) and a Meebius strip (right).

are given parallel orientations and the left and right edges are joined to place the arrow heads
and tails into coincidence. The Mdbius strip is a one-sided non-orientable surface obtained
by cutting a closed band into a single strip, giving one of the two ends thus produced a half
twist, and then reattaching the two ends.
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Figure 2: Drawing of orientable surface (left) and non-orientable surface (right).

We then consider “classical” surfaces for drawing a picture of a graph (cf. section 2.1).
There are two types of surfaces: orientable and non-orientable. The orientable surface of
genus 0 and 1 are respectively called a plane and a torus. When we increase the genus g
of the orientable surface for g > 2, we obtain S; a g-handled torus. The non-orientable
surfaces of genus 1 and 2 are respectively a projective plane and a Klein bottle. Fig. 2 left
describes an orientable surface of genus ¢ in which each pair of edges sharing the same label
are joined together. Fig. 2 right describes Sy, an non-orientable surface of genus g.

In the rest of the paper we will keep the notations of combinatorial topology for the
surfaces we consider. Thus, the usual ring becomes a cylinder (abbreviated by Cyl), a

=
“usual” torus remains a torus (abbreviated by S1).
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2.1. Embedding graphs on surfaces

A graph G is an ordered pair G = (V, E) where V is a set of vertices (or nodes) and E
is a set of edges which are pairs of distinct vertices. A path is a sequence of vertices, each
adjacent to the next. A cycle is a path with at least 3 vertices such that the last vertex is
adjacent to the first. Given x and y two vertices of G, the distance between them is the
length of a minimal path from x to y.

Since our goal is to embed regular graphs (i.e. isomorphic to Cayley Graphs) on surfaces
and to associate a finite state machine to each vertex of the graph, we need some further
definitions on graphs.

A graph is planar if it can be drawn in the plane so that no edges intersect or, equiv-
alently, if it can be embedded in the plane. A nonplanar graph cannot be drawn without
edge intersections. More generally, we consider in this paper graphs which are embeddable
on an orientable surface 5,;, that is which can be drawn on S_'g) without crossing edges.

When a graph is drawn without any crossing, any cycle that surrounds a region without
any edge reaching from the cycle inside to such region forms a face, including the outer,
infinitely large regions (when existing). Observe that the notion of face is independent from
the embedding [2].

The dual of a given planar graph G has a vertex for each face of the graph and an
edge for each edge joining two neighboring regions. Fig. 3 illustrates the embedding of an
hexagonal grid on a torus and the embedding of its dual on a torus. Vertices with the same
number have to be identified as well as edges joining identical vertices.

Figure 3: Dual embeddings of an hexagonal graph on a torus. On the left, vertices with
the same number are identified like on the right, the dotted edges with the same
numbers.

2.2. Graph automata

A partitioned graph automaton (PGA for short) over a graph G is a 4-tuple A =
(Q,G, N,§) for which we associate a finite state machine called a cell to each vertex of
the graph G. The set @ denotes the finite set of the states, G = (V, E) is a graph, N
the neighborhood (including the cell itself and nodes at distance 1 together with a local
numbering as described by Fig. 4; the numbering gives an ordering of the neighbors that will
be used by the local transition function) and § : QN — Q" is the local transition function
which updates the state of cell 7 at time ¢ according to the states of (copies of) its neighbors
at time ¢ — 1, analogously with the partitioned CA (PCA for short) introduced in [8]. In
a PGA (as well as in a PCA), the states are partitioned according to the neighborhood
and only the relevant pieces of states are available to any state. Sub-states are gathered
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to form only one state to be updated. That is, each state of a PGA is a $N-tuple, each
tuple contains information for a specific neighbor. This model simplifies the simulations we
are considering in section 2.3. We define a distinguished state ¢, the quiescent state that
verifies (g, ...,q) = ¢*. Note that we only consider the radius 1 neighborhood (of one
cell) defined as the set of vertices at distance at most one from the cell (thus including the
cell itself) that we depict on Fig 4. The k-neighborhood (of a cell) is the set of vertices at
distance at most k from the cell. Hence, as we need to know the neighborhood of a cell to
compute one transition step, we need to know the k-neighborhood to compute k transition
steps. We define a configuration of the PGA as an application ¢ which attributes a state to
each cell. The set of all the configurations of a PGA is denoted by C = Q¥4 on which the
global function A of the PGA is defined by applying globally the local transition function.

, 1 1
2
2 1 K
o—9o—o 4 2
5 3
3 2
3 4

Figure 4: Different kinds of neighborhoods; from left to right: No, N3, N4 and Ng.

Definition 2.1 gives the formal statement of a simple PGA embedded on a cylinder and
the behavior of the transition function is depicted on Fig. 5.

Definition 2.1. A 2-neighbor PGA on a cylinder is A = (Q, G, No,d) with set of states
Q =LxCxR. L,C and R are all non-empty subsets of the same set of states Q' with L the
set of left internal states, C' the set of center internal states and R the set of right internal
states, G = C, (the cycle graph with n vertices), Ny the von Neumann neighborhood, and
0 the local transition function:

0:RxCxL—-LxCxR

A configuration of A is a mapping Z,, — L x C x R. The set of all configurations is denoted
by C. We denote by LEFT (CENTER, RIGHT resp.) the projection function which picks
out the left (resp. center, right) element of a triple in L x C' x R. The global function
is A(c)(¢) = d (RIGHT(¢(¢ — 1)), CENTER(¢(¢)), LEFT(c(i 4+ 1))) where i,i — 1 and i + 1 are
integers modulo n.

Definition 2.1 can be easily adapted to the neighborhoods depicted on Fig. 4.

In the sequel, we will consider some particular drawings of graphs on surfaces for which
we introduce some notation. The first letter(s) denotes the surface on which the graph will
be embedded with the subscript denoting its genus (if relevant). The second letter gives
the neighborhood of the graph according to Fig. 4. Last parameter gives the number of
vertices of the graph. The simplest one is the embedding of a cycle graph with n vertices
on a cylinder (Fig. 5). It will be denoted by CylN2(n). Next is the toroidal mesh which
is the embedding of the cartesian sum® of two cycle graphs with respectively m and n
vertices on a torus. It will be denoted by 5-’1>N4(m,n). We also consider the embedding
of an hexagonal graph (resp. triangle, its dual graph) on a torus denoted by E)Nﬁ(m,n)
(resp. §1>N3(m, n)). Observe that, for simplicity reason, the parameters of §1)N3(m, n) are
the same than S;Ng(m,n). Indeed, we count the number of hexagons in each principal

IThe cartesian sum is often called cartesian product but the definitions differ [2].
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Figure 5: Two configurations of a 2-neighbor 3 cells PGA embedded on a cylinder CylNy(3).

)
J

Figure 6: S3Ng: embedding of an hexagonal graph in a 3-handled torus.

time

direction. We will also consider a generalization as represented in Fig. 6: the embedding
of an hexagonal graph (resp. triangle, its dual graph) on S3 (the non-oriented surface of
genus 3) denoted by S3Ng(m, n, k) (resp. S3Ns(m,n,k)). The regularity and extendability
of S3Ng(m,n, k) comes from its group representation and was considered by Rdéka in her
work on cellular automata on Cayley graphs.

Since we are dealing with graphs which are (cellularly) embedded into surfaces, there is
no need here to fully define the interconnection pattern. All the graphs we consider being
regular, the way they are connected is defined by the neighborhood (cf. Fig. 4).

2.3. Simulation

Below, we propose the definition of a step by step simulation between two PGAs. It
expresses that if a PGA A simulates each step of PGA B in 7 units of time, there must
exist effective applications between the corresponding configurations:

Definition 2.2. Let C4 and Cp be the two sets of PGA configurations A and B. We say

that A simulates each step of B in time 7 (and we note B Z A) if there exists a constant
7 € N and two recursive functions k : Cp — C4 and p : C4 — Cp such that Ko p = 1d
and for all ¢, € Cp, there exists ¢’ € Cy4 such that if ¢ = Ap(c), ¢’ = A%(x(c)) with
p(c") = ¢, where Ajs denotes a global transition of PGA M and AY, the ¢-th iterate of a
global transition of PGA M.

Depending upon the value of 7, we say that the simulation is elementary if 7 = 1,
simple if T = O(1) and general for 7 = O(f(c)) with f denoting any given time-complexity
function on ¢, the size of the input.

3. Neighborhood transformations

Neighborhood transformations can be seen as local transformations. Such transfor-
mations allow to handle the same computation with slightly different automata, without
changing the major topological properties of the GA. We present two local transformations:
splitting and merging and we give some consequences on the computations.
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3.1. Homogeneous GAs and splittings

Homogeneous GAs are networks where all the vertices have the same number of neigh-
bors. No other assumption is made. We first introduce the splitting.

Definition 3.1. A splitting s is a local transformation that replaces simultaneously each
single vertex by a subgraph G with the same number of outgoing edges (edges that do not
belong to the subgraph but that link it to the network). The splitting is regular if the GA
remains homogeneous (if G is homogeneous).

1 n+1 1 n+1 1 9
2 n+2 2 n+2 2 8
3 n+3 : 3 n+3 3 7
n 2n n 2n 4 6

Figure 7: 2-split and multisplit.

Fig. 7 shows two simple regular splits. The 2-split transforming a 2n-node into two
n + 1-nodes and the multisplit transforming a n-node into n 3-nodes.

If we consider simulations, we obtain Lemma 3.2.

Lemma 3.2. Any GA N can be simulated by any other GA sq(N') obtained by application
of a split. The bound on the factor of deceleration equals one plus the diameter of the

d+1
subgraph G; with our notation, N' < sg(N).

Proof. The diameter of a graph is the maximum length of shortest paths between any two
vertices of the graph. Obviously, each subgraph G needs one step of computation to “read”
the states of neighbor subgraphs. Then, d steps are required to obtain, in each nodes of
the subgraphs the complete information on the neighborhood to compute the simulated
transition. Hence one can compute a simple simulation with a slowdown factor of d + 1. m

Hence, we can simulate complex homogeneous GAs with a high degree of connectivity
with bigger but less connected GAs.

3.2. Example of a 2-split
Lemma 3.3 explains the simulation of any 6-neighbor PGA by a 4-neighbor PGA.

2
Lemma 3.3. Ng-PGA < N4-PGA.

The idea is to cut the hexagon using a 2-split for transforming a 6 node into two 4
nodes and by adding a new part state called a layer (R for the left part and L for the right
part). The simulation depicted on Fig. 9 is as follows:

(1) gather the missing neighbors information; pack it in the layer (Fig. 9 left);
(2) simulate one step of h according to the new neighborhood (Fig. 9 right).
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Figure 8: Transition of a Ng-PGA (left) and of a Ny-PGA (right).

Figure 9: Simulating Ng-PGA by N4-PGA: gather neighbor informations (left) and simulate
one transition step (right).

Proof. A Ng-PGA [9] is (Q,Gg, Ng,h) with @ =C X N x NE x SE xS x SW x NW sets
of center, north, north-east, south-east, south, south-west and north-west part states. Gg
is the graph of hexagons which is embedded on a surface, Ng is as depicted on Fig 4. The
local function h is a mapping (see Fig. 8):

h:CxSxSWxNWXNXxNExSE—CxNxXxNExSExSxSWxNW

A N4-PGA is (Q, G4, Ny, 0) with Q = (C,U, R, L, D) sets of center, up, right, left and
down part states. G4 is a toroidal mesh, Ny as on Fig 4. The local function ¢ is a mapping;:
0:CxDxLxUxR—CxUxRxDx L (Fig. 8 right).

To simulate a Ng-PGA by a N4s-PGA, we distinguish periodically two cells: one which
gathers the contents of the right part of the hexagon and, respectively, one which gathers
the left part of the hexagon. The first rule of o is:

(1) (¢,D,L,U,R)— (C,U,R=(D,U/R),D,L) gathering left part

(2) (¢,D,L,U,R)— (C,UR,D,L=(D,L,U)) gathering right part
After these rules, the contents of the R part is for (1) (D, U, R) which contains a copy of
(SE,N,NE) and for the L part, (S, SW, NW). After that, the part C has all the necessary
information to simulate one transition step of h (Fig. 9). The factor of deceleration is 2 as
stated in Lemma 3.2. n

Below, we also recall Lemma 3.4 which states that a 6 neighbors PGA can be simulated
by a 3 neighbors PGA (and conversely). It was proved by Réka by using Cayley graphs.
But, since it is a local transformation, it will be used later.

Lemma 3.4 (Réka [13]). Ng-PGA X N3-PGA (and conversely). "
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3.3. Homogeneous GAs and merging

Merging, the converse operation of splitting is more difficult. It is due to the fact that
we need some special property of the GA for merging. Actually, merging is only possible if
one of the graphs can be obtained by splitting from the other one (finding if a graph can
be obtained by splitting seems to be a complex NP problem). But what is the acceleration
factor?

Lemma 3.5. Any GA N can be simulated by any other GA mg(N') obtained by application
of a merge. The factor of acceleration equals one: in the worst case, there is no speedup.

Proof. As we consider only radius 1 neighborhoods, the k-neighborhood of a node v is the
set of all vertices at distance at most k from v. To simulate k steps of computation, an
automaton needs to know the states of all vertices of the k-neighborhood of the simulated
vertex.

Fig. 10 shows how such pieces of information about k-neighborhood can be difficult to
gather in arbitrary networks. The subgraph on the left is G, our merging pattern. When
we apply the merge on the large GA, we obtain a four vertices GA. But one can remark
that the 2-neighborhood of the circled vertex is not contained in the 1-neighborhood of the
macro-vertex in the resulting GA. Hence, we cannot really apply a simple speed-ud, as we
need two steps to gather the 2-neighborhood of all vertices in each subgraph G. This is
due to the size 4 of the grey face. On the right, there is a n-face, where the speed-up will
be even more difficult. In arbitrary networks, arbitrary large faces occur. Hence there are
arbitrary long paths that are not shrinked by the merge, preventing any acceleration (due
to the “speed of light” limit inherently present in any automata network). Obviously, in
some finite case, we can use more complex acceleration techniques, but the worst case can
possibly occur.

W

Figure 10: Acceleration problem.

However, many networks can be simulated with a good speedup factor by merging
vertices. Hence, we must remember that we use some regular property of those networks
and not only merging to obtain an acceleration. The theorem 3.7 is a refinement of the
lemma 3.5. We obtain a more precise bound using the internal path length.

Definition 3.6. The internal path length of a subgraph with outgoing edges is the shortest
path between two different outgoing edges. If there is a vertex with two outgoing edges,
the internal path length is zero.

Theorem 3.7. Any GA N can be simulated by any other GA mg(N') obtained by applica-
tion of a merge. The factor of acceleration is at least one plus the internal path length of
the subgraph G.
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Proof. Let i be the internal path length of G. In mg(N), the neighborhood of any vertex
v contains the (1 + 4)-neighborhood of any vertex of A/ simulated by v. This is due to the
fact that any path of length 1 + ¢ cannot reach outgoing edges of neighborhood subgraph
G. [

s O

Figure 11: An efficient merging.

The figure 11 shows a merge with a subgraph G with an internal path length of 1.

3.4. Some efficient merges

Theorem 3.7 only gives a lower bound. We show now several ways to use regularity to
find efficient merges to speed-up the simulations.

3.4.1. n-ary tree. In a infinite regular n-ary tree T, one can merge using any finite tree .
We consider oriented trees, each vertex having one father, and n sons.

The acceleration factor only depends upon the smallest path from the root of ¢ to a
descendant not in ¢. Hence we only consider complete n-ary tree of height h as t, that we
note tﬁ.

myn (Tn) = Tyni1, and the k-neighborhood in the merged tree contains the simulted
(1 + (k — 1)h)-neighborhood. Hence, for any € > 0, we can simulate T, by T, n+1, with
an acceleration factor of h —e. Each automaton reads its k-neighborhood (with & > %)
using k time steps, and simulates 1 + (k — 1)h time steps of T;,. The factor of acceleration
is 71“]3;1)]1 =h- % >h—ce.

3.4.2. Memory usage. Hence, when one wants to simulate T}, at speed s, one can choose
any h > s to merge using t", and then k = (%1 will be the size of the neighborhood in the
new network that we read before simulating several steps of computation. But which is the
n""11 vertices. And the k-neighborhood of

n—1

size of the simulating automaton? ¢} contains

a vertex in 7T}, contains 1+ (n + 1)75:11

we want to obtain, and h the height of ¢? that we used for merging, the new automaton

must contain at least:
RO (1i=r]-1) 1)

nht+l —1

vertices (only 1 vertex if k = 0). Let s be the speed

thrl -1

— 1 h+1 1
m 1 ( + (" +1)

copies of simulated automata. It means that a simulating automaton must remember the
states of m different simulated automata to compute the simulation. By minimizing this
formula, we obtain the best height to achieve the simulation at given speed with a minimum
memory size for the new automaton. The minimal height h does not depend on n, and the
height h that minimizes the memory size is obtained for k-neighborhood k = 2 then h =
2s — 1. This is the best way to simulate merged infinite regular trees. In this case, memory
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Figure 12: Simple (left) and optimal (right) merges of the grid for 4-vertices patterns.

usage grows as n**, which is quite fast. Hence merging is better than waiting (intuitively,
merging allows several vertices to be merged and they can share memory, whereas waiting
needs to copy on each vertex redondant pieces of information).

3.4.3. Grids and toroidal meshes. Merging grids is more complex, as any tiling pattern can
be used to merge a grid, and it is an open question to know if a pattern tiles a grid [1]. Some
tilings are surprisingly more efficient than others. Consider Fig. 12; on the left, we merge
with squares, and as for trees, we can achieve any speed 2 — ¢ (¢ is expensive to minimize as
in trees). On the right we merge using a pattern whose shape resembles a bottom symbol,
and we achieve a speed of 2 with k = 2 which is optimal for a pattern of 4 vertices.

The results on trees hold on grids: merging is better than waiting. For example, when
merging grids using squares, it is better to use big squares and read the 2-neighborhood
than using smaller squares and read a larger neighborhood. The optimal memory usage
(for a simulation at speed s) grows as 4s.

4. Application to the simulations of GA on surfaces

We apply the neighborhood transformations introduced in section 3 to PGA embedded
on surfaces. The simulations we construct have tight relations with some results on cellular
automata on Cayley graphs recalled in the next section.

4.1. Related results

The results we present here come from the Cayley graph approach. Except for the
definition of a local transition function (which is equivalent), they describe exactly the
same objects but from a more algebraic point of view. We give here a statement of the
results for finite PGAs embedded on surfaces as defined in Section 2.1.

Theorem 4.1 (Réka [11]). S3Ns(r,p,q) X §N4(m, n) with m = laa(p+r — 1) — fip|,
n = |ag(p—1)—Ba(p+q—1)|, (p—1)a1 = lem(p—1,p+q—1), (p+r—1)ag = lem(p+r—1,p),
(p+q—1)B1=lem(p—1,p+q—1) and pBz = lem(p+r —1,p). .

. — 3. min{m,n}+0(1)
Theorem 4.2 (Martin [5]). S;N4(m,n) =< CylNz(mn). ]
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48

Figure 13: Simulating a PGA on a torus by a PGA on a cylinder (even and odd m).

And, by combining Theorem 4.1 and Theorem 4.2, we get:
3. min{m,n}+0(1))
Corollary 4.3. S3Ng(r,p, q) =< CylN2(mn) where m and n are those of The-
orem 4.1. [

O(n+m)
Theorem 4.4 (Martin-Peyrat [7]). §1>N4(m, n) < CylNa(mn) if and only if n = 2
mod m; in this case the number of copies of each cell is minimal. (]

Theorem 4.4 improves the time-complexity of Theorem 4.2. We have minimized the
number of copies requested to simulate the behavior of a torus of n x m automata by a
cylinder of n-m automata. Observe that this number of copies cannot be further improved.
It is thus the minimal number of copies requested to complete this task. Theorem 4.4 forbids
some values of n and m. However, for those prohibited values, one can use Theorem 4.2.

4.2. New simulation results

Below, we propose a series of finite simulation results. The first (Lemma 4.5) proposes
a simulation of a Ny-PGA embedded on a torus by a Ny-PGA embedded on a cylinder. To
do this, we need to cut the torus along one of its Jordan curves.

Lemma 4.5. §1N4(n,m) X CylN4(n, [Z]).

(Proof sketch). We consider a Ny-PGA with (m,n) nodes embedded on the torus with m
beeing the height and n the width. We “cut” all the connections along the width and we
fold the resulting cells on the middle. This construction is analogous with the simulation
of a Turing machine with a bi-infinite tape by a Turing machine with an (simply) infinite
tape. We add a “dummy” cell (with symbol £) on the top depending upon the parity of m
(see Fig. 13). Tt is not difficult to design the local transition function of the new PGA. =

Theorem 4.6 proposes two simulations of a Ng-PGA embedded on a torus. The first one
by a Ny-PGA embedded on a torus and the other by a Ns-PGA embedded on a cylinder.
The results are easily obtained from the previous lemmas.

— 2 — - 2
Theorem 4.6. S1Ng(n,m) < S1Ns(2n,m), and S1Ng(n,m) < CylNs(n,m). "
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Conclusion

This paper proposed two graph transformations: splitting and merging. Both can be
used for simulating graph automata in order to make local transformations on the neigh-
borhood. When used on regular graphs, the results we obtain can be compared with those
for cellular automata on Cayley graphs. In particular, they can be used in this formalism
and, conversely, local transformations on Cayley graphs can be applied to graph automata.
We have given some examples of this kind in the paper. Only Lemma 4.5 cannot be related
to cellular automata on Cayley graph since the PGA on a cylinder we have built for the
simulation is not regular. The results of this paper can be combined with results from the
Cayley graph approach to give other results as, for instance, one can replace Ng by N3 in
Theorem 4.6. This study of the relationships —and differences— between both approaches
would be interesting to pursue.

References

[1] D. Beauquier and M. Nivat. Tiling the plane with one tile. In Symposium on Computational Geometry,
pages 128-138, 1990.
[2] C. Berge. Graphes. Gauthier Villars, third edition, 1983.
[3] M. Henle. A combinatorial introduction to topology. Dover Publication, 1979.
[4] K. Kuratowski. Introduction a la théorie des ensembles et a la topologie. Institut de Mathématiques de
I’Université de Geneve, 1966.
[5] B. Martin. Embedding torus automata into a ring of automata. Int. Journal of Found. of Comput. Sc.,
8(4):425-431, 1997.
[6] B. Martin. A simulation of cellular automata on hexagons by cellular automata on rings. Theoretical
Computer Science, 265:231-234, 2001.
[7] B. Martin and C. Peyrat. A single-copy minimal-time simulation of a torus of automata by a ring of
automata. Discrete Applied Math., 155:2130-2139, 2007.
[8] K. Morita and M. Harao. Computation universality of one-dimensional reversible (injective) cellular
automata. Trans. IEICE Japan, E(72):758-762, 1989.
[9] K. Morita, M. Margenstern, and K. Imai. Universality of reversible hexagonal cellular automata. In
Workshop on Frontiers between Decidability and Undecidability, Brno, 1998.
[10] Zs. Réka. One-way cellular automata on Cayley graphs. In Proc. FC'T’93, number 710 in Lecture Notes
in Computer Science, pages 406-417. Springer Verlag, 1993.
[11] Zs. Réka. Automates cellulaires sur graphes de Cayley. PhD thesis, Ecole Normale Supérieure de Lyon,
1994.
[12] Zs. Réka. One-way cellular automata on Cayley graphs. Theoretical Computer Science, 132(1-2):259—
290, 1994.
[13] Zs. Réka. Simulations between cellular automata on Cayley graphs. Theoretical Computer Science,
225:81-111, 1999.

This work is licensed under the Creative Commons Attribution-NoDerivs License. To view a
copy of this license, visit http://creativecommons.org/licenses/by-nd/3.0/.



Journées Automates Cellulaires 2008 (Uzés), pp. 102-118

UNIVERSALITIES IN CELLULAR AUTOMATA
A (SHORT) SURVEY

NICOLAS OLLINGER !

! Laboratoire d’informatique fondamentale de Marseille (LIF)
Aix-Marseille Université, CNRS,
39 rue Joliot-Curie, 13 013 Marseille, France
E-mail address: Nicolas.01linger@lif.univ-mrs.fr

ABSTRACT. This reading guide aims to provide the reader with an easy access to the study
of universality in the field of cellular automata. To fulfill this goal, the approach taken here
is organized in three parts: a detailled chronology of seminal papers, a discussion of the
definition and main properties of universal cellular automata, and a broad bibliography.

Introduction

The idea and construction of a universal cellular automaton is as old as the formal study
of the object itself, starting with the work of von Neumann [82] on self-reproduction in the
1940s, using cellular automata under suggestions by Ulam. Following the work of Turing,
a Turing-universal cellular automaton is an automaton encompassing the whole computa-
tional power of the class of Turing machines, or by so-called Church-Turing thesis the class
of recursive functions. To encode complex behaviors in a cellular automaton’s dynamics, one
can describe how to encode any computing device of a universal class of machines (Turing
machine, tag systems, etc) and use classical tools of computability theory to shape wanted
behaviors of the object. This is basically what von Neumann did. He designed a cellular
automaton able to encode any Turing machine, the machine being moreover equipped with
a construction arm controlled by the machine’s head.

But Turing-universality is not the only reasonable kind of universality one might expect
from cellular automata. It is quite unnatural to consider a universality of highly parallel
potentially infinite devices as cellular automata by simulation of the dynamics of sequential
finite machines — indeed, as we will discuss, to give a both widely acceptable yet precise
definition of Turing-universality is a very difficult and unfulfilled challenge. As the study
of cellular automata shifted both to dimension 1 and to the study of its dynamics, another
kind of universality emerged. An intrinsically universal cellular automaton is an automaton
able to properly simulate the behavior of any other cellular automaton on any type of
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Key words and phrases: cellular automata, universality, reversibility.
This research has been supported by the French national research agency (ANR) grant Sycomore.

85?%}1'1‘{%5 @®06

102



UNIVERSALITIES IN CA 103

Figure 1: Partial space-time diagram of the (Zz, +) rule

configuration (might it be infinite). It turns out that most of the historical constructions
in dimension 2 and more, whereas designed as Turing-universal are Intrinsically Universal
by the simple fact that they are designed to encode any boolean circuit.

A formal definition of universality might not seem so important. In fact, when building
a precise cellular automaton from scratch to be universal, a definition is often implicit: the
obtained behavior is the one engineered by the designer. The definition turns out to be
more required when proceeding by analysis: given a cellular automaton rule, is it universal?

The present reading guide is constructed as follows. Section 1 Cellular Automata (p.
103) gives the definitions and notations used for cellular automata, configurations, and
dynamics. Section 2 Chronology (p. 105) is an annotated chronology of seminal papers
preparing to and concerning universality and universal cellular automata. Section 3 To-
wards Formal Definitions (p. 108) discusses the right definition of universalities in cellular
automata. Section 4 Higher Dimensions (p. 110) discusses the construction and analy-
sis of universal cellular automata in dimensions 2 and more, mostly using boolean circuits
simulation. Section 5 Turing Universality (p. 111) discusses Turing universality, its links
with universal Turing machines and the main technics of construction. Section 6 Intrinsic
Universality (p. 113) discusses Intrinsic universality and the main technics of construc-
tion. Section 7 Reversiblity and Universality (p. 115) discusses universality in the special
restricted case of reversible cellular automata.

1. Cellular Automata

A cellular automaton A is a tuple (d, S, N, f) where d is the dimension of space, S is a
finite set of states, N a finite subset of Z¢ is the neighborhood and f : SV — S is the local
rule, or transition function, of the automaton. A configuration of a cellular automaton is a
coloring of the space by S, an element of SZ% The global rule G : SZ% 2% of a cellular
automaton maps a configuration ¢ € SZ% to the configuration G(c) obtained by applying
f uniformly in each cell: for all position z € Z¢, G(c)(z) = f(c(z + v1),...,c(z + )
where N = {v1,..., .}, A space-time diagram of a given cellular automaton is a mapping
A € SN%Z% guch that for all time step t € N, A(t + 1) = G(A(t)).

Example 1.1. Fig. 1 is a partial representation of a space-time diagram of the cellular
automaton (1,Zy,{0,1}, f) where f(z,y) = x 4+ y. State 0 is represented by the white
color, state 1 by the black color. Time goes from bottom to top.

In this paper, we consider for the most part cellular automata of dimension 1 and 2 with
the typical neighborhoods depicted on Fig. 2: von Neumann {(—1,0), (1,0), (0,—1),(0,1)}
and Moore {—1,0,1}? in dimension 2, first neighbors {—1,0,1} and one way {—1,0} in
dimension 1.
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(a) von Neumann (b) Moore (c) first neighbors (d) one way

Figure 2: Typical neighborhoods

Several subsets of the space of configurations are considered. Given a quiescent state q
satisfying f(q,...,q) = q, a g-finite configuration c is a configuration equal to ¢ in all but
finitely many cells: there exists a such that for all position z € Z4, |||, > o — c¢(2) = ¢. A
configuration ¢ admits p as a periodicity vector if for all position z € Z9, ¢(z +p) = ¢(z). A
configuration ¢ in dimension d is periodic if it admits a family of d non-colinear periodicity
vectors: there exists p € N¢ such that (p1,0,...,0), (0,p2,0,...,0), ..., and (0,...,0,pg)
are periodicity vectors of ¢. A configuration c¢ in dimension d is ultimately periodic if there
exists a and d non-colinear vectors v; such that for all position z € Z?% and all vector
v, ||2]loe > @ — c(z + v;) = c¢(z). Notice that in dimension 1, an ultimately periodic
configuration can have two different ultimately periodic pattern on each side.

Constraints can also be added to the local rule. Symmetries are usually considered to
obtain more natural rules mimicking physical systems. A symmetry rule can be seen as a
one-to-one mapping p : Z% — Z%: the image of a configuration ¢ € Szt by the symmetry rule
p is the configuration p(c) satisfying for all position z € Z%, p(c)(z) = c(p(2)). A cellular
automaton A respects a symmetry rule p if p and G commute, i.e. p(G(c)) = G(p(c)).
Typical symmetries include reflections around point (po(z,y) = (—z, —y)), around axes
(pz(z,y) = (—x,y)) and rotations (6(z,y) = (—y,x)). A cellular automaton is totalistic
if it’s set of states is a subset of N and the local rule f can be written as f(s1,...,sx) =
9(2?:1 si). Totalistic rules respect all symmetries that preserve the neighborhood (i.e. such
that the image of the neighborhood by the symmetry rule is equal to the neighborhood):
totalistic cellular automata with the von Neumann or Moore neighborhood are reflection
and rotation invariants.

A cellular automaton is injective (resp. surjective, one-to-one) if its global rule is
injective (resp. surjective, one-to-one). A cellular automaton A is reversible if there exists
a cellular automaton B that reverts it, that is such that Gg o G4 is the identity map.

Proposition 1.2 (Hedlund [31], Richardson [72]). A cellular automaton is reversible if and
only if it is injective.

Proposition 1.3 (Amoroso and Patt [2]). It is decidable given a one-dimensional cellular
automaton to decide whether it is reversible.

Proposition 1.4 (Kari [34, 35]). It is undecidable given a two-dimensional cellular au-
tomaton to decide whether it is reversible.

Whereas reversibility is an undecidable question, the construction of reversible cellular
automata is possible, provided that the backward rule is constructed at the same time as the
forward rule. Partitioned cellular automata provide a convenient way to construct reversible
cellular automata. A partitioned cellular automaton is a cellular automaton with state set
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S1 x Sy x -+ x Sy whose local rule can be rewritten as f((si,...,s5),...,(st,...,s})) =

o(sh, s3,...,sF) where ¢ : [[S; — [[S; is the partitioned rule. As it is straightforward
to verify, a partitioned cellular automaton is reversible if and only if its partitioned rule is
one-to-one. As the partitioned rule is a mapping from a finite set to itself, any partially
defined injective rule can be completed to a reversible cellular automaton.

For a better and more complete introduction to the theory of cellular automata, see
Delorme [18] and/or Kari [36].

2. Chronology

It is a difficult task to give a fair and complete chronology of a research topic. In this
section, we propose an exploration of the history of the field in three main eras:

(1) the computation and machines era describes seminal papers outside the realm of
cellular automata that lead to the main tools necessary to consider computation in
the context of abstract machines;

(2) the wniversality and cellular automata era is the core part of the chronology: it
describes seminal papers along the path of universality study in the realm of cellular
automata, from the early work of von Neumann in the 50s to the end of the 90s;

(3) the recent trends era is a more subjective choice of some papers in the field in the
twenty-first century.

2.1. Computation and Machines

Godel 1931 [30]: in his now classical paper describing incompleteness theorems, Godel
introduces so-called Gédel numberings: the ability to encode and manipulate a for-
mal system inside itself if the system is complex enough. The concept of universal-
ity directly depends on such an encoding: a universal machine simulates a machine
through its encoding. For a precise analysis from a logic and computer science point
of view of Godel’s paper, see Lafitte [38].

Turing 1936 [81]: while introducing Turing machines and proving the undecidability
of the halting problem by a diagonal argument, Turing also introduces its universal
machine. Fixing an enumeration of Turing machines and a recursive bijective pairing
function (.,.) : N> — N, he describes a machine U that, on input (m,n), computes
the same value as the machine encoded m on input n. Universality as a property
is not discussed: a unique universal Turing machine U is given. For a discussion of
the development of ideas from Leibniz to Turing results, see Davis [17].

Post 1943 [68]: at that time, many different models of computation where proposed
and proved equivalent, leading to the so-called Church-Turing thesis. Post intro-
duces tag systems, a combinatorial word-based system successfully used since to
construct size-efficient universal Turing machines. For a modern definition and dis-
cussion of tag systems, see Minsky [51].

Kleene 1956 [37]: finite state machines are at the hearth of many models of com-
putation. Kleene’s paper proves the equivalence between three different families
of objects: regular languages, finite automata, and boolean circuits. Boolean cir-
cuits are modeled after the formal study of abstract neurons by McCulloch and
Pitts [49]. This equivalence is fundamental both to concrete computer design and
discrete models of computation like cellular automata. For a modern discussion on
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this equivalence and its consequences from the point of view of computation and
machines, see Minsky [51]. Perrin [66] gives an history of this period and important
achievements with respect to the field of finite automata and formal languages.

Minsky 1967 [51]: In the spirit of the question from Shannon [73] about the size
of a smallest Turing machine, Minsky explains how to efficiently encode tag sys-
tems computations into Turing machines and describe a universal Turing machine
with four symbols and seven states. This marks the real start of a (still running)
competition.

Lecerf 1963 [40], Bennett 1973 [8]: Reversible computation is concerned with com-
puting devices that can unroll their computation, going back in time. In their inde-
pendent papers, Lecerf and Bennett prove that reversible Turing machines are able
to simulate just any Turing machine. Thus, there exists reversible Universal Turing
machines.

Fredkin and Toffoli 1982 [27]: To encode classical computations into discrete mod-
els, Kleene [37)’s theorem permits to go freely from circuits to finite state machine,
an essential ingredient for computation. Fredkin and Toffoli discuss an analogous for
reversible computation: elementary building blocks to encode any reversible finite
state machine as a reversible circuit. This paper also introduces the so-called billard
ball model of computation: a discrete cellular automata model to encode reversible
computations. The encoding of reversible finite state machines into circuits was
later improved by Morita [55].

2.2. Universality and Cellular Automata

von Neumann 1966 [82]: Introducing cellular automata in order to construct a self-
reproducing machine, participating to the reflexion on the nature of life, von Neu-
mann takes a fixed-point approach. His two-dimensional, 29 states, von Neumann
neighborhood cellular automaton is able to simulate a particular kind of Turing ma-
chine that can also control a construction arm. The power of the construction arm
is rich enough to construct with finitely many instructions a copy of the Turing ma-
chine itself. Whereas the machine is constructed with a form of Turing-universality
in mind, the simulation of the Turing machine is done with very simple components
wiring down a particular family of boolean circuits. As a consequence, the original
cellular automaton is also, a posteriori, intrinsically universal. The construction of
von Neumann leads to various improvements and discussions on the encoding of
boolean circuits, the different organs that compose the machine and the transmis-
sion of signals. A non exhaustive list of interesting following papers might be: Arbib
[3], Burks [10, 11, 12], Moore [52, 53], Thatcher [77, 76].

Codd 1968 [14]: Following the principle of von Neumann idea on self-reproduction,
Codd drastically reduces the complexity of the automaton. Codd’s two-dimensional
rule uses 8 states with the von Neumann neighboorhood. Signals are conveyed
by pairs of states (an oriented particle) moving between walls and reacting upon
collision. This cellular automaton is also universal for boolean circuits and so in-
trinsically universal. A latter construction by Langton [39], based on Codd ideas,
has fewer states and a very simple family of self-reproducing loops but looses its
computation universal capabilities.
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Banks 1970 [4, 5]: The work of Banks is noticeable with respect to several aspects
and also because of its relatively small diffusion in the cellular automata community.
Banks constructs a family of very small cellular automata (two-dimensional, von
Neumann neighborhood, very symmetric, four to two states) simulating boolean
circuits in a very simple and modern way (signals moving in wires, boolean gates on
collisions), he identified and used explicitly the property of intrinsic universality and
gave a transformation to construct relatively small universal one-dimensional cellular
automata with large neighborhoods starting from two-dimensional ones (reencoding
it into a one-dimensional first-neighbors automaton with 18 states). Construction
of a two-dimensional four state universal cellular automaton in the spirit of Banks
is provided by Noural and Kashef [61].

Conway 1970 [29, 9]: The Game of Life introduced by Conway is certainly among
the most famous cellular automata and the first rule to be proven universal by
analysis of a given rule rather than on purpose construction. A modern exposition
of the Game of Life universality and a proof of its intrinsic universality was latter
proposed by Durand and Réka [22].

Smith IIT 1971 [74]: The simulation of Turing machine by cellular automata to con-
struct one-dimensional Turing-universal cellular automata is studied by Smith III.
Among several results, he explains how to construct a one-dimensional Turing-
universal cellular automaton with first neighbors and 18 states.

Toffoli 1977 [80]: Any cellular automaton of dimension d can be simulated, in a
certain sense, by a cellular automaton of dimension d+1. Using this assertion, Toffoli
shows that two-dimensional reversible cellular automata can be Turing-universal.
The result was later improved by Hertling [32].

Margolus 1984 [42]: Whereas Toffoli transforms any Turing machine into a two-
dimensional cellular automaton by using a new spatial dimension to store compu-
tational choices, Margolus constructs a Turing-universal two-dimensional reversible
cellular automaton by simulation a bouncing billard ball, complex enough to com-
pute any reversible boolean function of conservative logic. The billard ball model
cellular automaton has 16 states defined as two-by-two blocks of binary cells and
von Neumann neighborhood.

Albert and Culik 1987 [1]: Each cellular automaton can be simulated by a totalis-
tic cellular automaton with one-way neigborhood. With the help of the last propo-
sition, Albert and Culik construct the first universal cellular automaton obtained by
simulation of any cellular automaton of the same dimension. The automaton works
along the following principle: each macro-cell copies the state of its left neighbor
and adds it to its state obtaining some n, then by copying the nth element of a
reference table, it selects its new state. Whereas the spirit of intrinsic universality
is definitely there, the technical implementation is less clear. The one-dimensional
first-neighbors automaton obtained has 14 states. The construction was later im-
proved by Martin [43, 44] with better transition time complexity and smn theorem.

Morita and Harao 1989 [57]: Introducing partitioned cellular automata, Morita and
Harao explicitely simulate any reversible Turing machine on a one-dimensional re-
versible cellular automaton, proving that one-dimensional reversible cellular au-
tomata can be Turing-universal. The construction was later improved by Dubacq
[21], simulating any Turing machine in real time (without loss of time).
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Lindgren and Nordahl 1990 [41]: The direct simulation of Turing machine on one-
dimensional cellular automata proposed by Smith III can be improved and any
m states n symbols machine can be simulated by a (m + n + 2)-states cellular
automaton following Lindgren and Nordhal. Applying this to Minsky’s 7 states
and 4 symbols machine and then transforming the simple simulation into a macro-
state signal based simulation, Lindgren and Nordhal obtain a one-dimensional first
neighbors 7 state Turing-universal cellular automaton. The intrinsic universality
status of this automaton is unknown.

Durand and Rdéka 1996 [22]: Revisiting the Game of Life and filling holes in the
universality proof, Durand and Réka publish the first discussion on the different
kinds of universality for cellular automata and the problem of formal definition.

Durand-Lose 1997 [25]: Using a modern definition of intrinsic universality, Durand-
Lose goes one step further than Morita and Harao by constructing a one-dimensional
cellular automata intrinsically simulating any cellular automaton.

Recent Trends

Imai and Morita 2000 [33]: The improvement in the construction of small and sim-
ple two-dimensional reversible cellular automata continues. Imai and Morita use
partitioned cellular automata to define an 8 state universal automaton.

Ollinger 2002 [64]: Using simulation technics between cellular automata, strong in-
trinsically universal cellular automata with few states can be constructed, here 6
states.

Cook 2004 [15]: Very small universal cellular automata cannot be constructed, they
have to be obtained by analysis. Realising a real tour de force, Cook was able
to prove the Turing-universality of the 2-states first-neighbors so-called rule 110 by
analysing signals generated by the rule and their collisions. The intrinsic universality
of this automaton remains open. The original construction, simulation of a variant
of tag system, was exponentially slow. For a proof of Cook’s result using signals,
see Richard [70].

Neary and Woods 2006 [60]: Recently, the prediction problem of rule 110 was proven
P-complete by Neary and Woods by a careful analysis and modification of Turing
machines simulation technics by tag systems. As P-completeness is required for
intrinsic universality, this is another hint of the potential strong universality of rule
110.

Richard 2008 [71]: The limits of constructed small intrinsically universal cellular
automata are converging towards analysed cellular automata. Using particles and
collisions, Richard was recently able to construct a 4 state intrinsically universal
first-neighbors one-dimensional cellular automaton.

3. Towards Formal Definitions

What is a universal cellular automaton? At first, the question might seem simple and

superficial: a universal cellular automaton is an automaton able to compute anything recur-
sive. In fact, a formal definition is both required and difficult to obtain. The requirement
for such a definition is needed to define a frontier between cellular automata of maximal
complexity and the others: in particular when considering the simplest cellular automata,
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to be able to identify the most complex. The difficulty arise from the fact that we both
want a definition broad enough to encapsulate all constructions of the literature and all fair
enough future constructions. For more details concerning this philosophical question, see
Durand and Réka [22] attempt to give formal definitions.

Turing-universality is the easiest form of universality one might think about, that is
with a computability culture: let the cellular automaton simulate a well known universal
model of computation, either simulating one universal object of the family or any object of
the family.

The first approach pushes back the problem to the following one: what is a universal
Turing machine? a universal tag system? In its original work, Turing did not define
universal machines but @ unique universal machine. The definition of universality for Turing
machines was later discussed by Davis [16] who proposed to rely on recursive degrees,
defining universal machines as machines with maximal recursive degree. This definition
while formal lacks precise practical view of encoding problems: the issue continues to be
discussed in the world of Turing machines, becoming more important as smaller and smaller
universal machines are proposed. For a view on the universality of Turing machines and
pointers to literature related to the topic, see Woods [86].

The second approach leads to the problem of heterogenecous simulation: classical models
of computation have inputs, step function, halting condition and output. Cellular automata
have no halting condition and no output. As pointed out by Durand and Rdéka [22], this
leads to very tricky encoding problems: their own attempt of a Turing-universality based
on this criterium as encoding flaw permitting counter-intuitively to consider very simple
cellular automata as universal.

Turing-universality of dynamical systems in general and cellular automata in particular
has been further discussed by Delvenne, Kurka, and Blondel [19], and Sutner [75]. None
of the proposed definition are completely convincing so forth, so we will choose on purpose
not to provide the reader with yet another weak formal definition.

Intrinsic universality, on the other hand, is easier to formalize, yet more robust notion
(in the sense that variations along the lines of the definition lead to the same set of universal
automata). Consider a homogenous type of simulation: cellular automata simulated by
cellular automata in a shift invariant, time invariant way. A natural type of universal
object exist in this context: cellular automata able to simulate each cellular automaton.
Following the ideas of grouping and bulking [69, 47, 63], we introduce a general notion of
simulation broad enough to scope all reasonable constructions of the literature.

Direct simulation between two cellular automata can be formalized as follows. A cellular
automaton B directly simulates a cellular automaton A, denoted G4 < Gpg, of the same
dimension according to a mapping ¢ : S4 — 258 if for any pair of states a,b € Sy,
¢(a) N(b) = 0 and for any configuration ¢ € SZ°, Ga(p(c)) C @(G.a(c)).

For any state set S, let (mq,...,mg) be a tuple positive integers, the unpacking bijective

d d
map O(m,.....myg) : (Snmi)z — SZ% is defined for any configuration ¢ € (SH"“)Z and any
position 2 € Z% and r € [[; Zp, as O(my,...qmq)(€)(M121 + 71, .., mazq +14) = c(2)(r). The
translation of vector v € Z% is defined for any configuration ¢ € SZ% and position z € Z% as
ou(c)(z) = c(z — v).
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Simulation between two cellular automata is extended by considering packing, cutting
and shifting of the two cellular automata such that direct simulation occur between both
transformed objects. Universal objects are then maximum of the induced pre-order. In
fact, it can be proved that simulation on one side is sufficient for universal objects.

Definition 3.1 (intrinsic universality). A cellular automaton U/ is intrinsically universal if
for each cellular automaton A of the same dimension there exists an unpacking map o,,, a
positive integer n € N and a translation vector v € Z¢ such that G4 < o' o G7; 0 0 © 0.

Proposition 3.2 (Mazoyer and Rapaport [69, 47]). No cellular automaton is intrinsically
universal in real time (that is, when constraining cutting constant n to be equal to max(m)):
simulation cannot perform both information displacement and transition computation at the
same time.

Proposition 3.3 (Ollinger [65]). Given a cellular automaton, it is undecidable to determine
whether it is intrinsically universal.

Turing-universality and intrinsic universality notions are really different notions. Some
erroneous claims by Wolfram [83, 84] affirm for example that rule 110 is intrinsically uni-
versal. In fact, the question is yet open, Turing universality is the only proven thing.

Proposition 3.4 (Ollinger [63], Theyssier [78]). There exists Turing-universal cellular au-
tomata which are not intrinsically universal. Moreover, some of them are at the bottom of
an infinite increasing chain of equivalences classes of the preorder.

Universality can also be discussed when considering language recognition or computa-
tion on grids. This topic is out of scope of the present paper. For more on this topic, see
Mazoyer [45, 46].

4. Higher Dimensions

In two and more dimensions, an easy way to construct both intrinsically and Turing
universal cellular automata is to go through boolean circuit simulation. Boolean circuits
can encode any finite state machine and a cell of a cellular automaton or the control and
tape of a Turing machine can be described as finite state machines. The topic of boolean
circuit simulation with cellular automata is quite popular and a lot has been written on it,
see for example recreations around the wireworld cellular automaton designed by Silverman
and discussed in Dewdney [20]. Let us just here give technical hints and possible exotic
extensions without entering details.

To simulate boolean circuits, one typically needs to mix the following ingredients:

wires: boolean signals travel in piecewise straight line in space, their paths are the
wires. Several encoding of boolean signals with or without explicit wires are possible:
moving particles encoded as states with a direction vector, bouncing on walls to turn
as in game of life [29]; wire path encoded as wire cells with explicit direction vector
on each wire cell as in von Neumann [82]; undirected wire cells on which directed
signals travel; undirected wire cells on which pairs of two different signal cells travel,
the direction being given by the orientation of the pair as in wireworld [20]; pairs of
undirected wire paths in between which pairs of two different signal cells travel as
in Codd [14] or Banks [5].
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turn and delay: boolean signals should be able to turn in space and delay their
arrival to permit signal synchronization.

signal crossing: in order to encode all boolean circuits, crossing of signals has to
be encoded either explicitly (adding crossing states) or implicitly using delaying
technics (as in von Neumann [82]) or boolean logic tricks.

gates: signals must be combined using boolean gates at least taken in a boolean
universal family of gates. AND, OR, NOT is the classical one but NAND or NOR
is sufficient alone.

fan-out: signals must be duplicated in some way either with an explicit fan-out state
or using specific wire split rules.

Remarks and encoding tricks regarding boolean circuit simulation:

e Universal boolean functions families and their expressive power are described in Post
[67]. But, in cellular automata encoding, it is easy to use constants and multiple
wires encoding, thus the number of boolean classes depending on the implemented
gates is finite and small.

e Clocks are only needed when dealing with some form of synchronized logic simula-
tion. It is often used because boolean signals are encoded with two values: empty
wire or signal on wire. With such an encoding, NOT gate has to generate new signal
on wire and clock signal is used to determine at which time steps to do so. However,
a classical coding trick to avoid the use of clocks and diods is to only implement OR
and AND gates and use the two wires trick to gain boolean universality: a signal
is encoded as one signal on one wire, the second being empty (thus no signal is
encoded as no signal on both wires), then the NOT gate is just the wire crossing
(z,y) — (y,x), the AND gate can be encoded as (z,y) — (x Ay,x Vy) and the OR
gate as (z,y) — (¢ Vy,z Ay). As both OR and AND produce signal only if there
is at least one signal in input, the need for clock vanishes.

e Wire crossing can be gained for free by using the XOR gate as planar crossing can
be implemented with XORs.

e Delays come for free if the wires can turn in all directions.

e In dimension 3, wire crossing is not needed, use the third dimension to route wires.

e Signal encoding can be done using signal constructions, in the spirit of Mazoyer and
Terrier [48], in order to reduce the number of states.

Of course, boolean circuit simulation is not restricted to square grids. As an example
of a more exotic lattice, Gajardo and Goles [28] encoded a boolean circuit simulator on a
hexagonal lattice (with proper cellular automata definition).

Small intrinsically universal cellular automata are quite simple to construct in dimension

two with few states: Banks does it with 2 states and von Neumann neighborhood with
reflection and rotation symmetry.

5. Turing Universality

In dimension one, boolean circuit encoding is more puzzling as wire crossing capabilities
is bounded by the local rule. Thus, historically, computation universality is achieved by
direct simulation of universal models of computations :

Turing machines: Turing machines are easy to encode on cellular automata (see
below) as an infinite tape really looks like a configuration of a cellular automaton.
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In fact, several variants of Turing machines exist and an important literature on
universality in the Turing world provide useful objects to build small universal
automaton based on this model. The question of existence of small universal Turing
machines was first raised by Shannon [73], different variants of Turing machines are
discussed by Fischer [26]. For a survey on small Turing machine construction, see
Woods and Neary [86].

Tag systems: Tag systems provide a better model to design very small universal
objects. In fact, very small universal Turing machines are constructed by simulation
of tag systems and their variants as originally proposed by Minsky [51, 13]. The
original drawback of tag system was its exponential slow-down when simulating
Turing machines, this drawback was removed recently by Woods and Neary [85,
86] achieving polynomial time simulation. The Turing-universality of rule 110 is
obtained by Cook [15] by direct simulation of a proper variant of tag systems.

The variant of Turing machine we use is the following. A Turing machine is a tuple
(S,%, B, sp, T) where S is a finite set of states, ¥ is a finite alphabet with a special blank
symbol B € X, 5o € S is the initial state and T': S x ¥ — § x ¥ x {«,—} is a partial
transition map. A transition rule T'(s,a) = (s, b,d) reads as follow: when reading a from
state s, write b on the tape, move in direction d, and enter state s’. A configuration of
the machine is a triple (s, z,¢) where s € S is the current state of the machine, z € Z
is the position of the head, and ¢ € S% is the content of the tape. The machines goes
in one step from a configuration (s, z,c) to a configuration (s, 2/, ') if the transition rule
T(s,c(z)) = (s",d,b) is defined and verifies s’ = s”, 2/ — 2z = d, d(z) = b and for all
position 2z’ # z, /(z) = ¢(z). Starting from a configuration ¢, an halting computation of
the machine in time ¢ consists of a sequence of configurations (ci)fzo such that ¢y = ¢, the
machine cannot reach any configuration from ¢; and for all ¢, the machine goes in one step
from ¢; to ¢;+1. The configuration ¢; is the output of the computation.

Following Smith III [74], a given Turing machine (5,3, B, s9,T") can be simulated by
a cellular automaton (1,5",{—1,0,1}, f) as follows. Let 8" =X U S x . A configuration
(s, z,¢) of the Turing machine is encoded as a configuration ¢’ = 7(s,z,c¢) of the cellular
automaton in the following way: ¢/(z) = (s, ¢(z)) and for all positions 2’ # z, ¢(2') = ¢(2).
The local rule encodes the transition function of the Turing machine. For each transition
T(s,a) = (s',b,«), for all states z,y € S, f(z,y,(s,a)) = (¢,y) and f(x,(s,a),y) = b.
Symmetrically, for each transition T'(s,a) = (s',b, —), for all states z,y € S, f((s,a),y,z) =
(s',y) and f(z,(s,a),y) =b. All undefined transitions apply identity: f(z,y,z) =y. With
this encoding, starting from an encoded configuration 7(c), the configuration evolves in one
step to a configuration 7(¢’) where ¢’ is the next computation step of the Turing machine
if it exists, ¢ = ¢ otherwise. Using this simulation, a Turing machine with m states and
n symbols is simulated by a one-dimensional cellular automaton with first-neighbors and
(m + 1)n states.

To lower the number of states, Lindgren and Nordahl [41] introduce a simulation scheme
where each step of the Turing machine computation is emulated by two time steps in the
cellular automaton. A given Turing machine (S, %, B, sg, T) can be simulated by a cellular
automaton (1,5, {—1,0,1},f) as follows. Let S’ = X U S U {e,<}. A configuration
(s, z,¢) of the Turing machine is encoded as a configuration ¢’ = 7(s,z,c) of the cellular
automaton in the following way: for all 2’ < z, ¢/(22') = e, /(22" + 1) = ¢(2); for all 2’ > z,
d(22+1) = e, (22 +2) = c(z); ¢(22) = e and either /(22 + 1) = s, (22 + 2) = ¢(2)
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or d(2z+ 1) = ¢(z), d(22 + 2) = s (two possible encodings). The local rule encode the
transition function of the Turing machine. Applying the rule: for each transition T'(s,a) =
(s',b,<=), f(e,s,a) = &, f(s,a,8) = b, f(e,a,s) =5, fla,s,8) = b, for each transition
T(s’ a) = (Sl7b’ H)’ f(” 8’ a) = b7 f(s7 a’ .) = 5/7 f(.7a7 8) = b’ f(a7 57 .) = 8/' MOVing:
for all s € S, a,b € 3, f(<,8,a) = o, fla,<,s) = s f(a,s,<) = o, f(s,<,a) = s.
All undefined transitions apply the identity rule but for e and « that alternates: for all
states x,y € S, f(z,e,y) =— and f(z,<,y) = e With this encoding, starting from an
encoded configuration 7(c), the configuration evolves in two steps to a configuration 7(¢’)
where ¢’ is the next computation step of the Turing machine if it exists, ¢’ = ¢ otherwise.
Using this simulation, a Turing machine with m states and n symbols is simulated by a
one-dimensional cellular automaton with first-neighbors and m + n + 2 states.

Simulation of tag systems is more tricky due to the non-locality of one computation step
of the system. Following Cook [15], one can consider cyclic tag systems. A cyclic tag system
is given as a finite set of words (wy, ..., wy_1) on the alphabet {o, e}. A configuration of the
system is a word u € {o, e}*. At time step ¢, the configuration u evolves to a configuraton
v according if either ug = o and ugv = u, either up = e and ugv = uw; meq - Cyclic
tag systems can encode any recursive function. To encode all cyclic tag systems in a
same cellular automaton (1,5, {—1,0,1}, f), one can follow the following principle. Encode
each configuration u of a cyclic tag system (wo,...,wy—1) as a configuration of the kind
4T F)-u-B(woA ... Awy_1)® where intuitively T is a clock signal, B is the frontier between
u and the rule and the rule is repeated on the right each word separated by a A. Giving
the complete local rule is tedious but let us sketch its principle: each time a clock signal
hits the first letter of u, it erases it and send a signal to the right transporting the value of
that letter; when the signal meets the B it removes it and begins to treat the w word on
the right, either erasing it or just crossing it; when the signal meets a A, it changes it into a
B and the signal disappears. This principle is used by Cook to simulate cyclic tag systems
with rule 110 particles and collisions.

A main point of discussion there is to decide which kind of configurations are accept-
able for encoding Turing-universal computation. Finite configurations are certainly not a
problem and using any, potentially non-recursive, configuration would permit trivial cel-
lular automata to be misleadingly called universal. The previous constructions involving
Turing machines use finite or ultimately periodic configurations with a same period on
both sides, the same one for all simulated machines, whereas the tag system encoding uses
ultimately periodic configurations with different periods, moreover these periodic parts de-
pend on the simulated tag system. The tag system really needs this ultimate information,
transforming the simulating cellular automaton into one working on finite configurations
would have a constant but large impact on the number of states. As pointed in Durand and
Roéka [22], this configuration encoding problem adds difficulties to the formal definition of
Turing-universality.

6. Intrinsic Universality

Even if the concept of intrinsically universal cellular automata took some time to
emerge, intrinsic universality does not require more complex constructions to be achieved.
Several technics are used to construct them:
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Parallel Turing machines table lookup: A simple way to achieve intrinsic uni-
versality is to use synchronized parallel Turing heads (one copy of the same Turing
machine per encoded cell) to lookup in the transition table (one copy in each encoded
cell) of the encoded cellular automaton. Notice that the Turing machines used for
this are not the same ones that are Turing-universal. In fact, their computational
power is very small but they can carry precise information movement tasks.

One-way totalistic lookup: Another more cellular automata centric way to achieve
intrinsic universality is, following Albert and Culik 1987 [1], to simplify the task of
the previous machine by simulating only one-way totalistic cellular automata which
are sufficient to simulate all cellular automata.

Signals: The previous models are complex because the information displacement in-
volved is still complex due to the sequential behavior of head-based machines. Fol-
lowing Ollinger [64] and Richard [71], particles and collisions, that is signals in the
style of Mazoyer and Terrier [48], can be used to encode the information and perform
the lookup task with parallel information displacement.

We explain here the parallel Turing machines table lookup technic, the other ones being
refinements based on it. The one-dimensional first-neighbors universal cellular automaton
U simulates a cellular automaton (1,.5,{—1,0,1}, f) the following way. Each configuration
c is encoded as the concatenation of ¥ 4(c(z)) for all z. For each state s € S, 1 4(s) is a
word of the kind B7(f(1,1,1)) e 7(f(1,1,2)) e ... @ 7(f(N, N, N))A0¥7(5)0*0F where N is
the size of S, k is the number of bits needed to encode numbers from 1 to N and 7(s) is a
binary encoding of the state s. The simulation proceeds as follows so that the movement
of each head is the same, up to translation, on each well encoded configuration. First the
B letter is activated as a Turing head in initial state. The Turing head then moves to the
left and copies the state 7(sy) of the left neighbor in place of the first 0% block. Then it
symmetrically copies the state 7(sg) of the right neighbor in place of the second 0¥ block.
This being done, the head scans the entire transition table, incrementing a counter (for
example stored on top of the encoded states) at each step: if at some point the counter is
equal to the triple of states, the result is copied from the transition table to the third 0%
block. At the end of the scan, the counter information is cleared, the result of the transition
is copied in the 7(s) place and all three 0% blocks are restored. The head then goes back
to the M. Using this simulation, one step of the simulated cellular automaton is simulated
in a constant number of step for each cell by each Turing head. The universal automaton
does not depend on the simulated automaton and is so intrinsically universal. A careful
design can lead to less than 20 states. If the simulation uses the one-way totalistic technic,
encoding states in unary, then it is easy to go under 10 states.

Notice that general Turing-universal cellular automata construction schemes from pre-
vious section concerning Turing machines can be adapted to produce small intrinsically
universal cellular automata: apply the encoding schemes on machines performing the cell
simulation task. However, the tag system simulations do not provide direct way to obtain
intrinsic universality. Moreover, it is possible to design cellular automata Turing-universal
by tag system simulation and not intrinsically universal.

More exotic intrinsically universal cellular automata have been studied on constrained
rules. As an example, Moreira [54] constructed number conserving intrinsically universal
automata, Bartlett and Garzon [6, 7] and Ollinger [62] do the same for bilinear cellular
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automata, and Theyssier [79] for captive cellular automata for which he proves that almost
all captive automata are intrinsically universal.

7. Reversibility and Universality

Reversible cellular automata are special in the sense that they can achieve Turing-
universality as any Turing machine can be simulated by a reversible Turing machine but they
cannot achieve intrinsic universality: reversible cellular automata only simulate reversible
cellular automata. However, there exists reversible cellular automata which are universal
with respect to the class of reversible cellular automata.

Definition 7.1 (reversible intrinsic universality). A reversible cellular automaton I is in-
trinsically universal for reversible cellular automata if for each reversible cellular automaton
A of the same dimension there exists an unpacking map o,,, a positive integer n € N and
a translation vector v € Z¢ such that G4 < 0;11 0 G} © 0mp © Ty

Turing-universality and weak form of intrinsic universality have been proposed by
Morita [56], Morita and Imai [58, 59], Durand-Lose [23, 24], Miller and Fredkin [50]. As for
classical cellular automata in higher dimension the simulation of reversible boolean circuits
automatically gives reversible intrinsic universality.

For one-dimensional cellular automata, reversible intrinsic universality can be achieved
by simulating any one-way reversible partitioned reversible cellular automaton with a first-
neigbors reversible partitioned reversible cellular automaton. We briefly sketch how to use
a scheme similar to parallel Turing machine table lookup with reversible Turing machines
to achieve this goal. The first adaptation is to remark that a the local partition rule of
a reversible automaton is a permutation, thus it can be encoded as a finite sequence of
permutation pairs. So, the table of transition is encoded as a finite sequence of pairs of
states. The reversible Turing machine task is to scan the transition table and for each pair it
contains to replace the actual state by the second element of the pair if the state appears in
the current pair. It is technical but straightforward to see that a reversible Turing machine
can achieve this. The information movement is reversible as in partitioned automata each
cell gives half its state to a neighbor and take half a state from the other without erasing
any information. Developing this simulation scheme, one constructs a reversible intrinsically
universal cellular automaton.

8. Conclusion

This brief reading guide has given the reader the keys both to further explore the
literature and to construct by itself conceptually simple Turing-universal and /or intrinsically
universal cellular automata in one and two dimensions. The following broad bibliography
can be explored with the help of the main text, all references being cited.
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ABSTRACT. Recent work has shown that many cellular automata (CA) have configura-
tions whose orbit closures are isomorphic to odometers. We investigate the geometry of
the spacetime diagrams of these ‘odometer configurations’. For boolean linear CA, we
exactly determine the positions of the consecutive ‘gears’ of the odometer mechanism in
the configuration. Then we characterize and explain the self-similar structure visible in
the spacetime diagrams of odometer configurations for two classes of nonlinear CA: ratchet
CA and Coven CA.

1. Introduction

Let A be a finite alphabet. If & : A% — A” is a cellular automaton (CA), with left
radius 0, then ® can also be treated as a one-sided CA ®y : AN— AN, In [CPY07], the
authors showed:

Theorem 1.1. Let ® : AZ— A”Z be a left permutative CA with left radius 0. If z € AN is
Oy-periodic, x = y.z € A% and the ®-orbit Og(x) 1= {®'(x)}°, is infinite, then the orbit
closure (Og(x), @) is topologically conjugate to an odometer.

(See §2 for definitions and notation). In this article, we discuss which odometers can

be embedded in certain linear cellular automata, and the physical bounds on how these
odometers are embedded. We also investigate the self similarity of the spacetime diagrams
which display these odometers, in some linear and also non linear cellular automata. We
start by generalising a result in [CY07] concerning which odometers can be embedded in
the Ledrappier CA:
Proposition 1.2. Suppose that the set of infinite multiplicity prime divisors of the quotient
set Q are {q1,q2, ... qn}, and let 71 Z(Q) — Z(Q) be an odometer. Let N =117_,q; and let
A=7Z,y. Then T embeds in any linear CA ® : AZ— A% with ®(x) = x+ Y_|_; a;0'(x),
where for each j € {1,...,n}, at least one of the a;’s does not divide q;. Furthermore no
other odometer can be embedded in .

2000 ACM Subject Classification: F.1.1.
Key words and phrases: linear cellular automata; dynamics; Coven cellular automata; odometer; self-
similar; substitution.
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With the conditions on x in Theorem 1.1, left permutativity of ® implied that the
columns of the ®-spacetime diagram of x, ST¢(x), were all periodic, and the fact that x
had an infinite ®-orbit meant that there was a sequence of columns Cy,, in ST (x) whose
periodicities {p,} increased to infinity. A conjugacy was then constructed between Og(x)
and the odometer with quotient set Q := {..., Z—z, Z—f, %,p}. For many ®, and many initial
points x, STg(x) had a clear self-similar structure, reminiscent of the Sierpinski gasket -
this is of course known if @ is linear, but it also turned out to be the case for many nonlinear
CA, such as some Coven CA. This fact led to interest in analysing these spacetime diagrams,
and the rigidity imposed on them by the odometers that (Og(x), ®) are. One result in this

direction is

Theorem 1.3. Let (x) = x—i—Zﬁ:l o (x) be defined on Z/QZ, with0 < a; <az <...ar.
Suppose that X[y o) is Pn-fized, but X(_1 o) is not Pn-fized. Then, letting STe(x) € AN

be the ®-spacetime diagram of x, the sequence {Cyg, }n>1 of columns, where the periodicity
first jumps to 2", are those where {k,} = {2"a; — a1 + 1}p>1.

Theorem 1.3 implies that Og(x) is infinite; then Theorem 1.1 says that (Og(x), ®) is
conjugate to any odometer that Theorem 1.2 allows. The columns {Cy,, }n>1 can be thought
of as the ‘gears’ of this odometer mechanism, and Theorem 1.3 says that the location of
these gears is determined entirely by ®, and is independent of x. The odometer structures
of linear CA often exhibit self-similar spacetime diagrams (see §3); Theorem 1.3 forces the
‘scaling factor’ of this self-similarity to be independent of the initial point generating the
self similar diagram. Some version of this theorem may well be true for some linear ®
defined on larger alphabets. However the condition that ®(x) = x+ [something] cannot
be relaxed. For example, if ®(x) = 2z + ox on (Z/3)Z, and if x[_; o) = [1,0,0,0,...],
then ®(x. ) = X[0...00), the column C_; in STg(x) has period 2, and C_3 has period 6,
irrespective of the choice of x_o. However, the choice of z_q affects the periodicity of C_s:
if z_g = 2, then C_3 has period 6; otherwise it has period 18.

In §3, self-similarity of ST (x) is defined in terms of two-dimensional substitution sys-
tems. We consider two classes of CA: the Z ,,-ratchet CA, and the range-R Coven CA (both
nonlinear generalisations of the Ledrappier CA). We prove that for these CA, there exist
points x such that STg(x) is self-similar (Propositions 3.7 and 3.9). In addition to being in-
trinsically interesting, the self-similarity allows us to easily characterize the spatiotemporal
structure of these odometers. Finally, an Appendix contains most of the proofs.

2. Preliminaries

Cellular automata. Let A be a finite alphabet, and let A% be the space of all doubly infinite
sequences with entries from A. Elements x € A% will sometimes be written as x = y.z,
where y, z € AN+, AN respectively. A cellular automaton (CA) is a continuous, shift-
commuting self-map ® : AZ—— A%, Tt is known that every CA & is given by a local rule
¢ : AFbrl— A for some I, 7 > 0 (the left and right radii of ®), such that for all x € A%,
and all ¢ € Z,

[@(x)]i = A(Tiots Tivtg15- -+ Tir) -
If [ or r are 0, then ® can also act on sequences from AN. ® is left permutative if for
every x1,...T, € A, the map ¢(e,z1,...,2,) is a permutation of A, similarly for right

permutative. Let Z,, be the cyclic group of p elements. The CA @ is linear if @ is a group
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endomorphism of (Z /p)Z, where the group operation is componentwise addition. ® can then
be written as ®(x) = >_i_, a;0'(x) where o is the left shift map on (Z/p)z. If + € A%, the
®-spacetime diagram of x, ST (x), is the element in AY*Z whose kth row is ®*(x). For
any integer n, we let C,, := {(®*(x))n }x>0-

Odometers. Let Q := (q1, 42, - - - qn) be an ordered set (or sequence, if n = 00) of integers > 2
(the quotient set). Let Z(Q) := [];"; Zg, be the Cartesian product set. (Z(Q),®) is a (com-
pact, abelian) group where “@” is defined as addition “with carry”: if x = (21, z2,..., %)
and y = (y1,%2,-.-Yn), then x @y := (r1,r2,...7,) where z1 + y1 = k1g1 + r1, and induc-
tively, Z?;ll ki +xn+ yYn = kngn + 70, ki + T + Yo = kngn + 7, for n > 1, with &, > 0 and
0 <7, < gy for each n.

g € Z(Q) is a topological generator for Z(Q) if {ng},en is dense in Z(Q). For such
g we define the g-odometer 75 : Z(Q) — Z(Q) as 7g(z) = zd g, Vzec Z(Q). If
g = (91,92,...) € Z(Q) then {ng},en is dense in Z(Q) if and only if for each n, the
n-tuple (g1, g2, . . ., gn) is a generator for the finite cyclic group (Z({q1,92,...,¢qn}),®). If g
and g* are both topological generators for Z(Q), then (2(Q), 7¢) is topologically conjugate
to (2(Q), 7g+). Thus we will assume that the generator is 1 = (1,0,0,...) and write the
odometer g as T.

If p is prime, then the multiplicity of p in Q is the sum number of times (possibly
infinite) that p occurs in the prime decomposition of the elements of sequence Q.

Theorem 2.1. [BS95] (£(Q),7) and (Z(Q*),T) are topologically conjugate if and only if
for every prime p, the multiplicity of p in Q and Q* is equal.

Theorem 2.1 also tells us that we can assume that all elements in Q are prime. When
convenient we will assume this. If @ = (p,p,...), then let Z(p) := Z(Q) (this is the group
of p-adic integers). We consider quotient sets Q for whom only finitely many primes have
positive multiplicity.

3. Self-similar structures in spacetime diagrams

Spacetime diagrams of linear CA often exhibit self-similar structures, as in Figure 1.
This self-similarity reflects the self-similarity of Pascal’s Triangle in Z ,, as described by Lu-
cas’ theorem [Luc78], and has been intensively studied [Wil87, Tak93, vHPS01, AvHP 97,
BvHPSO03]. Self-similar structures also arise in nonlinear CA [e.g. see Figures 2 and 3
below], but these cannot be explained using Lucas’ theorem. In this section we will develop
an analytic framework to understand this self-similarity as ‘compatibility’ of the CA with
a suitable substitution mappings on AZ*N,

Let ® : AZ— A% be a CA, with ¢ : A%} — A and let a € A%. The spacetime subshift
of ® is the set ST (®) C AZ*N of all spacetime diagrams of ®. In other words, ST (®) is
the two-dimensional subshift of finite type in AZ*N generated by the set of admissible
triominos

H‘éb} Cabe A c:gi)(a,b)}. (3.1)

For example, Figures 1, 2 and 3 show spacetime diagrams, all exhibiting self-similarity. We
will now explain this using the theory of substitution systems.
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Figure 1: A self-similar spacetime diagram for the ‘Ledrappier’ CA on A = Z 5 with local rule ¢(zo,z1) =

I

o + z1. The five images show the same spacetime diagram on larger and larger scales. Each
diagram can be obtained from the previous one by applying the substitution rule described in
Examples 3.1. See also Examples 3.3 and 3.4.

Substitution configurations. Let W, H € N and let A be a finite alphabet. A W x H
substitution rule is a function ¢ : A— AW*H_ This defines a function ¢ : AZXN_ AZXxN
where

vy [og By e (0%) [s(mg) <(0Y)
5171 b(l) b% §(b1,1) <(b(1)) g(b%)
S| o 2|0 b = (02 [ s(03) (b3 - (3.2)

(the lines indicate the positions of the axes). If a € A and n € N, then we likewise define
¢"(a) € AW"XH" in the obvious way. The language of < is the set £(s) of all n x m blocks
(for any n,m € N) which occur in ¢¥(a) for some a € A and k € N. The s-substitution shift
Sub () is the subshift of AZ*N defined by £(s) [Que87, Fog02]. If ® is a CA, we say that ¢
is compatible with @ if Sub (¢) C ST (D).

EXAMPLE 3.1: Let A = Zj5, and define ¢ : A—.A%*? by ¢(0) = [ 8]; and ¢(1) = [91].
Then Figure 1 shows an element of Sub (¢). This is also the spacetime diagram generated by
the ‘Ledrappier’ CA with local rule ¢(xg, z1) = xg + 1. This suggests that ¢ is compatible

A ¢-seed is a pair [a, b] € A? such that:
(1): [a,b] € L(s); (ii): For all c € A, 3 n € N such that ¢ occurs in ¢"[a, b].
* .. % a b x *
Gii): c@=]: " ¢ i v:am=|T T 7 T

Note that, since £(s) = L(s") for any natural n, then it is always possible to find a pair [a, b]
satisfying (i), (iii) and (iv), by the pigeonhole principle. Define A € A= 0xN by the
property that A_yn_g)x[o..am) = " (a) for all n € N (this definition is consistent because
s(a)) = a). Likewise, define B € Al-2)xN by the property that Bo..wnx[o..am) = ™ (b)
for all n € N (this definition is consistent because (b)) = b). We write “A := ¢*(a)” and
“B:=¢>(b)”. Let ¢®[a,b] := A[B be the obvious element of AZ*N,

If A € AN and n € N, then the nth row of A is the biinfinite sequence [... a"y, af, a7, ...].

If r = [r1,79] € A%, we say that r occurs in A if there is some z € Z and n € N such that
a? =y and a?, | = ry. Let £3(c) := {r € A%; r occurs in some A € Sub (<)}. A configu-
ration S € APN is ¢-fived if ¢(S) = S.

Lemma 3.2. Let s be a substitution and let s € A? be a s-seed. Then

(a) S:=¢(s) is a ¢-fired configuration, and Sub (<) is the o-orbit closure of S.
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Figure 2: Self-similarity in the Z4-ratchet CA. The left four images are the same spacetime diagram,
shown on larger and larger scales. The numerical labels show how each spacetime diagram can
be obtained from the previous one by applying the substitution mapping illustrated on the far
right.

(b) There exists n € N so that La(<) is the set of all 2-words which occur in ¢"(s).
Proof. See Appendix. |

EXAMPLE 3.3: Let A = Z /5, and define ¢ : A—A?*2 a5 in Example 3.1 Then [1,0] is a
¢-seed. &

We say that ¢ commutes with < if, for every [a,b] € L2(s) with ¢ = ¢(a, b),
{a b} {c(a) ¢(b)
S =
c s(e)

EXAMPLE 3.4: Let ¢ : A—.A4%%2 be as in Examples 3.1 and 3.3. The Ledrappier CA (with
local rule ¢(xg, 1) = 2o + x1) commutes with ¢, as shown by the following computations

] is a fragment of a spacetime diagram of ®.

0000 00[ 01 01]00 01[ 01
007 |00]o00 01] _|oo| 11 101 _|11]o00 117 |11 11
[0} BEIO ‘{1} T [01[0 g[l] o010 g{o} “[ool© |
00 11 11 00

Observe that the image of each ®-admissible triomino is a fragment of a ®-spacetime
diagram (to illustrate this, we have completed these diagram by adding one entry in the
bottom right box, in parentheses). &

Proposition 3.5. Let ¢ be a substitution with seeds. Let ® be a CA. The following are
equivalent:

(a) < is compatible with ®.

(b) There is some s-seed s € A? such that ¢*(s) € ST (®).

(c) For every s-seed s € A%, we have ¢*(s) € ST (®).

(d) s commutes with ®.
Proof. See Appendix. a

A substitution ¢ is aperiodic if there is no z € Z x N such that Sub (¢) C Fix [07].
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Corollary 3.6. Let ¢ : A—AWXH pe an aperiodic substitution compatible with ®. Let
A € ST(®) be a s-fized configuration [which exists by Prop.3.5(b)], whose first row is
x = ab, where a € A% and where b € A% js ®-periodic [as in Thm.1.1]. Then
Og(x) has a p-adic odometer as a factor, for at least one prime factor p of H.

Proof. See Appendix. ]

Let n € N, and let A := Z,,. The Z,-ratchet CA is the left-permutative CA ¥ :
AZL— AZ with right-sided local rule ¢ : A1 — A defined
o a if b#n ;L
¥(a,b) = { a1 i ben' where n/ :==n — 1.

For example, the Z ,-ratchet CA is just the Ledrappier CA shown in Figure 1. Figure 2
shows a spacetime diagram of Z ,-ratchet CA. This diagram is visibly self-similar, and some
of the columns are strongly reminiscent of the 4-adic odometer, as explained by the next
result.

Proposition 3.7. Let n € N, let A:=Z,,, and let n :=n—1. Let U : AZ— A” be the
Zy-ratchet CA. Then

(a) VU is compatible with the substitution ¢ : A—A?*" defined by

00 0 1 0 2 0 n—2 0w
0 0 0 1 0 2 0 n—2 1
sO=1. . sW=. .| s@=]. |5 - s=2=| . . |; s)=
00 0 1 0 2 0 n-2 oo
(b) Leta=1...0,0,0,0,n.0,0,0,0...]. Then STy(a) is a ¢-fixed point.

(c) (Og(a), W) is conjugate to a Z(n)-odometer (where Z(n) is the n-adic integers).

Proof. (a,b) Note that Ls(c) = A2, and that ¢ commutes with ¢ (this can be checked by
direct computation, similar to Example 3.4). Also, [n/,0] is a seed for ¢, so Proposition
3.5(c) says that the ¢-fixed array S := ¢*°([1,0]) is in ST (V). But the zeroth row of S is
a; hence S = A.

(c) Suppose A = [Al]sezien. For all k € N, let Cy, := [A" ,];en € AV be the —2Fth
column of A. Then Cy, is the sequence of the kth digit in the standard ‘n-ary number’
representation of the n-ary odometer. That is,

Cr=100,...,0, 1,...,1, 2,...,2, ...... n,oom, 0,...,0, 1,001, ..
k L,_z ~—— ~—— —_——— ——— —— }

nk nk nk nk nk nk

This yields an obvious surjection I' : Og(a)—Z(n). Also, T is injective, because the
information in the columns {Cj}7°, is sufficient to reconstruct all the other columns in

the W-spacetime diagram A. |
If A:=7Z/, and R € N, then the range R Coven CA is the CA & : A% — A? with local
rule ¢(zg, z1,...,TR) = To+T122 - - - TR; these were introduced in [CH79]. For example, the

range 1 Coven CA is just the Ledrappier CA with local rule ¢(zg,x1) = x¢ + z1 [Figure 1],
while the range 2 Coven CA has local rule ¢(zg,z1,22) = 29 + x122 [Figure 3]. Nonlinear
(i.e. R > 2) Coven CA exhibit self-similar spacetime diagrams which cannot be explained
simply by compatibility with a substitution map. Also, we remark that the configuration
in Figure 3 is not automatic (see [vHO3] for an introduction to automatic configurations).
Instead, these diagrams are self-similar because they can be ‘recoded’ as the diagrams of
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Figure 3: Self-similarity in the Coven CA with local rule ¢(zo, z1,72) = 2o + x172. The left three images
are the same spacetime diagram, shown on larger and larger scales. The alphabetic labels show
how this spacetime diagram can be obtained from Figure 2 via the function = described in
Example 3.8.

ratchet CA, which are self-similar by Proposition 3.7. We will explain this in Proposition
3.9, but first we illustrate with an example.

EXAMPLE 3.8: Let A :=Z/5 and let @ : A% — A% be the range 2 Coven CA with local rule
d(xo, 21,22) = T + x122. Let a:=10,0,0], b :=1[0,0,1], c:=1[0,1,0] and d := [0, 1,1]. Let
B:={a,b,c,d} C A3 and let B C A% be the set of all sequences obtained by concatenating
words from B, such that a word boundary lies at zero. Clearly, 9B is o-invariant, and it can
be checked by direct computation that ®2(B) C B. Let = : (Z/4)?— be the bijection
with local rule given by £(0) := a, £(1) := b, £(2) := ¢, and £(3) :=d.

Let U : (Z/4)Z—>(Z/4)Z be the Z,,-ratchet CA. Direct computation shows that oo =
0?02 and Z0®? = WoZ. In other words, Z is a dynamical isomorphism from ((Z,4)%, ¥, )
to (B, 2, 03).

The first row of Figure 3 is [...0,0,0,0,1,1.0,0,0...], which equals [...a,a,d.a,a,...]
(an element of B), which is the E-image of [...0,0,3.0,0,...], which is the first row of Figure
2. Thus, Z maps the spacetime diagram of Figure 2 into that of Figure 3. Proposition 3.7(d)
implies that Figure 3 is conjugate to a dyadic odometer. &

Example 3.8 generalizes as follows.

Proposition 3.9. Let A := Z,; and let @ : AZ— A% be the range R Coven CA. Let
C:=Zsr and let ¥ : C%——C? be the C-ratchet CA.
a ere is a , oY) -1nvariant subset B C such that (*5, 1s 1somorphic to (C, V).
There is a (92, oT)-invari bset B C A% such that (B, ®?) is i hic to (C, ¥
R

—
(b) The point x :=[...0,0,0,0,1,...,1.0,0,0,...] is in B, and (i(x),q)z) is conjugate
to (Op(a), V), where a € CZ is as in Proposition 3.7(b,c). Hence (Op(x), ®) is isomorphic
to a dyadic odometer.

Proof. (a) Let B := {bg,by,...,byr_;} C AFFl where by := [0,...,0,0], by :=

[0,...,0,1], by :=[0,...,1,0],..., byr_; := [0,1,...,1,1]. Let B := BZ, as a subset
of A%. Clearly B is o®-invariant. The function & : C 3 n +— b,, € B yields a bijection
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:C2—B, and direct computation shows that Zoc = o
is a dynamical isomorphism from (C%, ¥, o) to (B, ®2, oft+1). Tt follows that B is also
-invariant.

M. PIVATO AND R. YASSAWI

B+l o= and 20 ®? = Vo Z, so

(b) x = E(a) where a is as in Proposition 3.7(b); thus Proposition 3.7(c) states that
(Oy(a), ) is conjugate to the 2f+1-adic (hence dyadic) odometer. Thus, part (a) im-
plies that (Og2(x), ®?) is also isomorphic to a dyadic odometer. Thus (Og(x), ®) is also
isomorphic to a dyadic odometer. a
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Appendix: Proofs

Proof of Theorem 1.2 : The Chinese Remainder Theorem implies that any non-trivial CA
® with rule ®(x) = x + Y.\ a;0°(x) on (Z/N)Z is topologically conjugate to II7_; @, ,
where @, acts on (Z/qj)Z by ®,,(x) := x + >_.i_; a;o'(x). The conditions on the a;’s
guarantee that each ®y; is non-trivial. Note that II7_; (Z(g;), 7) is topologically conjugate
to (2(Q), 7). We will show that II7_; (Z(g;),7) can be embedded in II7_; ®q,.

Case 1. Suppose first that the multiplicity of ¢ in Q is infinite for each p in {q1, g2, - . - gn }.
Find x € A% such that X[0..00) 18 @-fixed and such that Og(x) := {@t(x) ;e N} is in-
finite. This can be done, since ®,; is conjugate to a full one sided shift, which has fixed
points — thus one can find some ®¢;-fixed X|g...o); further if z_; is chosen so that x[_;. )
is not fixed, then the proof of Theorem 1.3 shows that x has an infinite ®4; orbit. Using
Theorem 4 in [CPY07], ®,; embeds (Z(g;), 7).

Case 2. Suppose that P = Py U P; where p in Py have finite multiplicity in Q and p
in P; have infinite multiplicity in Q. Let P := Ilep,p. As in the Corollary to Theorem 1
in [CPY07], find x € A% such that X[0...00) 18 Pg,-periodic with least period P, and such
that Og(x) is infinite. Then ®,, embeds (Z(P, q1,q1,-..),7), and, by Case 1, ®,; embeds
(Z(gj),7) for 1 < j < n. The embedding result follows. That no other odometer can
be embedded in these linear CA is proved similarly to the result for ®(z) = z + o(z) in

[CY07]. O
Lemma 3.10. Let A := Zj5, and suppose that & : AL— A% and x = (7;)2_ € AL
satisfy the conditions of Theorem 1.3. Then for each j > 1 and each k > 0, we have

L
Z Lok (ap—ar)+ar—145 = 0 -
p=1

Thus <I>2k(x)|,(2kal,al+1)+j = T_(2ka;—ar+1)4; Jor each k >0 and j > 1.

L
Proof. We prove this by induction on k. Since X[g.. o) is fixed by ®, we have zk+z Thta, =
p=1
x, for each k > 0, so that Zﬁ:l Tq,—1+5 = 0 is true for each j > 1. Let A; := a;41 — ay,
for 1 <i¢ < L —1, and assume that for each j > 1,
L L
ZxZ’“(ap—al)Jral—Hj = Z Loy 142zt Ay = 0. (3.3)
p=1 p=1
Given a positive j, let %, := 2k+1(ap —a1)+ar—1+jfor 1 <p<L,and define *1; :=
x1  and  kpp = x4+ 2K (Zf;ll Ai) for p=2,...L. By Equation 3.3, 25:1 Tyy, = 0.
For 2 <, ¢ < L, define %4 := *14, and *gp 1= %41 + 2* (Zf:_f Ai) . Using Equation 3.3
q—1 L
and j, :=j + 2k (Z Ai>, we have Z:E*qp =0.
i=1 p=1

Consider the matrix {z.,, }5 g=1- We have the following two claims:
CLAIM 1 spq = *gp for 1 < p,q < L.
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Proof. If ¢ = 1 or p = 1 this is true by definition. If 2 < p,q < L, %pq = *1p+2k Zf;ll A; =
*1 + 2k Zf;ll A+ ok Zlq;ll A, = *1q ok le;ll A; = *gp- < claim 1

CLAIM 2:  spp = *p,.

Proof. #pp = *1p+2F (Zf;ll Ai> = % + 2k 1 (Zf;ll Ai) = a1 —1+j+2"Yap—ay) =
*p . < Claim 2
These last two claims tell us that the matrix {z.,, }1};“ g=1 is a symmetric 0, 1-matrix each

of whose rows sum to zero. Thus 0 = Z]?:l Z§=1 Tipy = Z£=1 Ty, = Z£=1 T, which

L
shows that 3 "1 Tort1(a,—a1)4ar—145 = 0-
O

Lemma 3.11. Let A := Z/5, and suppose that ® : AL —— A% and x = (z;)3°_ € A satisfy

1=—00

the conditions of Theorem 1.3. Then for each k >0, ®2* (X)|-(2%a1—a14+1) # T—(2%a1—a1+1)-
Proof. We prove this by induction on k. If x satisfies the conditions of Theorem 1.3, then

®(x)|_1 # x_1. Next, assume that ®2" (%)|—(2%a1—a14+1) # T—(2kay—a,+1)- LThus

L
T—(2ka;—a1+1) +Ta -1+ Z Lay—142k(ap—ar) # T_(2ka;—a1+1)» (3.4)
p=2

What follows is essentially the same as that of the previous lemma, except that this time

we have a symmetric, 0-1 matrix all of whose rows sum to 0, ezcept the first, which sums
to one. We claim that

L

Tgi—1+ Z$a1_1+2k+l(ap_al) =1. (35)
p=2

Let *1p := a1 — 1+2k(ap—a1), for 1 <p < L. For 2 < p < L, let %1 1= *1p =
a1 — 1+ 2%(a, — a1), and *pq := a1 — 1+ 2F(a, — ay) + 2%(ay — a1). Let j, == 2%(a, — a1).
L

Lemma 3.10 tells us that xa1_1+j+z:£:2 Tok(ay—a1)+ai—145 = 0, SO Zx*pq = 0; Equation

q=1
L
3.4 implies that Zx*lq =1.
q=1
As in Lemma 3.10,we have a symmetric 0-1 matrix [x*pq]ﬁqzl whose diagonal terms are

the summands in Equation 3.5, and all of whose rows sum to zero, save the first row. The
result follows. a

Proof of Theorem 1.3. Lemma 3.11 tells us that &k, > 2"a; — a1 + 1, and Lemma 3.10 tells
us that k, = 2"a1 —ay + 1. O

Proof of Lemma 3.2. (a) is a standard argument [Fog02, §1.2.6]. For (b) note that
s € L9(s). For any n € N, let R,, := {r € A% r occurs in c"(s)}. Then R1 € Ry C
Rz C -+ C La(s). Let R = Uy~ ; Rn. Then R = La(s), because s is a ¢-seed. But
Ri1 C Ry C--- C Ry are finite sets, so there exists n € N such that Ry, = Ry, O
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Proof of Proposition 3.5. “(a) = (¢)” If s is a ¢-seed, then ¢®°(s) € Sub(c). If Sub(¢) C
ST (®), then ¢*(s) € ST (D).

“(¢) = (b)” is immediate. For “(b) = (a)”, let S = ¢*°(s), and suppose S € ST (D).
Then the o-orbit closure of S is contained in ST (®), because ST (®) is closed and o-
invariant. Thus, Lemma 3.2(a) says Sub (¢) C ST (®); ie. < is compatible with ¢.

“(d) = (c)” Let s = [a,b] be a ¢-seed and let S := ¢>®(s) = A[B , where A = ¢>(a)
and B := ¢ (b).

CLAamM 1:  For all n € N, let A,, := ¢"(a) and B,, := ¢"(b). Then A, |B, is ST(®)-

admissible.

Proof. Case (n=1): By definition, [a,b] € L2(s), and by hypothesis, ¢ commutes with g,
so A1|B; =<la,b] is ST (P)-admissible.

Induction: Suppose A,|B, is ST (®)-admissible. Let B y] be a triomino appearing
somewhere in A, 11|B;41; we must show that [z y] is ST (®)-admissible [ie. that
z = ¢(z,y)]. Now, An+1‘ Bhi1 = c(An‘ B,, ), so there is some triomino [Z ”] in A,,| B,
such that B y] appears inside ¢ [Z) ”]. By definition, [u,v] € L2(s), and by hypothesis,
¢ commutes with ¢. Hence ¢ [ *] is a ST (®)-admissible fragment, which in particular

w

means that [? Y] is ST (®)-admissible.
This works for any B y] in A,11|Bpa1. Thus, A,iq|Byyy is ST(®)-admissible,
because ST (®) is the SFT generated by the set of triominos in eqn.(3.1). <& Clain 1
It follows that S = A[B is ST (®)-admissible.
“(b) = (d)” Suppose S = ¢>(s) for some s-seed s € A% If S € ST(®), then ¢
commutes with @ on all [u,v] which occur in S. But Lemma 3.2(b) says this is all of

L(s). ]

Proof of Corollary 3.6. x has infinite ®-orbit because otherwise, A would be fixed
under some vertical shift, contradicting the aperiodicity of ¢. Thus, Theorem 1.1 says
O = (Og(x),®) is isomorphic to some odometer. We must show that O has a p-adic
odometer as a factor, for some prime p dividing H.

For all k € N, let Ay, := A(*Wk.‘.O]XN = [@t(x)(iwkmoﬂg’io (i.e. the first W¥ ‘columns’
in the spacetime diagram of x). Each Ay is vertically periodic (because O is an odometer);
let T} be its minimal period. Thus, To < T3 < Th < ---.

CramM 2:  (a) Ty divides H*Ty.  (b) Jim T}, = oo,
— 00
Proof. (a) s(A) = A, so ¢(Ak_1) = Ay, so Ay, is vertically (HT}_1)-periodic, so its least
period T}, must divide HT},_;. By induction, this means T}, divides H*Tj.
(b) By contradiction, suppose the sequence {13 }7° , was bounded. Then there would
be some k such that Ty, = Tp41 = Tp4o = -+, and then x would be &Tk_periodic,

contradicting the fact that x has infinite ®-orbit. <& Claim 2

For any N, Claim 1(b) yields some k > N such that T}, > HNTp. Let d := ged(T}, Tp),
and let T}, = Ty/d and T} := Tp/d; then T} > HNT} > HN. But Claim 1(a) says that
Ty, divides H*T, which means 7} divides H*T}, which means T}, divides H* (because T},
is coprime to T{). Thus, all prime factors of T}, are prime factors of H. But T,é > HN,
so T}, must be divisible by pV for at least one prime factor p of H. It follows that p~
divides T}, which means that © contains a factor of minimal period p". But N can be
made arbitrarily large, so O must have a p-adic odometer as a factor. o

This work is licensed under the Creative Commons Attribution-NoDerivs License. To view a
copy of this license, visit http://creativecommons.org/licenses/by-nd/3.0/.
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ABSTRACT. Partitioned cellular automata are a variant of cellular automata that was
defined in order to make it very simple to create complex automata having strong properties
such as number conservation and reversibility (which are often difficult to obtain on cellular
automata). In this article we show how a partitioned cellular automaton can be translated
into a regular cellular automaton in such a way that these properties are conserved.

1. Introduction

A number-conserving cellular automaton is a cellular automaton such that all states of
cells are represented by integers and that the sum of all states in any finite configuration
(the quiescent state corresponds to the value 0) is unchanged after one transition of the
automaton. Number-conservation can be seen as a modelization of the physical law of
conservation of mass and energy. Thus number conserving cellular automata can be used
to model complex physical phenomena, like fluid dynamics [1] or highway traffic flow [6].

However, it appears that designing number-conserving cellular automata with complex
transition rules is very difficult. To solve this problem a new kind of cellular automata has
been studied by Morita et al. [3] that use a partitioned space. It is then possible to construct
complex two-dimensional number-conserving (and reversible) PCA, like for example some
that simulate any reversible two-counter machine [4].

Although in a number-conserving partitioned cellular automaton the total weight of
a configuration is conserved after each transition, each cell has multiple parts and cannot
therefore be regarded as a usual type of CA. In this paper we will show how it is possible
to translate any number-conserving partitioned cellular automaton into a classical type
number-conserving cellular automaton and thus prove the equivalence of the two models.

Key words and phrases: Partitioned cellular automata, number-conservation, reversibility.
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1.1. Definitions

Definition 1.1 (Cellular Automaton). A cellular automaton (CA) is a quadruple A =
(d,Q,V, f) where

d € N is the dimension of the automaton;

Q is a finite set called set of states;

V={v,....,Viy|} C Z% is a finite set called neighborhood;

f: 0Vl — Qs the local transition function.

For a given automaton A, we call configuration of A any function € from Z% into Q.
The set of all configurations is therefore Q%" From the local function f we can define a
global function F'

F . Q¥ — o
¢ - ¢ | VIEZd,Q’(z):f(@(z+vl),...7€(x+v‘v‘))

Elements of Z¢ are called cells. Given a configuration €, we will say that a cell ¢ is in
state ¢ if €(c) = ¢. If we distinguish a quiescent state go such that f(qo,...,q0) = qo, we
will call finite configuration any configuration for which only a finite number of cells is not
in the quiescent state. If € is a finite configuration, so is F'(€).

Cellular automata will be seen as dynamical systems. If the CA is in the configuration
¢ at some time, we will say that it is in the configuration F(€) at the next time. We can
therefore define the evolution of a CA from a configuration. This evolution is completely
determined by €.

Remark: In the following, we will only consider two-dimensional CA (d = 2).

Definition 1.2 (Number-Conservation). A CA will be said to be number-conserving if its
states are distinct natural numbers (Q C N), the state 0 is quiescent, and for every finite
configuration € the total weight of € (sum of all states) is equal to that of F(€).

Definition 1.3 (Partitioned Cellular Automaton). A two-dimensional partitioned cellular
automaton (PCA) is a four-neighbor two-dimensional CA whose cells are divided into four
parts : upper, left, lower and right. The next state of each cell is only determined by the
current states of the upper partition of the lower cell, the right partition of the left cell, the
lower partition of the upper cell and the left partition of the right cell.

Let us denote by Q, the set of all states that a partition of a cell can be into. Then
there are Q; = |Q,|* different states for each cell. However, the local rules of the automaton
can be seen as a function of Q;ﬁ — Q;‘;. As illustrated by Figure 1. Q) will be called the set
of partitioned states of the PCA.

It is very easy to see that for PCA global reversibility is equivalent to local reversibility.
It is therefore very easy to design reversible automata using this notion.

Note. There are other kinds of PCA. We could for example divide each cell into 5
parts by adding a central partition. It is also possible to consider PCA in other dimensions.
However in this paper we will only work with two-dimensional 4-partitioned PCA.

If we want to consider number-conservation for PCA we have to redefine it. In this
case, only the partitioned states will be integers. The total weight of a cell is the sum of
the four states in its partitions.

The weight of a finite configuration is the sum of all weights of its cells (only a finite
number of cells are in a positive state). The automaton is said to be globally number-
conservative if for all finite configuration its total weight is conserved after one transition and



132 V. POUPET

Figure 1: Tllustration of the rule [d, 1, u,r] — [o/, 7/, d', 1]

locally number-conservative if for each rule (d,l,u,r) — (uv/,r,d',l') we have d+1+u+r =
u A +d+ 1.

It is very easy to see that both local and global number-conservation are equivalent for
a PCA and hence it is very easy to design a number conservative PCA even when we want
to have it perform a complex task.

1.2. Why Translating into Classical Type CA?

We have seen that the notion of PCA is very useful when working with number-
conserving or reversible automata as they are very easy to design and that checking both
number-conservation and reversibility can be done by a local study of each rule (therefore
very simply and quickly).

However the definition of PCA slightly differs from classical CA. Of course it is possible
to consider that a PCA is a classical CA and that it has Qf, different states. However, by
doing so we see that what we called a number-conserving PCA is not necessarily a number
conserving CA because we gave the same weight to different states (for example the states
(1,0,0,0) and (0,0,0,1) have the same weight). In other words, even if the PCA are a
subclass of CA, the definition we gave of number-conservation in this specific class (which
is the definition that makes it easy to design number conserving PCA) is not the same as
the usual number-conservation.

Here we will show how a NCPCA can be translated into a classical NCCA without
increasing the number of states.

2. Main Theorem
The rest of the article will be devoted to proving the following theorem:

Theorem 2.1. Given a PCA A, of partitioned states Q, there exists a CA A, of states Q
working on the neighborhood V,1* such that A, mimics the behavior of A, (in a very natural
sense that we will explain later). Moreover, if AC' A, is number conserving or reversible (or

both) then so is A,.

In the following, we will consider a PCA of partitioned states Q and describe how the
regular CA described in the theorem works.
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3. Preliminaries

3.1. Main Idea

First, we will explain how to convert configurations of A, into configurations of A, in
such a way that no information is lost so that from such an image configuration the CA A,
can easily mimic the behavior of A,. Then we will show how we can ensure that A, has the
same properties (number-conservation and reversibility) than A,. These properties will be
trivially conserved on valid configurations (configurations that are images of configurations
of A, by the transformation mentioned above) but not necessarily on invalid ones. In this
case we will show that the CA A, can detect the irregularities and “freeze” its behavior
so that nothing happens that can break number-conservation or reversibility: after all, the
identity CA is both conservative and reversible.

3.2. Vocabulary

To avoid confusions between the original PCA and the new CA we will clearly distin-
guish the vocabulary between the two.

From now on we will call square cell a cell of the original PCA. A partition will be one
portion of a square cell (a square cell has 4 partitions which are naturally the upper, right,
lower and left partitions).

Most of the time, the word cell will refer to a cell of the new CA. This automaton works
as classical CA do, but on a Moore neighborhood of radius 10 (we will see later why such
a neighborhood is needed).

We will call states the elements of Q (the partitioned states of A, and the states of the
cells in A,).

The state 0 will be called blank state. All other states will be colored states. The blank
state is assumed to be quiescent. A blank cell is a cell whose state is 0, and a colored cell
is a cell whose state is not 0.

If we consider a given partition p in the PCA, there are some partitions that play a
particular role from its point of view. The first of these particular partitions is the one that
is in front of it (the lower partition of the upper square cell in the case of an upper partition
for example). This partition will be called p’s facing partition. The three other partitions
in the same square cell as p will be called p’s brother partitions.

Later on, we will establish a parallelism between certain patterns of the new CA (called
blocks) and the partitions of the original one, which will lead to the use of the terms facing
blocks and brother blocks whose meaning will be straightforward.

3.3. Switch and Mix: the Key to Understanding PCA

There is an important property in the way PCA local rules are defined. As shown by
Figure 1, the transition is such that four partitions (the outter ones shown on the left part
of the figure) entirely define the next states in four other partitions (the inner ones). But
there is more than meets the eye...

Indeed, transitions of a PCA can be split in two wvirtual steps that are purely local
transformations: the switch and the miz. During the switch, all partitions exchange their
state with their facing partition. Once this is done, all brother partitions in a square cell
“mix” their states to produce the result of the local transition rule.
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These two steps are virtual because they happen both in one single step of the automa-
ton. It might seem useless to consider an intermediate step, but it gives the automaton an
important property: pure locality. Both steps can now be expressed as local transforma-
tions of some parts of the configuration: the switch transforms the pairs of facing partitions
whereas the mix transforms the four brother cells inside of a square cell, and for both of
these transformations the affecting area is the same as the affected arcal.

This property is reminiscent of the kind of cellular automata considered by N. Margolus

to build small Turing-universal machines [2].

3.4. From the Configurations of 4, to Those of A,

Starting from a configuration € of A,, we obtain the configuration 7(€) of A, by
transforming each square-cell into a 4 x 4 pattern of cells of A, as illustrated by Figures 2
and 3.

IS S

Figure 2: How to translate a square cell into a portion of configuration of A,.
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Figure 3: Example of conversion of a configuration of a PCA into a configuration of our new
automaton. The original PCA has 3 different states : white, black and blank.

We will call valid a configuration of A, that is the image by 7 of some configuration of
Ap, and invalid a configuration that is not.

LThis property is reminiscent of the kind of cellular automata considered by N. Margolus to build small
Turing-universal machines [2]. In fact PCA are highly related to the Margolus model as one kind can easily
be translated into the other by simple geometric operations on the configurations and local transition rules.



TRANSLATING PCA INTO CLASSICAL CA 135

4. Evolution of A,

The evolution of a cell in 4, will happen in 3 steps. The cell will always start assuming
that it is in a valid configuration and try to apply the rule of A, on this valid configuration.
However, if it finds that it is not in a valid configuration it will stop its behavior to make
sure that no irreversible or non-conserving action is made (the behavior of A, needs not be
mimicked if the configuration is invalid).

During the first step the cell will try to find the block in which it lies and check that this
block is correctly formed. Then, as it will know the orientation of its block, the second step
is to look at its facing block and check that it is also well formed. If it is then it will apply
the switch step with its facing block. The third and last step is then to look at its brother
blocks and check that they are well formed and that they have made the switch step. If
everything is correct, the blocks will apply the miz step, which completes the transition.

All of these 3 steps will in fact take place in one single transition of the CA.

4.1. Finding the Block

A valid configuration of A, looks like what is shown in Figure 4.

A

\/

Figure 4: A valid configuration.

In such a configuration, a colored cell can easily determine its block by looking at its
immediate neighborhood: if for each of the four quadrants (up-right, up-left, down-left and
down-right) it looks at its 3 corresponding neighbors (up, up-right and right for the up-right
quadrant for example), there should be exactly one quadrant in which it has exactly one
blank neighbor and two colored neighbors in the same state as itself (the correct quadrant
is shown for some cells in the figure). When the block is found, the orientation of the block
gives the position of the partition that it corresponds to in the pre-image of the configuration
(upper, left, lower or right). From there the cell knows where its facing block and its brother
blocks should be.

By looking one step farther (radius 2), the cell can determine if the other cells on its
block can determine correctly the block they are in (and come to the same conclusion as
itself). The block is considered well formed if there was exactly one possible block, that the
cells in this block all have the same state and that all cells in the block consider themselves
as part of this block.

If the considered cell is blank, the situation is slightly more complex. A blank cell can
be either a cell of a blank block or a marking blank cell (one of the blank cells between
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the blocks). To find its situation, the cell will look at a Moore neighborhood of radius 5
around itself. In this neighborhood, it will try to identify the well formed colored blocks
(as defined previously). According to what it finds, it will either conclude that it is in an
invalid configuration (if the blocks are not well formed or do not match the ones with the
others) or in a valid one and therefore know its own situation.

The only things that the cell needs to identify are its facing and brother blocks. These
are all located in a neighborhood of radius 3. Since a neighborhood of radius 2 is neces-
sary for a colored cell to know if its block is well formed, the blank cell needs a radius 5
neighborhood to determine a possible match for its facing and brother blocks.

Only if the blank cell has managed to find its block (and therefore the location of its
facing and brother blocks) does it proceed to the next step (otherwise it remains blank).

Note that it is possible that the blank cell sees only blank cells on its radius 3 neigh-
borhood and therefore cannot find any well formed block by looking at its radius 5 neigh-
borhood. In this case it will not know its position but this is not a problem since, if it is
in a well formed configuration, all its facing and brother blocks are blank. Since the blank
state is quiescent, the cell should stay blank anyway.

All in all, any cell can find its block and make sure that the other cells in its block
consider themselves as being part of the same well formed block by looking at a radius 5
neighborhood around itself.

4.2. Switch

The switch happens between a block and its facing block. During the switch a cell of one
block takes the state of its facing block. To make sure that the switch is conservative and
reversible we have to make sure that both blocks are well formed and that each considers
the other as its facing block.

For a given cell, all the cells in its facing block are located in a radius 3 neighborhood.
Since a radius 5 neighborhood was needed to find the block of a cell, by looking at a radius
8 neighborhood, a cell can check that the blocks of all the cells it considers as its facing
block also consider themselves as being in its facing block.

If this is the case it take the state of these cells (switch). Otherwise, it does nothing.

The switch is a virtual step, which means that the cell does not actually change its
state yet. But if the conditions for the switch are met, and that the next step (mix) does
not happen, the cell will really take the switched state at the end of the transition.

4.3. Mix

The mix is very similar to the switch. However it is necessary to check a larger area:
the cell must check that all its brother blocks are well formed and that all the facing blocks
of its brother blocks are too in order to make sure that all the brother blocks have made a
successful switch.

The cells in the facing block of a brother block of a given cell are all located in a radius
5 neighborhood of the cell, which means that by looking at a radius 10 Moore neighborhood
around itself the cell can check that all its brother blocks have successfully performed their
switch and will also perform the mixing step, meaning that it will look at the states of the
facing blocks of its brother blocks and will apply the rule of the PCA to determine its own
new state.
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If an error is spotted while checking before the mix, the cell does not mix with its
brother blocks and therefore keeps the switched state. Otherwise, the switched state is
mixed and the switch remains a virtual step.

5. Correctness of the Automaton

5.1. Number-Conservation

The number-conservation is guaranteed by the strong verifications that we do all the
time. In fact, in most cases the cell keeps its own state.

First of all it is important to notice that modifications of states occur in block tran-
sitions, that is to say that a cell only decides to change its state when it knows that it is
part of a well formed block and by the definition of a well formed block all cells of the same
block consider themselves in the same block (this means that if a cell ¢ considers that ¢ is
in its block then ¢’ considers that ¢ is in its block). The consequence of this is that each
time that ¢ will change its state, this change is made as a “block change” and therefore ¢’
will change its state the same way.

This means that a cell that isn’t part of a well formed block will never change its state.

Once we have this in mind, we see that a block will only change its state in two occasions
: either after a switch with its facing block or after a mix with its brother blocks.

In the first case the block first checks that the facing block is correctly oriented so that
this facing block will in turn take the current block’s information. There is therefore a real
block exchange, no state is lost nor created, there is evidently number-conservation when a
switch occurs.

In the second case the block also checks that all three other brother blocks are well
formed and correctly oriented and that they have already performed a switch so that they
will in turn decide to perform the mix. This ensures that all four apply the rule of the original
PCA and thus as the rules of the PCA are number-conserving (this is our hypothesis) the
mix operation is also number-conserving.

Therefore, every time there is any kind of change in the states of a block we have
guaranteed that this change is compensated by the change of 1 or 3 other blocks (and of
course this guarantees the conservation at the level of the cells because every block has
exactly 3 cells that have all the same state).

5.2. Reversibility

If A, is reversible, then so is A,: given a configuration € of A,, we can rebuild its
predecessor (because it is reversible, the CA is bijective as a consequence of the Moore-
Myhill theorem).

The important thing to see is that a well formed block stays well formed as A, evolves
and that a non well formed block cannot become well formed (with the exception of large
areas of blank cells that can be considered as both well formed and not well formed, without
any consequence because the blank state is quiescent).

Because of this, one can check the status of a given cell. If it is in no well formed block
or that its facing block is not well formed we know that it didn’t change its state. If it
is part of a well formed block, that its facing block is also well formed but that one of its
brother blocks or the facing block of one of its brother blocks is not well formed, then the
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block has simply switched with its facing block. Lastly, if all the surrounding blocks are
correct, the cell (and its whole block) has applied the rule of the reversible PCA JACA,,
which is a reversible local rule, so the pre-image of the cell can be determined by looking
at its brother blocks’ states.

5.3. Simulation of the Original PCA

In order to be useful in any way, our automaton must be able to simulate the behaviour
of the original PCA.

This simulation is very easy to realize as the rules of our automaton have been designed
for it.

As we have explained earlier, any configuration of the PCA A, can be translated into
a valid configuration of the resulting CA A,. Conversely, every valid configuration of A,
trivially corresponds to a configuration of the original one (applying the obvious reverse
transformation).

Moreover, the rules of the automaton have been designed in such a way that in a valid
configuration every cell could find its block, its orientation and therefore its facing and
brother blocks, that are the ones that correspond to the facing and brother partitions in
the partitioned automaton.

The only times when a cell cannot find its block in a valid configuration is when it is
part of a blank block corresponding to a blank partition surrounded by blank partitions in
the original PCA. In this case, the cell will do nothing (because it cannot determine whether
or not the configuration is valid) which incidentally happens to be what it is supposed to
do because the blank state is quiescent (so a blank partition surrounded by other blank
partitions should remain blank).

After the blocks have been found, the switch and mix steps will occur correctly. The
mix is the step that eventually applies the local rule of A, (the switch has no incidence in
a valid configuration, it is only used to guarantee conservation in an invalid configuration).

The simulation property can be expressed by using the simple translation function 7
from the configurations of A, into valid configurations of A,. For any configuration € of
A, we have

Fy(€) = 771 (F(7(€)))
where F, is the global transition rule of A, and F; that of A,.

6. Comments

6.1. Another Solution

There is a simpler solution if one wants only to convert a number-conserving and/or
reversible PCA into a regular CA that conserves these properties.

The solution is to increase the number of states fourfold by adding a directional layer:
if Q is the set of partitioned states of the original PCA, we make a CA working on the
states Q x {1,<, |,—}.

A square cell of A, is here transformed into a 2 x 2 square of cells, each holding a
partitioned state and the arrow indicating the partition it corresponds to. The arrows do
not change over time.
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The behavior of the automaton is then similar to the one explained in the article
but the needed neighborhood is smaller (a radius 2 neighborhood is sufficient because the
configurations are more compactly represented and there are less possibilities for errors that
have to be checked).

Fhe four directions are given the weights 0, |Q|, 2|Q| and 3|Q| respectively, and the
weight of a cell is the sum of its state and the weight of its direction.

This method is simpler to implement but has many disadvantages over the one described
in the article, most notably that it requires finite configurations to be translated into non
finite ones (but still ultimately periodic) and that it increases the number of states.

6.2. Rotation Invariance

In the whole construction that we have described in this article, all four directions
(up, left, down and right) have been considered similarly. Even the translation 7 from
configurations of A, into configurations of A, is rotation-invariant.

This means that if the PCA A, has a rotation-invariant local rule then our resulting
automaton A, will also be. This is a good thing when devising simple PCA based on physical
principles (both number-conservation and reversibility are often sought after because of
physical considerations).

6.3. Other Partitions

In this article we have only considered two-dimensional 4-partitioned cellular automata.
However there exist other kinds of partitioned cellular automata.

Important variants include for example one dimensional 2-partitioned and 3-partitioned
cellular automata and two-dimensional 5-partitioned cellular automata.

For all of these different forms of PCA it is possible to adapt the construction explained
in this article to obtained similar results. The key lies in the correct choice of the translation
function 7 that will define valid configurations.

Some important points are to be observed when choosing such a function:

e All resulting blocks must comprise the same number of cells. If not, the switch and
mix steps are not conservative anymore.

e Marking blank states cannot be omitted. These states are more than mere fillers
since they are the only way to determine the orientation of blocks. Markers must
also be blank, not only to ensure that finite configurations have a finite total weight
but also because the marking state must be quiescent (in case a cell is surrounded
by cells in the marking state). In a number-conserving PCA all states are quiescent,
but that is not necessarily the case for a reversible PCA.

e The translation pattern must be rotation invariant if rotation invariance is to be
conserved by the transformation.

e Blocks must not necessarily be connex but non-connexity will probably increase the
size of the required neighborhood in order to perform the necessary checks.

There are some simple translation functions that fit the aforementioned variants of PCA
which make the results valid on these too. A smaller translation pattern might also exist
for the 4-partitioned cellular automata considered in this article.
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7. Conclusion

We have therefore shown how any partitioned cellular automaton can be converted
into a regular cellular automaton in such a way that important properties such as number-
conservation, reversibility and rotation invariance are conserved in the process.

The number of states is not increased (it is even decreased if we consider that a PCA
has Q* states where Q is the set of its partitioned states) but the considered neighborhood
is.

The result is mainly interesting as a theoretical equivalence (there is no other real
need to translate a PCA into a regular CA) because some constructions are much easier to
perform on PCA. For instance, K. Morita was able to devise a PCA with only 3 states that
is reversible, number-conserving, rotation invariant and Turing-complete. Our construction
gives a regular CA that has all these same properties (although it works on a quite large
neighborhood).
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ABSTRACT. Cellular automata are a simple model of parallel computation. Many people
wonder about the computing power of such a model. Following an idea of S. Wolfram [16],
M. Cook [3] has proved than even one of the simplest cellular automata can embed any
Turing computation. In this paper, we give a new high-level version of this proof using
particles and collisions as introduced in [10].

Introduced in the 40s by J. Von Neumann as a parallel model of computation [13],
cellular automata consist of many simple entities (cells) disposed on a regular grid. All
cells evolve synchronously by changing their state according to the ones of their neighbours.
Despite being completely known at the local level, global behavior of a cellular automaton
is often impossible to predict (see J. Kari [6]). This comes from the fact that even “simple”
cellular automata can exhibit a wide range of complex behaviors. Among those behaviors,
one often refers as emergence the fact that “complexity” of the whole system seems far
greater than complexity of its elements.

Elementary cellular automata are an example of subclass of “simple” cellular automata.
They are obtained by considering only a one dimensional grid (i.e., a line of cells), two
possible states and nearest neighbours (i.e., left and right one in addition to the cell itself).
Although very restrictive, some elements of this class do exhibit very complex behaviors
including emergence. One way to assert such a claim is to prove that some of those cellular
automata can embed any Turing computation. Among elementary cellular automata, more
likely candidate to this property were though to be the ones that exhibit meta-structures
with predictable behavior. Those meta-structures have been studied with regards to their
combinatorial aspect (see N. Boccara et al. [1] or J. P. Crutchfield et al. [5]) and widely
used as support for constructions. In fact, M. Cook [3] managed to embed any Turing
computation in an elementary cellular automaton (namely rule 110) using these structures.
However, lack of formalism to manipulate those meta-structures forced him to develop long
and complex combinatorial arguments to prove that intuition on behavior is correct.

In this paper, we shall use a new formalism on these meta-structures developed in [10]
to provide a complete and high-level proof of Turing universality of rule 110 without the
need of complex combinatorial arguments.
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In section 1, we give formal definitions of cellular automata, discuss about the notion
of Turing simulation and introduce the framework of particles and collisions. In section 2,
we introduce the cyclic Post tag system (CPTS) used as an intermediate and prove this
system is able of any Turing computation. Finally, In section 3, we explicitly give the
meta-structures used, present in details the construction to encode CPTS and prove that
the encoding method is valid.

1. Cellular automata

Cellular automata are a parallel computation model on a regular grid in discrete time.
In general, this model is known to be able of any Turing computation. In this paper, we
consider only a very simple subclass of cellular automata: elementary cellular automata
(ECA). These automata are made of a line of cells with a binary state {0,1} and only
take into account the three nearest neighbours (i.e., left, center and right). An elementary
cellular automaton is thus a function f : {0,1}* — {0, 1} also called local transition function.
One can notice that this class has only a finite number (256) of elements. Usually, those
elements are referred by their index which is the integer obtained by taking for the i-th
digit f(ig,%1,i2) where igi1ig is the writing of ¢ in base 2. In the rest of the paper, we focus
on rule 110 whose transition function is given on Table 1.

fle,r)y| 0 1 1 0 1 1 1 0
(Le,r) | (1,1,1) (1,1,0) (1,0,1) (1,0,0) (0,1,1) (0,1,0) (0,0,1) (0,0,0)

Table 1: Local transition function of rule 110

ECA act, in a synchronous way, over configurations ¢ € {0,1}* by the global transition
function F(c); = f(ci—1,¢i,cit1). Starting from an initial configuration cg, the sequence
of successors O = (F)(¢g))sen is called the orbit starting from cg. To draw an orbit of a
cellular automaton, a convenient method it to pill up elements of this orbit leading to a
space-time diagram (see Figure 1).

Figure 1: Example of a space-time diagram of rule 110 (time goes from bottom to top)

Due to the parallel nature of cellular automata, they have several differences with other
computation models. Therefore, the notion of simulation is less straightforward than usual.
Thus, it needs some discussions presented in the following.
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1.1. Universalities

Among the differences between cellular automata and other systems, main ones are
that they have no halting condition and act on infinite configurations. These two points
make it very difficult to achieve a “natural” or even standard definition of simulation by
cellular automata of other systems (and in particular Turing machines). In this section, we
discuss the notion of Turing universality and present the version used in this paper.

To make a parallel between Turing machines and cellular automata, we first need to
introduce some “halting” condition somewhere in cellular automata. This is generally
achieved by seeking a particular word in the configuration. This seek can be done ei-
ther at a specific place or anywhere on the configuration. Here, we choose the latter option
leading to the following formal definition: A word w € {0,1}* occurs in an orbit O if there
exists t € N and « € Z such that w = O ;O z41 . .. Ot7x+|w|,1.

For input, one solution is to restrict to finite configurations (i.e., configurations with
a finite number of non 0 letters). However, this definition is too restrictive in our case.
Therefore we prefer to use the less restrictive set of ultimately periodic configurations: that
is configurations which are of the form “Imr“ where [, m and r are finite words. We request
that these words can be easily computed from the input word of the Turing machine and
that the resulting configuration “halts” if and only if the Turing machine halts. All those
points can be formalized in the following definition:

Definition 1.1. A cellular automaton is Turing universal is for any Turing machine M,
there exists a word w and a log-space function f which maps any words s € ¥* to three
words ls, mg, rs such that w occurs in the orbit starting from configuration “I;m¢r? if and
only if M eventually halts on s.

One can note that our definition is a specific case of the more general scheme presented
by B. Durand and Zs. Réka in [4].

Since most of the problems encountered with definitions of Turing universality come
from the fact that we deal with two heterogeneous systems, another sensible approach of
simulation is to focus on simulation of cellular automata by cellular automata, as described
by N. Ollinger in [8]. This idea led to the notion of intrinsic universality. Intuitively,
a cellular automaton simulates another one if the space-time diagram of the simulating
one can be regularly embedded into the simulating one. Due to the fact that intrinsic
universality requires the whole computation to be embedded in a regular way, intrinsic
universality implies Turing universality but the converse is false. A more detailed study of
those two types of universalities can be found in the survey made by N. Ollinger [9]. In this
paper, we deal with the Turing universality of rule 110, the question of intrinsic universality
of such a rule is still open.

Theorem 1.2 (M. Cook [3]). Rule 110 is Turing-universal.

The construction made by M. Cook makes heavy use of regular structures present in
rule 110. However, due to a lack of specific formalism, it fail to achieve the proof on these
structures level and must default to a technical combinatorial approach. In this paper, we
intend to lever the proof by using specific high-level tools on these meta-structures. These
meta-structures and tools are presented in the next part.
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1.2. Particles and collisions

Through very restricted, elementary cellular automata can exhibit a wide range a be-
haviors. Those behaviors have been experimentally categorised by S. Wolfram [15] into four
classes (see Figure 2): Class I regroups cellular automata whose behavior converges towards
a stable configuration. Class II is constituted by those whose orbits ultimately go into a
cycle. Class III regroups the ones whose behavior seems random and does not exhibit any
kind of regularity. At last, elements of class IV are cellular automata where “(...) local-
ized structures are produced which on their own are fairly simple, but these structures move
around and interact with each other in very complicated ways. (...)”. Such phenomenon is
often referred as self-organisation and is though to include a great computational power.
In fact, simulation of Turing machine by rule 110 heavily relies on such structures. To use
those structures, we need a formalism as the one introduced in [10] which gives us a formal
support on intuitive tools.

Class I (rule 232)

Figure 2: Behaviors of elementary cellular automata

Intuitively, those elements (which can be seen in the last class on Figure 2) can be
easily described: most of the space-time diagram is filled with a bi-periodic pattern called
background (Figure 3a). Among backgrounds, some uni-periodic structures called particles
seem to travel (Figure 3b). These particles interact with each other and give birth to new
particles in collisions (Figure 3c).

v

(a) Background

(c) Collision

Figure 3: Examples of elements present in self-organisation and symbolic representation.

To give a formalism of these object, one heavily relies on two-dimensional aspect of
space-time diagram. Therefore, in the rest of the paper, we only consider bi-infinite space-
time diagrams (i.e., orbits with an infinite sequence of predecessors). Moreover, all defini-
tions are based on discrete two-dimensional geometry. In this vision, space-time diagrams
are elements of {0, 1}Zz with constraints induced by local transition function.
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A coloring is an application C from a subset Sup(C) of Z? to {0,1}. If Sup(C) is
finite then the coloring is said to be finite. Restriction of a coloring C to a subset S of
7?2 is denoted as Cis- Translation of a coloring along a vector u is the coloring of support
{s+ uls € sup(C)}, defined by (u-C)(z + u) = C(z). Disjoint union of two colorings C and
C’ whit Sup(C) NSup(C’) = 0 is defined such that z € Sup(C), it holds C & C’(z) = C(z) and
for all z € Sup(C’), it holds C & C'(z) = C'(2).

A background is a triplet B = (C, u,v) where u,v are two non-collinear elements of Z?
and C a finite coloration satisfying that @mezg(iu + jv) - C is a space-time diagram. In
the rest of the paper, we abusively also denote by 98 the resulting space-time diagram. A
particle is a tuple B = (C,u,B;,B,) where C is a finite coloring, u € Z?, B; and B, are
backgrounds, provided that Z = @, ¢, ku - C separate the plan in two 4-connected zone L
and R (oriented according to u) ensuring that B, OLD ‘BT R 18 a space-time diagram®.
At last, a collision is a pair (C, L) where C is a finite coloring, L is a finite sequence of n
particles B; = (B;,Cs, ui, BE), satislying:

(1) Vi € Zp, %; =B,1;

(2) Z=C®Djez, ken kui - Ci cut the plan in n 4-connected zones;

(3) For all i € Zy,, C® Py (kui - C; @ kuiyq - Ciy1) cut the plane in two 4-connected

zones. Let P; be the one right of 3;;

(4) €=TZ @D, Bip, is a space-time diagram.

Since finite colorings involved in particles and in collisions can be quite large, it would be
unreadable to give them in an analytic form. That’s why we depict them using a graphical
version. To help the reader convince itself, rather than just depicting the coloring, we give
the finite coloring “in context” and highlight it. This representation is more intuitive but
nevertheless completely defines the object. In this paper, all background, particles and
collisions shall be given this way (see figure 3). For collisions, we also give the name of
involved particles.

The idea behind formalism [10] is to manipulate space-time diagram representing par-
ticles as lines and collisions as points. Such representation allows to represent evolutions
of the cellular automaton as a planar map (see for example Figure 15) and is formalized
below:

Definition 1.3. a catenation scheme is a planar map whose vertices are labeled by collisions
and edges by particles which are coherent with respect to collisions.

A catenation scheme is a high-level symbolic assembly of particles and collisions. To
make this scheme correspond to a valid space-time diagram, one needs to give explicit
positions for every vertex and check that all local constrains are correct. Alternatively, those
positions can be given indicating relative position of collisions, for example by specifying
the number of repetitions of particles. Such set of repetitions is called valid affectation is
the resulting object is a space-time diagram. The main point is that, from a catenation
scheme, one can automatically know the form of the set of valid affectations.

Theorem 1.4 ([10]). Given a finite catenation scheme, the set of valid affectations is a
computable semi-linear set.

1n an exact version, disjoint union is replaced by patchwork which require the different colorings to have
a “safety border” on which they agree. This condition can be easily fulfilled by making the finite coloring
larger. In this paper, we stick to this simplified version.

«,
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Catenations allow us to construct complex behaviors for cellular automata exhibiting
self-organisation. To apply this in the case of rule 110, we need to manually extract a set
of particles and collisions and then use it to simulate our Turing machine. Although rule
110 is known to have a very wide and complex system of particles and collisions, we are
still not able to simulate directly a Turing machine. To make the simulation, M. Cook
introduces an intermediate dynamical system known as cyclic Post tag systems with several
additional constraints. To do this, one must first prove that this system can embed any
Turing computation and then that rule 110 can embed this system.

For completeness of the proof, the next section describe how Turing machines can be
embedded into this specific version of cyclic Post tag system. On first reading, the reader
who is mainly concerned with rule 110 stuff can easily skip this part and just read cyclic
Post tag systems definition (def 2.2) and assume the result of proposition 2.4.

2. Cyclic Post tag systems

In this section, we prove that cyclic Post tag systems with additional restrictions can
simulate any Turing machine. Those systems are a variant of Post tag systems whose Turing
power has been know for long (see H. Wang [14] or J. Cocke and M. Minsky [2]). From those
systems, obtaining a cyclic one is not very difficult but ensuring the additional restrictions
require a deep understanding of the simulation. Since those restrictions are a key point of
the proof of rule 110, we choose to give a full proof of Turing machines simulation.

2.1. Definitions

Introduced by A. Turing in the 30s [12], Turing machines are one of the main dynamical
models of computation. In our case, they consist of a bi-infinite tape filled with letters chosen
among a finite alphabet X (see Figure 4). On the tape, there is a unique head with a state
taken among a finite set (). Dynamics is obtained the following way: at each time step, the
head can write a new letter at its position, change its state and make a move to the left or to
the right. The behavior of the head is uniquely determined by the current state of the head
and the symbol on the tape under it. This behavior is denoted by the transition function
. Initially, the tape filled with one distinguished white letter w(€ ) on all but a finite
portion called input. The head starts at position 0 in the initial state qo . Computation
steps are done by applying the local rule until the head enters the halting state gy. This
can be formalized with the following definition:

Definition 2.1. A Turing machine (TM for short) is a tuple (X, w, @, go, g, ) where:
Y. is the finite set of letters;

w € X is the white letter;

Q is the finite set of states;

qo,qf € Q are the initial (resp. halting) state;

0:Q XX — QXX x{«,—} is the transition function.

At each step, the system is fully defined by a configuration consisting of the non-
white portion of the tape along with the current state and position of the head. In this
system, all changes are localised under the head. Although simple, this system has as much
computational power as most of other known dynamical systems. In this paper, we also
use another system known as cyclic Post tag system. This system was first introduced by



RULE 110: UNIVERSALITY AND CATENATIONS 147

Figure 4: Example of Turing machine transition §(gq,b) = (¢’, w, —)

E. Post in 1943 [11]. A Post Tag system (PTS for short) can be described as a finite queue
on a finite alphabet 3. At each step, the system pops a finite fixed number n of letters
from the queue. Then, according to the first popped letter, it pushes a (possibly empty)
word at the end of the queue (see Figure 5a). The function associating the pushed word to
the read letter ¢ is called transition function. The system starts with an initial finite input
word in the queue. Transition rule is applied until there are not enough letters left to pop
in the queue (i.e., strictly less than n). Formally, a Post Tag system can be depicted as a
triplet (2, n,d) where X is the finite set of letters; n is a non-null integer and § : ¥ — X* is
the local transition function.

0101100 11011 (¢,10011,011100,01)
01100 1011 (10011,011100, 01, €)
100 01170011 (011100,01,¢, 10011)
0100 11110011 (01, ¢, 10011 011100)
00 111001101 (6 10011,011100,01)
e (halts)

(a) Post Tag System ({0,1},2,6) (b) Cyclic Post Tag System
with 6(0) = ¢ and 6(1) = 100 (¢,10011,011100, 01)

Figure 5: Example of Post tag systems transitions

In this paper, we use a variant of this system, introduced by M. Cook [3], called Cyclic
Post Tag System (CPTS for short) depicted in Figure 5b. In this variant, the alpha-
bet is fixed to {0,1} and the transition rule is replaced by a finite cyclic list of words
(wo, w1, ..., wi—1) on {0,1}*. At each step, the systems pops the first letter. If this letter
is 1, it pushes the first word of the list (here wq) at the end of the queue. Then, in all cases,
it rotates the list of words — here, for example, the list becomes (w1, ws,...,wr_1,wp).
As previously, starting from an initial input word in the queue, transitions occur until the
queue is empty. In this case, the system is said to halt on the selected input. This leads to
the following definition:

Definition 2.2. A cyclic Post tag system P is a finite cyclic list (wg, w1, ..., wk—1) of words
over the alphabet {0,1}.

Once again, at each step, the system can be entirely characterised by a configuration
consisting of the current content of the queue and the current rotation of the cyclic list
(more precisely, the index of the first word in the list). The rest of this section is devoted
to prove that CPTS can embed any Turing machine even when ensuring two additional
restrictions. The first one is on the length of every word in the cyclic list. The other one is
on the occurrence of letter 1 during any Turing simulation.
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2.2. From Turing machines to cyclic Post tag systems

In this section, we show how a CPTS can simulate a Turing machine. Intuitively, the
notion of simulation indicates that there exists an easy way to transform any input of the
Turing machine into an input of the CPTS such that the Turing machine halts on the input
if and only if the CPTS does. This can be formalized by the following;:

Definition 2.3. A CPTS P simulates a Turing machine M if there exists a function
f:¥* — {0,1}* which is simple? such that for any word s € ¥*, M eventually halts on s
if and only if P eventually halts on f(s).

With this definition, we can state the main theorem of this section which says that a
subset of CPTS is sufficient to simulate any Turing machine. As underlined before, the
result has been already known for long in the general case but restrictions need a deep
understanding of the method used. For this reason and to give the reader a complete view
of the embedding process, we give in the following the complete reduction. Restrictions may
seem quite mystic by now but they will appear when embedding this system into cellular
automaton 110.

Proposition 2.4. Any Turing machine M can be simulated by a cyclic Post tag system P
such that:

o the length of any word in P is a multiple of 6;
o during any step of the simulation, there is at most K consecutive steps with 0 as
the first popped letter. Moreover, K only depends on M.

Proof. First of all, it is well known than any Turing machine can be simulated by a Turing
machine on alphabet {0, 1} with white letter 0. Since the reduction is trivial, we restrict our-
selves to Turing machine with this alphabet. In this proof, we prove an even stronger result:
there exists a transformation of any Turing machine configurations into CPTS configura-
tions which commutes with dynamics. The proof is done by using PTS as an intermediate
model.

Let us take any Turing machine M = ({0,1},0, @, qo, ¢¢,9) and ¢ be a configuration of
the Turing machine. It can be entirely defined by the state of the head g , the portion of
the tape on the left of the head, the one on the right and the letter under the head 7 (see
Figure 6). Since left and right words have only a finite number of 1 letters (i.e., non-white),
they can be depicted as integers n; and n, which give ¢ on the form (n;,n,,q,1).

At this point, let us how encode this configuration into a PTS (X, n,d’) configuration.
To encode all information, we use different methods:

e the left (resp. right) integer is encoded in unary between start and end markers;
e state is encoded in every letter of the queue;
e current letter is encoded using the fact that only one letter over n is read.

To allow encoding of all these information, let us take an alphabet ¥y on the form
M x {«4,»} x Q x {0,1} where M = {> o <4, <€} contains a marker information (respectively
one for start, one for interior and two for end). The part {«,»} indicates if we speak
about left or right word. the set @ is used to encode the current state. The last part of the
alphabet refers to the parity of the position: throughout the construction, every letter on the
form (m, f,q,0) is followed by a (m, f,q, 1) letter. Such sequence is called representation
and depicted as my (omitting the state for clarity). Moreover, representations are often

2usually, we request a log-space function but here we use the even more restrictive notion of morphism
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doubled, the result is called tag. With this formalism, a configuration ¢ = (ng,n;,q,0)
is encoded in the queue as DeDq(00¢)? " A ¥q DD (0,0, )24, 4, €, €, (see also
Figure 6). For the (ng,n,,q,1) case, the encoding is the same except that the first letter
is removed. As we have made four letters blocs, we choose n = 4 (i.e., read one letter and
then discard 3). This ensure that exactly one letter is read per tag.

q

Turing configuration ""0‘0‘1‘0‘0‘0‘1 ‘ 1‘0‘0""
With left and right words (10,110, ¢,0)
Converting into integers (2,6,q,0)
PTS configuration (state omitted) DeDq(®(®<)? 9T lq D5 (0 0,)124, 4, €, €,

Figure 6: From Turing machine configuration to PTS configuration

At this point, let us study how transitions are achieved. Let (nj,n,,q,i) be a config-
uration of the Turing machine. Let us assume that the transition is on the form §(g,i) =
(¢, s,<) (the case — is obtained by symmetry). In these conditions, the successor of the
configuration is (n;/2,2n, + s,q¢’,n; mod 2) (shifting bits corresponds to multiplying or
dividing by 2). Thus, in our PTS we need to:

e update the state;
multiply the right value by 2;
add s to the right value;
divide the left value by 2;
make an integer floor on the left value;
read the modulus of the left value and transform it into positioning.

Sadly, doing all these operations requires three passes. The current pass is encoded in all
letters of the queue by extending the alphabet with a Cartesian product: the new alphabet
is 1 =3 x {A, B,C}. In pass A, we do the first four points. In pass B, we do the floor
and read the modulus and in pass C we convert the read modulus to alignment.

Now, let us construct the transition function achieving this behavior. A full example
of transition is given in Figure 7. During pass A, for each encountered tag, we know the
current state (present in the letter) and the current value under the head (read in the last
element of the letter). Thus we know the transition and can update the state and the left
and right values. For the doubled value, we copy the start and end tags, double each interior
tag and add one interior case if 1 if written. For the divided value and for each encountered
tag (start, interior or end), we write only one corresponding representation (thus dividing
the number of letters by two even for boundaries). As the word is only made of tags, the
relative position of read letters is the same after the first pass. During pass B, floor and
modulus of the divided word are computed as depicted in Figure 7: First, the starting letter
is read whereas eating one interior representation and writing a start tag. Thereafter, we
write one interior tag for every two interior representations. At the end, we can either arrive
on the first or second ending representation according to the interior representation parity.
In addition to write both end tags, we can also insert some new letters # to change the
relative position in the next step. On other portions, we just need to make a copy which
can be easily achieved since they are compound of tags (recall tags are made of four letters
and thus are read exactly one time). The last part also consists just of copying. Passing
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above letters # ensures the correct new positioning of read letters. A careful reader may
note that the depicted method is not fully correct since in pass B, we must know which
word must be floored and have no longer access to this information. However, this can be
easily overcome by enlarging once again the alphabet.

The last point is to define the behavior in the case we reach an halting state of the
Turing machine. This case is easily dealt with by requesting the Post system to erase the
whole queue, causing it to halt. To ensure our additional condition, we need to bound the
number of step without writing. Since the only case where there is no writing is when erasing
the configuration on halting, it is easy to obtain a bound by requesting that the simulated
Turing machine halt only with empty tape. This set of machine is obviously also Turing
powerful. With this restriction, the number of step without write is bounded by the number
of steps (precisely six) to erase the empty configuration DD (IG5 9, €, <, .

Pass A: | D« | (0000)” ]dade S IBD | (000 G4 | 6,
PePe ('4'4‘4'4)8 @G 4| B (’»)8 <45 <)
Pass B:I><D< ('4’4)2: e | 4 [ Doy (’»‘»)2 LIS 2<ﬂ>
PPy | (04®4) Qe | 4 [ B | (0p0,)° | )0, | #°€, €,
Pass C: P |Dara | (asa) ] oata | data | A5 | Do | (s0en) | o0t | £t
DI ('4'4)36 ° ¢ | 44 | 4 | B} ('»'»)3 o0, | €, €

Figure 7: Example of a Turing transition simulation (above is the read queue and below
the corresponding elements written).

At this point, we want to convert our PTS system into a CPTS one. This can be done
without any real difficulty (see Figure 8). Let us take the alphabet ¥ of the PTS. It is
possible to represent the n-th letter with a fixed length sequence of 0 by marking a letter
1 in a the n-th position. One can trivially request that the length m of those words is a
multiple of 6 (ensuring our first additional condition). This way, we can convert all letters
to words on alphabet {0, 1}. Since all letters have the same size, each transition read a fixed
number 4m of letters. The transition is indicated by the 1 in the first m read letters. Thus
the cyclic list can be done the following way: take a list of length 4m, for the first m words,
the word is the result by the transition of the PTS on the m-th letter. All other words are
taken empty. To end this, let us look at the maximal number of consecutive erasing. Since
a complete rotation of the list correspond to a transition of our PTS, we know there are at
most 24m steps without writing.

Initial Post system ‘ at bbbk caa,ct e
Representation of letters a < 100000, b < 010000, ¢ < 001000
Representation of images bb < 010000010000, caa < 001000100000100000, € < €
Cyeclic word list (with step 4) (010000010000, 001000100000100000, €, €, . . . , €)

18x%

Figure 8: From PTS to CPTS
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In this transformation, we need to go thorough the configuration three times to simulate
one transition of the initial Turing machine. Since we use unary encoding, the length of
the configuration can double at each simulated step, thus the speed of simulation suffers an
exponential slowdown. With a more subtle and complex methods, T. Neary and D. Woods
managed to obtain a polynomial slowdown [7, 17] . This result allows them to obtain
stronger results using the simulation presented in the rest of the paper. In particular, they
prove that predicting rule 110 is P-complete with respect to Turing reducibility.

3. Universality of rule 110

Now, let us go back to rule 110. This last section is devoted to simulate a CPTS
(with the additional restrictions) with rule 110. Of course, this simulation is done using
tools introduced in section 1.2. With those tools, the way of constructing and proving the
simulation is the following:

(1) First, give an explicit set of particles and collisions of rule 110;

(2) Then, construct the simulation at a global level using catenations;

(3) Last, use properties of catenation to ensure that simulation is correct (in particular
at local level).

3.1. Particles and collisions of rule 110

Rule 110 do possess a very large number of particles and collisions. In this part, we
extract a small subset of those particles and collisions that are used in the construction.

For background, we use only one background (the standard one on rule 110) which is
given in Figure 9. Since it is the only background, it is omitted in all following objects and
representations.

Figure 9: Background used in the construction (coloring is highlighted)

During the construction, we use a bunch of particles and collisions. To ease the reading
and understanding of the construction, some hints about particles and collisions used are
given alongside their description.

These particles serve as support for information. Dynamic is achieved by a set of 23
collisions depicted in Figures 11 to 13. As for particles, each collision is given by an extract of
the space-time diagram where non perturbation pattern is highlighted. Moreover, symbolic
behavior of collisions on particles are also given as formulae.

Remark 3.1. The full set of particles and collisions used in this paper contains 18 particles
and 23 collisions that are all depicted in Figures 10, 11, 12 and 13. [
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ing)

Figure 10: Particles used in the construction (with highlighted finite color
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— T —
@+a_7>+d5+d2|—7+d1
Figure 13: Collisions used in the construction (end)

At this point, let us discuss how to encode CPTS elements using particles. Encoding
information into particles can be done in two ways: either by the type of particle used or
by the relative position in a group of particles. In the construction, both methods are used.
This implies, in particular, that some bits of information are conveyed by groups of parallel
particles. Those groups of particles are called symbols and named with capital letters. To
encode binary letters of the CPTS, we use groups of four particles, the letter « € {0,1} is
encoded by the relative position of those particles. In the construction different groups are
used to encode letters: (FL = (% %2)* are words list letters (called frozen letters); Cp = ¢*
are queue letters and V(T/z = 74 temporary container (called unfrozen letters). To encode
the cyclic list of words, we also use a starting symbol S = TC(Z_1<Cl_4(T4<E and a delimiter
— e — — —

D = dsdad;dsT*% . The behavior of transition is stored in a erasing symbol B = by or

a copying symbol P = p. For the dynamic, two additional symbols are needed: a clock
2

—
= 5% and some junk J = 7T

Nl

. Some of these symbols also have a degraded version
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that we denote with a tilde: £, = (7%)3(7 %), S = TdidsT*7, D = dsdadids 747,
pP= asar and B= b—f

Combining collisions into finite catenations, it is possible to obtain 10 different possible
behaviors with symbols (and 6 additional with altered versions). The complete list of such
catenations are given in Figure 14 and Figure 15. Altered versions are not fully depicted
since they can be very easily obtained from non-altered ones. The catenation ¢ is the same
as € with half number of collisions. For 60, the only difference is that the upper collision is
gs rather than f’ (as for 93’(0) For 61 and 9y, the same holds replacing the upper collision
d' by w}. The last catenations &, &, €, and ¢, are made with only one collision (wsy for
the first two ones, w}, for the last two ones).

- = _
R T+W,EC,
, — — =
¢ T+J - J+T
— — < — ~ — — — —
¢ Co+WyEW,+Cp| € Co+JFJ+C,
J— — — — ~ J— ~ — ~
S Co+S HJ+B & Co+S+HJ+B
— — — J— ~ J— ~ — ~
&, C1+S HJ+P 61 Ci+SHJ+P
— — ~ — ~ ~
My B+ F,+FB My B+F. B
J— — — J— ~ J— ~ — ~
M P+ F, -W,+P |9D9% P+F,+FW_,+P
L e — ~ - o ~
&y B+D S &y B+DEFS
~ — — ~ ~ ~ ~
(] P+D S & P+DFS

Figure 14: Local behavior of symbols

3.2. Simulation and catenation

With the previously defined local encoding of CPTS elements, let us proceed by speci-
fying the global encoding and construct catenations embedding the dynamic.

Encoding of a CPTS configuration is made the following way: in the center, the queue
is written with symbols C,, the upper symbol of the queue being on the right. Right of
these elements, the cyclic list of words is repeated infinitely starting from the current word.
Words are written with symbols Fx and separated with symbols D. The first symbol
before the current word is g Furthermore, a symbol is replaced by its altered version
where being the last one before a delimiter — i.e., representing the last letter of a word
or being a delimiter (or a start symbol) before an empty word. On the left of the queue

N
contents, there is an infinite amount of 7' symbols.

Proposition 3.2. For any CPTS evolution, it is possible to construct a catenation scheme
embedding the evolution.

Proof. The catenation uses the symbols presented above. An extract of such a catenation
can be found in Figure 16. First, the upper letter of the queue encounters the starting
symbol, resulting either on a erasing symbol B (catenation &) or a copying symbol P
(catenation &1) according to the considered letter. This symbol encounters all frozen letters
of the word erasing them () or transforming them into an unfrozen ones (91;). On the
last letter, altered catenations (95?0 or 2)5’{1) alter the symbols which encounter the next
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Figure 15: Behaviors of symbols

delimiter, transforming it into a new starting symbol (&g or €;). Unfrozen letters are going
left, crossing all queue letters (€). After that, they are added at the end of the queue when
colliding with a T symbol (catenation 9R). One can note that catenations &, also generate
some junk symbols that go left untouched crossing both queue letters (catenation é) and
clock symbols (catenation €). In the case of an empty word, the behavior is the same up
to the fact that the altered symbol of copy or erase is directly generated by an altered start
catenation (éz) After those steps, the system is ready for a new transition. The simulated
system halts when the queue is empty. On the space-time diagram, this condition can
be easily expressed by a word indicating that a clock symbol T encounters a start of list

e
symbol S'. [
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Figure 16: Symbolic behavior of simulation

This explanation conclude the description of dynamic simulation. The last point is to
prove that those symbolic behaviors correspond to valid space-time diagrams. At this point,
properties of catenation allows us to end the proof without resort to low-level study.

3.3. Validity of simulation

Let us now study the catenation schemes simulating computations of the CPTS. In this
section, we shall use properties of catenations to ensure that constructed simulation can
really happen in the cellular automaton.

Proposition 3.3. The previously constructed catenations have all valid affectations. More-
over, constraints on input are independent on the considered evolution.

Proof. At first, let us look at a global level. Since many symbols are parallel, there are
hardly any problem on the order of encounters. The only non-trivial one is that any unfrozen
symbols must cross the whole queue before encountering the clock symbol. This implies
that is must have crossed the last queue letter before encountering the clock symbols. Since
the last queue letter is previous unfrozen letter, the previous condition can be formalized
by saying that space between two consecutive clock symbol must be greater than maximum
space between two consecutive unfrozen (i.e., copied) letters. At this point, you can see one
of the additional conditions on number of consecutive erasing during Turing simulation.
With this condition, there is a fixed size for clock spacing ensuring the correct order of
collisions independently of the computation.

Now, let us study local constraints. Due to our global approach with collisions and
catenations, we have “forgotten” local constraints. In previous proves, the method to
ensure these local constraints where by fixing values on the initial configuration and show
by induction that they remain consistent. This approach requires a very detailed study and
many combinatorial arguments. Here, with the help of catenations, we can have a more
global and intuitive approach.
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The first remark is that since all our catenations are finite, theorem 1.4 allows us to know
affectations such that catenations correspond to real space-time diagram extracts. The set
of affectations can be automatically obtained using Presburger arithmetic as described in
details in [10].

The only important thing on obtained result is that there exists values for &y and &;
that have the same spacing for particles inside <§ symbol. The same way, it is possible
to chose fixed values of spacing for all other signal in symbols that ensure coherence in
all catenations. The only exception being the junk symbol which has two possibles values
depending on whether it has be generated from a Gy or &; catenation.

The last point is to study spacing between symbols. During this process, one look at
the catenations formed by the border of the one introduced previously. Even if the used
method is the same as previously, some interesting things may be noted: First, the main
difference between junk signals and unfrozen letters are the relative positions of particles
. Another main point encounter when studying the erasing face (see Figure 17). In this
face, each erased letter induce a small shift which can not be compensated directly. The
solution for this problem is to require that the number of letter is a multiple of 6 which
provide a greater and solvable gap. This explains the second restriction introduced in our
CPTS. [

Conclusion

In this paper, we have shown how any Turing computation can be embedded into
rule 110. Starting from a Turing machine, we show how to embed it into a CPTS in
Proposition 2.4. Then, we show how to encoding this system into rule 110 space-time
diagram (Proposition 3.2) and that this encoding is correct (Proposition 3.3). Thus proving
that rule 110 is Turing universal. The main achievement is that the construction can be
completely made at high level using particles and collisions which allows to follow at each
point what is happening. This construction is very interesting but does only erase particles
without creating it, thus having the need to be continually feed with particles. This need
of “fuel” is not compatible with intrinsic universality. One open question is whether or not
rule 110 is intrinsically universal.
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TWO POINTS OF VIEW TO STUDY THE ITERATES OF A RANDOM
CONFIGURATION BY A CELLULAR AUTOMATON
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ABSTRACT. We study the dynamics of the action of cellular automata on the set of shift-
invariant probability measures according two points of view. First, the robustness of the
simulation of a cellular automaton on a random configuration can be viewed considering
the sensitivity to initial condition in the space of shift-invariant probability measures.
Secondly we consider the evolution of the quantity of information in the orbit of a random
initial state.

Introduction

Despite the apparent simplicity of their definition, cellular automata can have very
complex behaviours which are observed on space time diagrams. To try to understand
this complexity, they can be considered as dynamical systems. Generally, one studies the
dynamics of the N-action of a cellular automaton on the set of configurations A%, where
A is a finite alphabet, endowed with the product topology. However, very simple cellular
automata as the power of the shift, denoted ¢™ for m € Z, are sensitive. That is to say, they
are considered with a highly chaotic behaviour. This does not correspond to the intuitive
idea which give the space-time diagram.

The shortcoming of the Cantor distance is to privilege the central coordinates whereas
there may be no reason to give more importance to coordinates around the origin. Moreover,
one considers only the action of the cellular automaton without considering the shift action.
Indeed, space-time diagrams of a cellular automata (A%, F') are not so different from that
of (A% 6™ o F) for m € Z. However, if F is not nilpotent, c™ o F is sensitive for m taken
quite far from the origin. The reason is that Cantor topology is non-homogeneous, thus a
simple transport of information is enough to obtain sensitivity.

One point of view can be to address the Z x N-action (o, F') in order to emphasize the
spatiotemporal structure. In [Sab06], one gives general definitions to talk about directional
dynamics; the purpose is to study the sets of directions which have a certain kind of dy-
namics. Another point of view is to kill the Z-action of ¢ and consider the N-action of
F on a o-invariant object. In this direction, G. Cattaneo, E. Formenti, L. Margara et J.
Mazoyer [CFMM97] introduce another topology defined by the Besicovitch pseudo distance

Key words and phrases: Cellular automata, shift invariant topology, entropy of a configuration.
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which measures the upper density of the differences between two configurations in order
to give the same importance at all cells. For this distance, the shift map is an isometry.
However, with this topology, we lose the compactness of the space which is the traditional
framework of topological dynamics.

Another natural o-invariant object is the set of o-invariant probability measures, de-
noted M, (A%). Indeed, a cellular automaton acts on the set of configurations and canon-
ically transforms u € M,(A%) into another o-invariant measure denoted F.u. Hence,
cellular automata also have a natural action on the set of shift-invariant measures. In this
space the shift has the same behavior as the identity and a sensitive cellular automaton in
this space is not only capable of “transporting” information but it is also able to “create”
new information outwardly.

The study of the action of a cellular automaton on M, (A%) could be interesting when
we use cellular automata to simulate. Indeed, generally we observe the action of a cellular
automaton on a random initial configuration, that is to say a configuration chosen according
to a probability measure p € M, (A%). But it is more natural to study the action of a
cellular automaton directly on M, (A%) instead the set of configurations chosen according
a given probability measure.

In this article we exhibit two problematics:

e The more natural for a dynamical system is the study of sensitivity to initial conditions
of the map F, : M,(A%) — M,(A%). This approach can be interesting when we use
cellular automata to simulate. Indeed, generally we start the simulation with a random
configuration choosen according to a distribution x4 € M, (A%), this approach may help to
evaluate the impact of a mistake when we choose the initial configuration with a distribution
v € M,(A?) near to the expected distribution .

e The information contained in a random configuration according to a measure y €
M, (AZ) can be expressed by the entropy of the shift h,(c). It would be natural to obseve
the evolution of this quantity when a cellular automaton acts on u. It is easy to see that
(hFru(o))nen decreases towards hy? (F), but for some cellular automata, like linear cellular
automata, it appears a phenomenon of gap between h7°(F') and the apparent entropy hy, (F),
defined by [Mar00], which coresponds to the entropy observed in the central window. This
can explain why linear cellular automata have complex space-time diagrams.

We illustrate these two points of view by the study of two important classes: cellular au-
tomata with directional equicontinuous points which have very regular space-time diagrams
and linear cellular automata which have complex space-time diagrams.

1. Action of a cellular automaton on A% (Background)
1.1. Space of configurations

1.1.1. Cantor topology. Let A be a finite set. We consider AZ, the configuration space of
Z-indexed sequences in A. If A is endowed with the discrete topology, A% is compact,
perfect and totally disconnected in the product topology. Moreover one can define a metric
on A% compatible with this topology:

Y,y € AZ, do(z,y) =2~ min{|il:z;£y; (€2}
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Let U C Z. For z € A%, the restriction of z to U is denoted by zy € AY. For a pattern
w € AY, define [w]y = {z € A% : zy = w} the cylinder centered on w.

The shift map o : A% — A? is defined by (;)icz — (Tit1)icz. A subshift ¥ C A% is a
closed o-invariant subset of A%. Denote £,(X), the set of patterns u € A"~ such that
there exists € ¥ which verifies zg,_1) = u. The language of ¥ is L(X) = UpenLn(X).

1.1.2. Besicovitch topology. G. Cattaneo, E. Formenti, L. Margara and J. Mazoyer [CFMMO97]
introduce the Besicovitch pseudo distance which is o-invariant. For z,y € AZ, it is defined
by:

) Card({m € [-n,n] : Tm # Ym})
d =1 .
p(2,y) = limsup P
The topology induced by this pseudo-distance has good properties for studying dynamical
systems except the compacity.

1.2. Action of a cellular automaton on A%

1.2.1. Definition of CA. A cellular automaton (CA) is a pair (A%, F) where F : AZ — A%
is defined by F(2)m = F((miu)ucy) for all z € A% and m € Z where U C Z is a finite
set named neighborhood and F : AY — A is a local rule. By Hedlund’s theorem [Hed69)],

it is equivalent to say that it is a continuous function which commutes with the shift
(Mo F =Focg™forall meZ).

1.2.2. General definitions about dynamical systems. Let (X, d) be a metric space and F :
X — X be a continuous function. There is a lot of definitions to precise the sensitivity to
initial conditions of the dynamical system generated by the N-action of F' on X. We recall
here some of them:

e x € X is an equicontinuous point if for all € > 0, there exists 6 > 0, such that for all
y € X, if d(z,y) < ¢ then d(F"™(x), F"(y)) < € for all n € N. Denote Eqq(F') the set of
equicontinuous points. If ¢ Fqq(F), it is a sensitive point.

e (X, F) is equicontinuous if for all € > 0, there exists § > 0, such that for all z,y € X,
if d(z,y) < § then d(F"(x), F"(y)) < e for all n € N.

o (X, F) is sensitive if there exists € > 0 such that for all 6 > 0 and « € X, there exists
y € X and n € N such that d(z,y) < ¢ and d(F"(z), F"(y)) > ¢

o (X, F) is N-ezpansive if there exists ¢ > 0 such that for all x # y there exists n € N
such that d(F"(z), F™(y)) > e.

In an intuitive sense, sensitivity and expansivity denote a certain complexity of the
dynamical system whereas equicontinuity denotes a strong regularity.
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1.2.3. Directional dynamics. In [Sab06], one adapts the dynamical classification of [Kur97]
according to a direction o € R. The study of such dynamics make appear some discrete
geometry in space time diagrams. We recall here the notion of equicontinuous points. In
this case the information is blocked between walls of slope a generated by blocking words.

Proposition 1.1 ([Sab06]). Let (A%, F) be a CA, let U = [r, s] be a neighborhood of F, and
let a € R. A point z € A% is equicontinuous of slope a if Ve > 0,36 > 0 such that Yy € AZ,
if do(z,y) < 6 then do(F" o ol (z), F™ o olon)(y)) < & for all n € N.

The existence of equicontinuous points is equivalent to the existence of a blocking word
u of slope a and width e > max(|a] + 1+ s,—|a] +1 —r). That is to say, there exists
p € [0, |u] — €] such that:

v,y € [u][O,\u|71]avn eN, O_Lnaj o Fn(x)[p,p+e] = O_Lnaj o Fn(y)[p,ere]'

A CA is equicontinuous of slope « if every z € A? is equicontinuous of slope a.
A CA is N-exzpansive of slope a if there exists ¢ > 0 such that for all z,y € AZ, there
exists n € N which verifies do (F" o ol (), F o glon) (1)) > e.

2. Action of a cellular automaton on M, (A%)

A natural o-invariant object on which cellular automata can act, is the set of o-invariant
probability measures M, (A%). This approach is not only theoretical. Indeed, in simula-
tions, the action of a CA is observed on a random configuration chosen according to a
probability measure u € M, (A%), but it is more easy to study directly the action of the
CA on the probability measure p.

2.1. Measures on A%

Let B be the Borel sigma-algebra of A%. Denote by M(A%) the set of probability
measures on A” defined on the sigma-algebra 8. Usually M(A?%) is endowed with the
weak* topology: a sequence (pin)nen of M(A%) converges to p € M(A?) if and only if for
all finite subset U C Z and for all pattern u € AV, one has lim,_,c pin([u]y) = p([u]y). In
the weak* topology, the set M(AZ%) is compact and metrizable. A metric is defined by:

Vv € M(AP), d%,v):z@ S (ulimmng) = (] )]

neN ue Alo.n]

Let F : AZ — AZ be a mesurable function. It is possible to consider the action of F' on

M(A?) defined by:
F.u(B) = u(F~1(B)), for all u € M(A%) and B € B.

A probability measure u € M(A%) is said o-invariant if o = p. Denote M, (A%) the set
of o-invariant probability measures. It is a compact convex subset of M(A%) (see [DGST76]
for more details). A probability measure u € M (A?) is o-ergodic if for all o-invariant subset
B €% (i.e. 0~Y(B) = B p-almost everywhere) are trivial (i.e. u(B) =0 or 1). The set of
o-ergodic probability measures is denoted by Mg ®(A%).



THE ITERATES OF A RANDOM CONFIGURATION BY A CELLULAR AUTOMATON 165

Example 2.1. Let 2 € A%. Define the Dirac measure in x by 6,(A) = 1if z € A and 0 if
not, where A € %B. The set of Dirac measures is dense in M(A%) for the weak* topology.
One remarks that if the configuration is not o-uniform, the Dirac measure associated
is not o-invariant. However, if we take a o-periodic configuration x of period p € N, one
constructs a o-ergodic measure by taking the mean of the Dirac’s measures of the o-orbit:

0y = % Zme[()’pfl] 60’”(:1:)'

Example 2.2. For all a € A, put p, € [0,1] a real such that ) ., pa = 1. Define the
Bernoulli measure according to the probability vector (pa)acA BY Apo)oea ([WU) = L ney Pum
for all u € L 4z([uly). If all p, are equal to m, one obtains the wuniform Bernoulli
measure which is just denoted by A 4z.

2.2. Generic points

For some o-invariant probability measures, there exist special points of A% which rep-
resent the measure. That is to say the frequency of apparition of a pattern corresponds
to the measure of the cylinder centered on this pattern. This allows to give a symbolic
interpretation of the distance d!.

A point x € AZ is generic if for all U C Z finite and for every pattern u € AV the
sequence (f(u,z,n))pen converges where

1

f(u7x7n) = Z 1[u]w(am(x))7

C2n+41

me[—n,n|

is the frequency of apparition of the pattern u in x at the order n. The limit of this sequence
is denoted f(u,x), this is the frequency of apparition of the pattern u in x. Denote G the
set of generic points.

Let 1 € My(A%). Denote G(u) the set of generic points of u, this is the set of points
x € G such that for every pattern, the frequency of this pattern in x is equal to the measure
of the cylinder centered on this pattern. When p is o-ergodic, the Birkhoff Theorem says
that u(G(p)) = 1.

Consider the function ¢ : (G,dp) — (My(A%),dM) which associates a generic point
x € G to the measure y € M, (A%) defined by u([u]y) = f(u, ) for all pattern u € AY. Tt
is easy to verify that ¢ is surjective and continuous. Moreover, the image of a generic point
by F' is also a generic point. Thus the correspondence between MU(.AZ) and G is summed
up in the following commutative diagram:

G.dp)  ——  (G.dp)

J J

(Mo (AP), M)~ (Mo (A7), dM)
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2.3. Action of a CA on M, (A%)

Let (A% F) be a CA. The map p +— Fipu is continuous for the weak* topology and
preserves convex combinations. Thus, F, : M(AZ) — M(A%) defines a dynamical system.
However, for all z € A% one has F.6, = ¢ F(z)- Thus the map z — ¢, allows to consider
(A% F) as a sub-system of (M (A%), F.), so the dynamics of F : M(AZ) — M(A%) contains
the dynamics of F : A% — A%. Moreover, the weak* topology on M(A?) privileges the
origin. Thus it is preferable to restrict the initial space.

Since F' commutes with the shift, if 4 € My(A%) then F.u € M,(AZ). Thus one can
study the dynamical system defined by:

Fo: Mo(AF) — M, (AD)
1 —  Fip such that F.u(B) = u(F~1(B)) VB € B.

Remark 2.3. If (A%, F) is a surjective CA, A 4z is F-invariant (see [Hed69]). One deduces
that A 4z is a fixed point of F.

3. Sensitivity to initial conditions of F, : M,(A%) — M, (A%)

A natural question in the study of dynamical systems is the sensitivity to initial con-
ditions. This point of view could be interesting when we use cellular automata to simulate
in order to characterize distributions which are unstable.

3.1. Expansivity of F,

The function F, preserves convex combinations in M, (A%). In [BS07], we use this
property to show that there are not CA which acts N-expansively on (M, (AZ),dM). This
shows that in M, (A%), the information cannot be transporting to distinguish initial points.

Theorem 3.1. [BS07] F, cannot act N-expansively on (My(A%), dM).

3.2. Equicontinuity

If (A%, F) is equicontinuous of slope a, according to [Sab06], it is periodic in this
direction. Thus it is the same for F,. One deduces the next proposition.

Proposition 3.2. Let (A% F) be an equicontinuous CA of slope o.. Then F, is equiconti-
nous in (My(AZ),dM).
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3.3. Equicontinuous points

For some CA it is possible to characterize the set of equicontinuous points. These
measures are stable for perturbations. The next example shows that there exist cellular
automata with equicontinuous and sensitive points in (M, (A%), dM).

Example 3.3. Consider the CA defined on A = Z/2Z by F(z); = xj—1 - ©; - 41 for all
x € A% and i € Z. It is easy to see that for all o-ergodic probability measure p which
verifies 1([0]) > 0, the sequence (FI'it),en converges toward dsgee in (My(A%),dM). So,
one has:

Eqqp (F) 0 MEZE(A%) = MEE(AR) \ {01}

For CA with equicontinuous points of slope «, we characterize a large class of measures
which are equicontinuous points in the space (Mg (A%),dM).

Theorem 3.4. Let (A%, F) be a CA and let B € A* be a blocking word of slope o € R. Then

erg

every o-ergodic probability measure pi € MgY(A%) such that u([B]) > 0 is an equicontinuous
point of Fy : (Mg (A%),di") — (M (A%), dM).

Proof. Let € > 0, let u be a o-ergodic probability measure which charges B and let v be a
o-invariant measure. For n € N, one defines X* | the set of points = € A% such that there

wn’
is an occurrence of B in [—k — |na], —|na]] and another in [i — 1 — |naf, k+i—1— |na]].
Let ip be such that Z;’iioﬂ ﬁ < ¢ and let n € N. Since B is charged by u, by
o-ergodicity, there exists & € N such that u(Xi’fn) > 1—¢ for all i <1iy. Moreover Xﬁn can
be written as an union of cylinders centered on [~k — [na],k +i— 1 — [na]] of words of
A2k By g-invariance, one deduces that |u(an) — Z/(an)| < |A[*2d(p, v), so:
v(X[,) =1 —e— A" d(pu,v).

Let i <ig and let u € A", Put X} = F "o ol ([u] 0,i—1)) N an. Taking the lower
bounds of u(Xi]fn) and I/(Xi’fn), one deduces:

|F u(u]joi-1) = Frv(ulpin)| < 1E p(fuljoioa) — w(Xg )| + (X0 ,) — (X5,
+HEMv([uljo-1) — (X0
< et X ) — (X ) + e+ AR, v).
A summation gives for all i < iy the following inequality:
ST IFr (o) — Frv(ulpn)| < 2e] Al + AP 2Rd(, v)
uc At
+ 3 (X0 — (X))
uc At
Let Yu’fn be the set of words v € Al“*2¥ such that there exists y € F~"oo " [y] 0i—1"N
[V]1—k=na k+lul~|na)] N Xllftlm‘ Since B is a blocking word of slope «, for all v € Y}*, | for all

u,n?

T € [V]|—k—|na) k+|ul~|na)]> ONE has F"(x) o olon (%)[0,juj-1] = u- One deduces that:

Xgn=F ool ([u]g;_1) N X = | 0] (mhena et ul— (o)

k
Yu,n
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Poo i ik

Figure 1: Blocking word of slope o and dM-equicontinuity.

Thus, it is possible to decompose the sets X{jm to obtain a sum of measures of cylinders

centered on V = [~k — |na, k + |u| — |na]] with words in A™+2:
>k —v(XED = 3| D wllvl) — v(l)
ue Al u€A? vquﬁn
< Z l([o,i—17) — v([v]j0,i—1)) -
vEAI+2k

By summation of previous inequalities, it follows that:

1
dM(Fu, Flv) = Z A Z |Ee u([u]fo,i—17) — Fi'v([uljo,i—1))]

1<ip u€eA?
1 mn mn
+ Z AP Z [F p([u]jo,i—11) — Fi'v([u]jo,i-1))]
>0 u€eA?
2e i
< a1t JAPR(1L 4 [Al)d(p, v) + €.

This shows that the orbits (FI'u)nen and (F'v),en stay close to each other when p
and v are close enough. [

3.4. The case of algebraic CA

The uniform Bernoulli measure (see example 2.2) has an important role in the study
of o-invariant measures. It is known that for a large class of algebraic CA and a large
class of measures, the Cesaro mean of the iterates of a measure by the CA converges to the
uniform Bernoulli measure. This result was proved with tools from stochastic processes in
[FMMNOQ], and with harmonic analysis tools in [PY02] and [PY04]. We use this result to
show the dM-sensitivity of linear CA.
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Theorem 3.5. Let A be an Abelian finite group and let (A%, F) be a non trivial linear CA
(that is to say a group endomorphism on the product group A% which is not a product of
shifts). Then Eqqm(Fy) =0

Proof. Since (A%, F) is a non trivial linear CA, there exist p prime, a surjective endomor-
phism 7 : A — Z/pZ and a factor CA (Z/pZ, F) such that 7 o F = F o1 (where 7 is
extended coordinate to coordinate). It is easy to verify that F is a non-trivial linear CA on
Z/pZ. Since T, is open, it is sufficient to prove the sensitivity for this factor of Fi. Thus
we assume that we are in this case.

Let ((Z/pZ)%, F) be a nontrivial linear CA with p prime. In [PY02], they show that
there is a weak* dense set in M(.A%), the harmonic measures set denoted H, such that every

measure p € H verifies
lim  dM(Fu, A 4z) =0,

neJ—oo
where A 4z is the uniform Bernoulli measure and J is a subset of N of upper density 1.

Let P be the set of (o, F)-periodic points, it is a dense subset of A% [BK99]. According
to example 2.1, it is easy to see that the set {(ic .z € P} is weak* dense in M, (AZ%).

Let 1 € My (A?) such that p # A\ 4z and let € < %di\/‘(AAz,u). For all 6 < e. There
exists 4/ € H and z € P such that dM(u,p/) < 6 and dM(,u7(5~) < 4. Thus one has
limy, ey o0 dM(FMY, Az) = 0, where J is a subset of N of density 1. Moreover, if p is the
(o, F)-period of z, one has F¥" 51 = 6 for all n € N. Since J has upper density 1, there exists
n € N such that pn € J and di\/‘(Ff"u/,)\Az) < e. Thus one has di\/l(an517F$m "> e
One deduces that p1 ¢ Eqgm(F).

If u = A 4z there exists p/ such that the sequence (FI'i'),c 4z has at least two adherence
points: one of them is 4 = A 4z [PY02], denote " another. Since u = A 4z is Fi-invariant,
it is possible to find in the sequence (FI'it),c 4z a point close to p but u” is a closure point
of the orbit of this point. So p & Eqgm (F).

Thus Eggm(Fy) = 0, but this method do not allow to obtain an uniform sensitive
constant. There is a problem around of A 4z. ]

4. Quantity of information in a py-generic configuration

4.1. Problematic

Let (A%, F) be a CA. A configuration x € A% converges generally to the limit set Ap =
MNuen F"(AZ). However, when you look the simulation of a CA on points chosen according

to a o-invariant probability measure u € M, (A%), the limit set capture so many points.
This does not correspond to the observation. That is why P. Kurka and A. Maass [KMO00]
introduce the concept of u-limit set, denoted Ap (), defined by:

u ¢ L(Ap(p) <= Tim F([u]jo,ju-1)) = 0.
Naturally, one has Ap(¢) C Ap. In symbolic dynamics, the complexity of a subshift X
is mesured thanks to the topological entropy:
1 %
b ()t E(CHA(L£L()

n—oo n
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Let 4 € My (A?%). Tt is also possible to define the metric entropy of o relative to u by:

. 1
hu(o) = lim —— u;ﬂ pu([u]) log(p([ul))-
We refer to [DGST76] for more general definitions and main properties.

In fact, the information contained in a u-generic configuration can be expressed by the
entropy of the shift. A comparative study of the entropy of the shift and the Kolmogorov
complexity was carried out by A. Brudno [Bru82]. It could be interesting to study the
sequence (hpn,(0))nen which corresponds to the evolution of the quantity of information
when we start with a random configuration chosen according to .

Let U C Z be finite, put Py = {[u]y : v € AY}. The quantity of information in the
partition Py is defined by Hpn,(Pu) = — > ,c qv FI' p([u]v) log(F p([u]v)).

To symplify the notation, denote Py = Pjgj_1], thus hpn,(o) = limg o0 %prH(Pk)
corresponds to the metric entropy after n iterations of F. If U = [r, s] is a neighborhood of
F, it is easy to see that HF:1+1M(P07;€_1) < Hpn (P sk—1))- One deduces:

Proposition 4.1. Let (AZ,F) be a CA and p € My(A%). If n1 < ny then hpm (o) =
hFlQM(O').

Thus the quantity of information in a random configuration decreases under the action
of a CA. It is natural since a CA does not create explicitly information. One deduces that
(hpnu(0))nen decrease, so it is possible to define the infinite entropy of (AZ, F) by:

WE(F) = Tim hiey(o) = inf hiey(o) = lim Tim - Hyw, (Py).

One problem of this definition is that at each time, we consider arbitrary long patterns:
we take the limit according to the parameter k before the time parameter n. So it is
difficult to detect the correlations between paterns of the same length under the action
of F. However, if we observe the evolution of a CA, we just look a fixed window of the
space-time diagram. Thus, the entropy observed would be naturally defined as the inversion
of limits in the formula of hf°(F'). That is why B.Martin defines in [Mar00] the apparent
entropy:

by (F) = lim limsup l]LIF;»H(’PIC).
—0 n—oo k
In [Mar00], the author exhibits the link between Af,(F) and the rate of compression by gzip
of space-time diagrams where the initial configuration are p-generic configurations.

4.2. Problem of gap between h;°(F') and hj(F)

We propose to exhibit links between the different notions of complexity: hjY(F), hf,(F)
and hop(Ar(p)). Theorem 4.2 shows a natural inequality between the different values, in
particular it can appear a phenomenon of gap between hi?(F') and hj,(F). This means that
for a CA F and an initial distribution u, the complexity which is observed in the space-time
diagram (i.e. hf,(F")) is different from the expected value (i.e. hi?(F')). Theorem 4.3 proves
that for each CA there exists a dististribution such that the complexity observed in the
space time diagram corresponds to the disorder spreaded by the CA.
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Theorem 4.2. Let (A% F) be a CA and p € My (A?), one has:
hiop(Ar) = hiop(Ar () 2 iy (F) 2 sup hy (o) 2 inf (o) = Iy (F),
ve v

where V is the set of closure points of (Fy'{i)neN-

Proof. Let k and n in N, one has:

Hpny(Pr) = — Z Fu([u]jo r—1)) log (FY u([u]jo,.6-1))
u€Ly (AZ)

- Z F u([uljo,6—1)) log (£ pu([uljo,.-1))
u€Ly(Ar(p))

_ S FL p([uljo j—1)) log (F p([uljo —1)) -
wELE(ALN\L(AF (1))

By definition of Ap(p), one has 3 - c 2 4z £(a p()) Fo [0 —17) log (F ([u]o -17)) —
0 when n — 0. We deduce that htop(Ar(p)) > hi(F).

Let v € V be a limit of a subsequence (F™ u);en (there exist such subsequences since
(Mo (AZ),dM) is compact). By continuity of u — H,,(Pj), one has:

lim sup HFfp(Pk) > lim sup Hpnw('Pk) = H,(Py).
n—oo 1—00

So one obtains hZ(F) > hy(o).

Let v € V be a limit of a subsequence (F™ 11);en, by upper semi-continuity of p1 — hy (o)
(see [DGST6]), one has h, (X, o) > limsup;_,, hpriy (X, 0) = hio (F). "

Theorem 4.3. Let (A%, F) be a CA. There exists i € My (A%) such that:
hi (F) = hy(F) = hiop(Ar (1)) = hiop(A(F)).

Proof. Let n € N, since the subshift F™(A%) is intrinsically ergodic (that is to say, there
exists an unique o-ergodic measure of maximal entropy, see [DGS76]), there exists v, such
that hy, (o) = hiop(F™(A%)). Moreover the operator F* : M, (A%) — My (F"(A%)) defined
by u +— FI'u is surjective, thus there exists y, € M(A?) such that v, = F"pu,, for alln € N.

Let p be a limit of a subsequence (fin,)ien Of (fn)nen. Let € > 0, there exists n € N
such that hi?(F) + € > hpnu(o). Moreover by upper semi-continuity of the entropy, there
exists ig € N such that hpn,(0) > hppy, (o) — € for all i > 4g. So if we choose i such that
n; > n one has: '

hpt (F) + 26 2 hipp,, (0) 2 hyiy, (0) = hop(F™ (A%)) > hop(A(F)).

The inequality is true for every e > 0, we deduce that h°(F) > htop(A(F)). The
equality follows by the previous theorem. [

Remark 4.4. If (A%, F) is surjective, \ 4z is a fixed point of F, but it is also the unique
measure of maximal entropy, so Ap(A4z) = A% The measure A 4z verifies the case of
equality in Theorem 4.2.
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4.3. Illustration for some class of cellular automata

By Theorem 4.3, for all CA there exists a measure p such that hy?(F) = hf,(F). In this
subsection we search to link between the dynamic of a cellular automaton and the case of
equality in Theorem 4.2.

Proposition 4.5. Let (A%, F) be an equicontinuous CA of slope o and u € My(A%). Then
there exists m € N such that hi?(F) = hi,(F) = hpm,(0).

Proof. By Theorem 4.3 of [Sab06], there exist a period p € N and a preperiod m € N
such that oltmtrlal o Fmr(z) = glmel o Fm One deduces that V, in Theorem 4.2, is
{F " :n € [0,p — 1]}, Thus k2 (F) = hi(F). "

Proposition 4.6. Let (A%, F) be a CA which has two blocking word B' and B" of slope
respectively o and o', Let p € MGY(A%) such that u(B') > 0 and pu(B") > 0. Then
RE(F) = hiy(F) = hiop(Ap(p)) = 0.

Proof. Since p charges two blocking words of different slope, (A%, F) has two directions
of p-almost equicontinuity. According to Theorem 4.8 of [Sab06], one deduces that there
exists A C A such that Ap(p) = {®a> : a € Ax}. One deduces the result. n

Proposition 4.7. Let (A%, F) be an algebraic CA. There is a dense set of measures H such
that for all p € H one has hy? (F) # hy(F) = log(Card(A)).

Proof. In [PY02], they show that there is a weak* dense set in M(AZ), the harmonic
measures set denoted 7, such that every measure y € H verifies limyey o dM (FI , A g2) =
0, where A 4z is the uniform Bernoulli measure and J is a subset of N of upper density 1.
By Theorem 4.2, one deduces that hjj(F) = hy , (o) = log(Card(A)). However, if y1 # A 4z,
one has hp°(F) < hy(0) < log(Card(A)). n

Thus there is a phenomenon of gap between hy°(F') and hj(F). This means that the
space-time diagram of algebraic CA looks more complex than the initial configuration. In
fact, the combinatory involved by the local rule is so important and it seems to appear
information. On the contrary, when h7°(F) = hy(F), this means that the CA cannot mix
suffisently the informations contained in a p-random configuration.
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TWO-DIMENSIONAL CELLULAR AUTOMATA RECOGNIZER
EQUIPPED WITH A PATH

VERONIQUE TERRIER

GREYC, Campus II, Université de Caen, F-14032 Caen Cedex, France

ABSTRACT. In this paper, two-dimensional cellular automata as one-dimensional language
recognizers are considered. Following the approach of M. Delorme and J. Mazoyer to
embed one-dimensional words into two-dimensional array, we deal with two-dimensional
cellular automata equipped with a path. In this context, we investigate regular language
recognition.

1. Introduction

Cellular automata (CA) is a major model of massively parallel computation. Famous
examples [1, 3] illustrate the ability of CA to distribute and synchronize the information
in a very efficient way. However, to determine to which extent CA can fasten sequential
computation is not simple. In this context, a lot of interest has been devoted to evaluate the
computation ability of one-dimensional CA as language recognizer. A question is whether
increasing the dimension allows to increase the computation ability. Actually, the combina-
torial capabilities of CA become more complex and new problems arise. The first ambiguity
is in the way the one-dimensional input words are fed into higher dimensional arrays. For
two-dimensional array, several manners have been considered. In this paper, we follow the
approach introduced by M. Delorme and J. Mazoyer in [2]. They embed the input words
along a path coded in an additional layer of the two-dimensional array. They prove that
such CA equipped with an Archimedian path or an Hilbert path are able to recognize in
real time regular languages. Here we get rid of some obstacles in considering von Neumann
neighborhood instead of Moore neighborhood and especially in assuming that all cells know
the position of the output. In this context, we present below such CA equipped with a path
which recognize regular languages in real time whatever the path is like. The basic features
of the algorithm exploit shrinking techniques.

Key words and phrases: Two-dimensional cellular automata, language recognition, regular languages.
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2. Definitions
First we recall the definitions. They are mainly following the ones introduced in [2].

Definition 2.1. A deterministic finite automaton (FA) is specified by a quintuplet
(2, Q, 6, ginit, Qaccept) Where ¥ represents the input alphabet, @) the finite set of states,
Ginit € @ the initial state, Qaccept C @ the set of accepting states and 6 : @ x ¥ +— @ the
transition function.

Extending the transition function to strings over ¥*, the language recognized by a finite
automaton F = (X, @, 9, Ginit, Qaccept) 15 defined as L(F) = {w € X : §(Ginit, w) € Quaccept }-

Definition 2.2. A two-dimensional cellular automaton is a two-dimensional array of iden-
tical finite automata (cells) indexed by Z2. In vector notation each cell is identified to
its vector position ¢ = (@¢,yc). The communication links are finite and uniform for ev-
ery cell. They are specified by a finite subset of Z? called the neighborhood. Each cell
takes on a value from a finite set, the set of states. All cells evolve synchronously at dis-
crete time steps according to the states of their local neighborhood. Formally the behavior
of a two-dimensional cellular automaton is specified by a triplet (S, V,d) where S repre-
sents the set of states, V C Z2 the neighborhood of size k, § : S* — S the transition
function. Here we will restrict the neighborhood to the von Neumann one (of size 5):
V={veZ: |z, +y | <1}.

Definition 2.3. The vector notations n, e, s, w will denote the four directions : the north
n = (—1,0), the east e = (0,1), the south s = (1,0) and the west w = (0,—1). A
four-connected oriented path is any sequence of positions c1,--- , ¢y in Z2 where any two
successive positions are four-adjacent: cij11 — ¢; € {n,e,s,w}. In addition, we will restrict
to simple path. That means that repeated positions are forbidden: if i # j then c¢; # c;.
In particular, the path is non-looping. In the sequel, we will refer to a simple and four-
connected oriented path as simply a path.

Definition 2.4. A CA equipped with a path p is a CA with an additional layer which
records the path p. Formally, it is specified by a quadruplet (P, S,V,d) with P = {n,s, e, w,} x
{n,s,e,w, 1} \{(n,s),(s,n), (e,w), (w,e)} the set of the symbols recording the path, S the
set of the states, V the von Neumann neighborhood and § : (S x P)3 + S the transition
function. Given p = (c1,- -+ ,cp), on the additional layer, the symbol recorded at the cell ¢
willbe (#,f)ifcé¢p, (f,ca—c1)ifc=c1, (cn—cn-1,4)ifc=cyor (ci—ci_1,Ci11—Ci)
otherwise. It indicates how the path enters and exits the cell c.

Definition 2.5. To specify language recognition by CA, we need to distinguish three subsets
of the set of states S: X the input alphabet, Sgccepr the set of accepting states and Syeject
the set of rejecting states. We also identify the cell 0 = (0,0) as the output cell which
determines the acceptance. And we have to precise the input mode. For a CA with a path,
the input word is fed in parallel along this path: the ¢-th symbol of the input word is gotten
on the i-th position of the path. Precisely, given the input word w = wy ---w, € ¥* and

the path p = (c1,- - ,cn), the cells are set up at initial time in these states:
((4,4),2) ifcdp
(c,0) = ((#,c2 —c1),w1) ifc=cq

(
((Cn —Cn-1, ﬂ)a wn) ifc= Cn
((ci — ¢i—1,¢€i+1 — €i),w;) otherwise
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We say that L is recognized by a CA A with a path p if on input w € ¥*, the output cell
enters an accepting state if w € L or a rejecting state if w ¢ L at some time tp; and for all
time t < tg, the output cell is neither in an accepting or rejecting state.

Definition 2.6. The diameter of the path relatively the von Neumann neighborhood and
the cell 0 is the minimal radius of the von Neumann ball of center 0 which encompasses
the path. L is recognized in real time by A with p if the output cell O enters an accepting
or rejecting state at step diameter(p) — 1. That is the minimal time that the output cell 0
knows the whole path.

3. The algorithm

While dealing with two-dimensional CA recognizer, specific problems arise when the cells
do not know the position of the output cell. To avoid the problems, we suppose that every
cell knows the relative distances of its neighbors from each other relatively to the output
cell. By instance, with von Neumann neighborhood, a cell in the positive quadrant knows
that its closest neighbors relatively to the output cell 0 are its north and west ones, and its
farthest neighbors are its south and east ones.

Proposition 3.1. Providing each cell knows the position of the output cell, any regular
language is recognized in real time modulo a constant by a CA equipped with a path, whatever
the path may be.

3.1. The outline

For the sake of simplicity, we may suppose that the path is in the positive quadrant and so
that each cell involved in the computation knows that the position of the output cell is in
the direction of the northwest. The approach is based on the strategy used by Levialdi [4, 5]

ENW ->N

EN -> NE

Figure 1: The rewriting rules

which applies local transformations in parallel to shrink object in such a way the diameter
of the object decreases of one at each step. Here the CA will shrink the path in applying
local rewriting rules to its sequence of moves: sen — e , swn — w , enw — n , eSwW — s
, s W — ws , en — ne; and for the extremities of the path, fin — § , ftw — £, sff — 1,
eff — f. See Figure 1.

In the same time, the CA will record, above the path, all possible transitions induced locally
by the finite automata. Initially, that is, for the cell ¢; which gets the input symbol w;, the
set of transitions {(q,d(q,w;)) : ¢ € Q@}. Remark that, given the computation which starts
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in initial state g;n;, passes through the states qi1,--- , ¢n—1 and ends in state f of the input
word w, the tuples (ginit, q1), (q1,92), - » (Gn—2, Gn—1), (gn—1, f) will be recorded on the cells
C1,C2, - ,Cn_1,Cp respectively. Together with the shrinkage of the path, the aim will be

to update and reduce this sequence of transitions until it will be shorten to the transition
(ginit, f). Then, according f is or not an accepting state, the result will be transmitted to
the output cell.

4 3
rs) | 7.

n

2] @p [€(pn
1 2

Figure 2: Carrying the rewriting rule en — ne

Let us have a look on the rewriting rule en — ne performed at some time ¢. See
Figure 2. Consider ¢, c + e, c + s, ¢ + e + s the four cells involved in the process. At time
t — 1, the path is coded by the three tuples (7,e), (e,n) and (n,?) recorded respectively
on the cells c+e, c+e+s and ¢c+s. In addition, the cells record sets of transitions.
For example, (g, p) belongs to the set of c + e, (p,r) to c +e+s and (r,s) to c +s. Now
at step t, the four cells have all the required information to perform the rewriting rule
en — ne, in particular the cell ¢ can compute the tuple (n,e) but it needs one more
step to compute the transition (p,r). To avoid this slowdown, we will introduce the two
following moves: the eastnorth move en = (—1,1) and the southwest sw = (1,—1). And
every two consecutive moves e and n (respectively s and w) will be coded by only one move
en (respectively sw). By the way, the rewriting rules will be modified in this following

—~k+1 k k—1

~k ~k _~k — —~k —~k —~
manner: nen n — nnen ,een n — en ,Sen n —en ,nen w — nnen

, eenw — en* , sen“w — en* !, nene — nnen* lee , eene — en*ee ,
sen*e — en* 'ee and with all the dual rewriting rules ( ssw*s — sw*ss , ...) obtained
in inverting the direction of the path. Now, at the initialization, we will lose one step to
code the path in the right way. But, after, the sequences of transitions will be updated at

the same rhythm than the shrinkage of the path.

3.2. The description of the CA

Let be given a FA F = (2, Q, 6, ¢init, Qaccept)- The purpose of this section is to describe a
CA A= (P,S,V,d4) equipped with a path which recognizes the language L(F).

3.2.1. The set of states. First let us define the set of states. It is S = X U R x P(Q?) where
R ={n,s,e,w,en,sw,f{} x{n,s,e,w,en,sw,{}\{(n,s), (s,n), (e,w), (w,e),(e,n), (s,w),
(en,s), (n,sw), (w,en), (sw,e), (en,sw), (sw,en)}. Note that the states s belonging to 3
only occur at initial time 0. For states s = (Sgir, Strans) belonging to R x P(Q?), the first
component sqi, in R codes how the path enters and exits the cell. Because the initial path is
simple as well as its rewritings, some consecutive moves never occur. The second component
Strans 0 P(Q?) records the set of transitions.
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3.2.2. The preliminary step. Second let us describe the first step. At initial time 0, the
additional layer codes the initial path p = (c1,---,cn) using the set of symbols P =
{n,s,e,w,t} x {n,s,e,w, {1} \ {(n,s), (s,n), (e,w), (w,e)} and the input words symbols w;
are gotten on the cells ¢;. The aim of this preliminary step is to replace every consecutive
moves e and n (respectively s and w) of the path by the unique move en (respectively
sw). And moreover to record above this path, the transitions induced locally by the FA F.
Actually, in one step, all cells have the required information to do the job:

e If the cell ¢ is outside of the path or the path enters from the East on the cell ¢ and
exits to the North or the path enters from the South and exits to the West (in other
words the symbol on the additional layer is (4,), (e,n) or (s,w)) then the cell ¢
enters the quiescent state: (c, 1)qy = (#,£) and (c, 1)¢rans = {}

e In case c is the starting extremity c; of the path, if the symbols on the addi-
tional layer at position ¢ and ¢ + e (respectively ¢ and ¢ + s) are (f,e) and (e, n)
(respectively (#,s) and (s,w)) then (c,1)qir = (f,en) (respectively (#,sw)) and
(¢, Dytrans = {(Ginit, O(Ginst, wiwa))}. Otherwise (c, 1)q; takes as value the symbol
on the additional layer and {(c, 1)trans = {(Ginit, 0(@init, w1))}-

e In case c is the ending extremity c, of the path, if the symbols on the additional
layer at position ¢ and ¢ + s (respectively ¢ and ¢ + e) are (n, ) and (e,n) (respec-
tively (w,) and (s,w)) then the first component {(c,1)q; is (en,f) (respectively
(sw, t)) otherwise it takes as value the symbol on the additional layer. The second
component (¢, )ysans i5 {(q, f) € Q% : (g, wn) = f}.

e For the remaining cells ¢; on the path, the first component (c;, 1)4i, is defined in the
same way as for the extremities. The second component (c;, 1)trans is { (g, 6(q, w;w;1+1)) :
q € Q} if the symbols on the additional layer at position ¢ and ¢ + e (respectively
c and c+s) are (f,e) and (e,n) (respectively (#,s) and (s,w)) and {(q,d(q,w;)) :
q € Q} otherwise.

3.2.3. The transition function relative to the first component. Third let us describe the
transition function relative to the first component. The different situations required by
our CA are depicted in Figure 3. Observe that the north and the west neighbors have no
impact in the shrinking process as the output cell is situated in the northwest. Moreover, no
direction is given as the rewriting process does not depend on the orientation of the path.
For example, the first rule depicts the case where {(c,t)qir = (#,f), (¢ +s,8)qir = (n,en)
and (c+ e, t)q;r = (en,e) as well as the case where (c,t)q; = (1, 1), (c +e€,t)gi = (W,SW)
and (c + s, t)qir = (SW,s). All other possible combinations lead to the quiescent tuple (f, #).
Actually some combinations never occur because the initial path is simple as well as its
rewritings. We also omit combinations where the extremities are involved. They can be
performed in a similar way.

3.2.4. The transition function relative to the second component. Finally let us define the
updating of the second component of the state. We have to specify how locally the sequence
of transitions is either shortened, expanded or shifted according the rewriting of the path.
As a state of a FA has at most one successor but possibly several predecessors, the transitions
are not symmetrical and their updating depends on the orientation of the path. Below we
consider only northeast orientation.
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Figure 3: The rules relative to the first component

e For the rules marked with a '+’ in Figure 3, there is no change: (c,t 4+ 1)trans =

<C7 t>trans .

e For the only rule numbered 1, it is an expansion: (c,t + 1)tans = {(q,q) € Q? :
Jp,r such that (p,q) € (¢ + 8, t)trans and (g, 7) € (¢ + €, )trans }-

e For the rules marked with a ’@)’, it is a shift: (c,t+ 1)trans = (€ + €, t)trans-

e For the remaining rules, it is a shrinkage. Precisely (c,t + 1)trans = {(p,q) € Q2 :
Jr such that (p,r) € (a,t)trans and (r,q) € (b, t)trans} With a = c+e and b = ¢
for the rules 2,3,5,7,8,15, with a = ¢ and b = ¢+ s for the rules 4,6,11,12,17,
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with a = ¢+ s and b = ¢ for the rules 9,10, and with a = c and b = c+e
for the rules 13,14. And (c,t + 1)trans = {(p,q) € Q* : 3r, s such that (p,r) €
(&, t)trans and (7,5) € (b, t)trans and (s,q) € (d,t)trans} With a = c+s, b = c+ e,
d = c for the rule 16 and a=¢, b=c+s, d = ¢ + e for the rule 18.

An example is given in Figure 4. The tuples of letters along the path represent the compu-
tation of the finite automaton. Note that each tuple is just an element of the set of tuples
recorded by the second component.

tu [st]rs tu [st]rs tu [st]rs
[ [ [
Y_lyvw | Pa Y_lvw pP.a Y p.a
uv m Clx!‘ uyv - q!‘_A uw CIx!‘
ef de ab ef | dd ac | ef ad
_LJ _ P op P
fio cd b,c r n,0 flo cd m,g fio ,0
([ hilkl || (| hi (
gh >IL_»|A_ I,m gh )l ) gh [hm
] ik ik
time0 timel
tw [st] rs tw [ st ] rs tw [ rw‘ .
- aw
p.r p.r p.r] ar
af af
o | Aon lap |
fio 'm,g f.o
gm

Figure 4: The shrinking process

3.2.5. Correctness of the algorithm. According the transition function relative to the first
component given in Figure 3, the algorithm rewrites a connected path into a connected
path. Moreover, we observe that, if at step ¢ the path does not pass through the south and
east borders of the cells ¢ + s and ¢ + e, then at step ¢ + 1 the path does not pass through
the south and east borders of the cell c. Hence, in one step, the algorithm turns a path of
diameter d into a path of diameter d — 1. Finally, remark that the connectivity between the
initial state and the final state of the computation of the FA, is preserved by the updating
of the second component.

4. Conclusion

The algorithm presented in this paper is based on the strong assumption that each cell
knows the relative positions of its neighbors from the output cell. At first glance, it seems
unlikely to get rid of this hypothesis. Actually, this problem of orientation is a rather gen-
eral question concerning CA recognizers in dimension 2 and deserves to be clarified.

We have also assumed that the paths are simple. Clearly the algorithm may be adapted for
any path which can go through the same cell more than once but it remains the essential
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condition that the path does not cross itself. What happens when we authorize constant
bounded crossings of the paths? The algorithm should be modified to avoid unbounded col-
lisions: it will achieve as many rewriting rules as possible (as allowed by the state capacity
of the CA) and it will delay the other ones for the next steps. A question is to what extent
is the slowdown of the global process linked to these local delays.

Another simplification made was to deal with von Neumann neighborhood instead of Moore
neighborhood as it was considered in [2]. So we may wonder whether this shrinking algo-
rithm can be extended to Moore neighborhood.
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ABSTRACT. In this paper, we study amalgamations of cellular automata (CA), i.e. ways
of combining two CA by disjoint union. We show that for several families of CA obtained
by simple amalgamation operations (including the well-known families of majority and
minority CA), the density of a large class of properties follows a zero-one law. Besides, we
establish that intrinsic universality in those families is always non-trivial and undecidable
for some of them. Therefore we obtain various syntactical means to produce CA which
are almost all intrinsically universal. These results extend properties already obtained for
captive cellular automata. We additionally prove that there exists some reversible captive
CA which are (intrinsically) universal for reversible CA.

1. Introduction

Cellular automata (CA) are discrete dynamical systems made of an infinite lattice of
cells evolving synchronously and uniformly according to a common local rule. The model of
cellular automata offers a minimal formal setting to tackle the broad questioning from the
field of complex systems: how repetitions of a simple local rule can lead to complex global
behaviour?

It is well known through numerous undecidability results [8, 9] that determining global
behaviour of CA from their local rule is very challenging. However, the inverse problem of
constructing a local rule to achieve a given global behaviour has received a lot of attention
in the literature with some success. Hence, one of the most celebrated result of CA theory
is the existence of small universal CA (see [2, 3, 15] for smallest known examples in various
settings). Historically, the notion of universality used for CA was a more or less formalised
adaptation from classical Turing-universality. Later [1, 10, 6, 13], a stronger notion called
intrinsic universality was proposed: a CA is intrinsically universal if it is able to simulate
step by step any other CA. This definition relies on a notion of simulation which, in addition
to defining intrinsic universality, provides a sharp formal tool (an infinite pre-order) to
classify cellular automata.

As said before, the existence of intrinsically universal CA is clearly established and
the present paper (in the continuation of previous work of the author [17]) aims at going
further by showing that this property, although highly non-trivial, is in fact very common

Key words and phrases: cellular automata, amalgamation, density, zero-one law, universality.
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and “malleable”. More precisely, we will show that one can define various families of CA,
by purely syntactical constraints on local rules, which have simultaneously the following
properties:

e almost all CA of the family are intrinsically universal,

e intrinsic universality is undecidable in the family.

To achieve this, we study various notions of amalgamation of CA. By amalgamation, we
mean an operation which combines two CA by disjoint union. More precisely, an amalga-
mation operation consists in defining the behaviour of the local rule for transitions involving
states from both CA (see definition 2.4 below). These operations are interesting on their
own and some were already specifically studied from different points of view [4, 5]. We give
several natural examples of amalgamation operations in section 3 and consider associated
families of CA (obtained as the cloture by amalgamation of a finite set of CA). We then
show in section 4 that they all satisfy a zero-one law for a large class of properties (in-
cluding intrinsic universality): a property has either probability 0 or probability 1 in the
family. Finally, in section 5, we focus on the class of intrinsically universal CA and show
that its intersection with the families above is complex (notably undecidable) although
probabilistically trivial. Besides, we prove the existence of reversible captive CA which are
(intrinsically) universal for reversible CA (i.e. able to simulate any reversible CA). This last
result gives another indication of the “malleability” of the notion of (intrinsic) universality.

2. Definitions

For clarity of exposition and although some of the following results extends to any
dimension, we assume throughout the paper that dimension is 1. Moreover, we consider
only centered connected neighbourhoods. In this setting, a CA is triple F' = (Qp,r,0F)
where Qr is a finite set of states, r (the neighbourhood’s radius) is a positive integer op
is a map from Qif“ to Qp. Configurations are maps from Z to @r. The local transition
function dr induces a global evolution rule on configurations denoted Qr and defined as
follows: Ve € Q%, Vi € Z, F(c)(i) = 6p(c(i —r),c(i —r+1),...,c(i + 7).

Let F' be any CA with state set Qr. A subset Q C Qp is F-stable if F(QZ) C QZ.
Then F induces a cellular automaton on Q%, denoted by Fg. G with state set Q¢ is a
sub-automaton of F, denoted by G C F, if there is a F-stable subset @ such that G is
isomorphic to Flg: formally, there is a one-to-one map ¢ : Q¢ — @ such that

Lo G(T—y,...,xr) = Fio(t(x—r), ..., t(zr))
for any x_,,...,x, € Qg.

In the sequel, we denote by F = G the fact that F and G are isomorphic (both F C G
and G C F). Moreover, we say that a state ¢ is quiescent for F if the set {¢} is F-stable.

The relation C provides a local comparison relation on CA which is very restrictive.
We now define a pre-order relation generalizing C by allowing some rescaling operations in
the CA to be compared. Our formalisation below follows! that of [14]. Rescaling trans-
formations considered are very simple: they allow grouping several cells in one block and

1To be precise, we don’t use the shift parameter present in [14] in order to simplify notations. However
all our proofs remains correct when using this parameter in rescaling transformations.
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running several steps at a time. Formally, for any finite set A and any m € N (m # 0), let
m @ AZ — (A™)% be the map such that

Vee AL Nz (bm(0))(2) = (c(mz),c(mz+1),...,c(m(z + 1) = 1)).

We denote by F<"!> the CA b,, o F* o b_!. Once rescaling transformation are defined, the
simulation relation is simply the relation C up to rescaling.

Definition 2.1 (simulation). F' simulates G, denote by G < F, if there are parameters m, t
and m’, ¢’ such that G<mt> C p<m’t’>

From a dynamical systems point of view, if G < F' then there exists a set of configu-
rations X such that the dynamical system (Gt,Q%) is isomorphic to (Ft/7 Z). Using the
pre-order = as a tool to measure complexity of CA, we will particularly focus on prop-
erties which are increasing for <. A property P is increasing if whenever F' < G then
F e€P = G e P. A property is decreasing if its complement is increasing.

As evoked in the introduction, the notion of universality used throughout this paper is
defined as the global maximum class of <.

Definition 2.2 (universality). e F'is universal if for any G we have G <X F.
e F'is reversible-universal if it is reversible and for any reversible G we have G < F.
We denote by U the set of universal CA.

Throughout this paper we consider several families F of CA and we are interested in
the typical properties of elements of F when their state set gets larger and larger. This
is formalised by the notion of density, that is, the limit probability (of some property) for
cellular automata with increasing state set but fixed neighbourhood. Unless it is specified in
the context, the neighbourhood radius 7 is arbitrary and the arity of local rules is denoted
by k with k = 2r + 1.

Any alphabet considered in this paper is a subset of N. We denote by CA the set of CA
and by CA,, the set of CA on state set {0,...,n — 1}. Given a CA F we denote by |F| the
cardinal of its state set. Moreover, we fix once for all a collection of bijections between state
sets of same size (which are always subsets of N): we choose the only bijection which is
increasing according to the natural order of N. Thus we get a standard renaming function
std() such that for any F' € CA and any set X with | X| = |F| we have stdx(F) = F and
the state set of stdx (F') is X.

Definition 2.3 (density). e Given a family F and a property P (both are sets of
CA), we define dr (P), the density of P in F, as the following limit (if it exists):
lim 7“3 N 7|
nelr |fn‘ ’
n—oo

where F,, = FNCA, and I = {n: FNCA, # 0}
e In the sequel, when F = CA, dr (P) is abbreviated to d (P).

The present paper is devoted to families of CA obtained by amalgamation. Intuitively,
an amalgamation consists in making the (disjoint) union of two CA and completing the
transition table in some way (i.e. choosing a value for each transition involving states from
both CA). Precisely, given two CA of size n and p, there are (n 4 p)*¥ — n* — p* transitions
to fix in order to completely define an amalgamation of them. An amalgamation operation
is a description of allowed completion for any pair of CA.
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Definition 2.4 (amalgamation). An amalgamation operation I' is function from pair of
CA to sets of CA verifying for all F,G € CA:
(1) I'(F,G) # 0,
(2) IT(F, Q)| is a function of |F| and |G| only,
(3) if H € T'(F,G) then
(a) H € CApiq,
(b) Hg = stdg(F) and
(¢) Hig = stdg(G)
where p=|F|, ¢=|G|,Q=1{0,....,p—1}and Q' ={p,...,p+q¢—1}.
T is said associative if for any F, G, H it verifies:

I'(F,I(G,H)) =T (I'(F,G),H),
where the notation I' is naturally extended to sets of CA.

Given an amalgamation operation I', and a finite set of CA G, called generators, we
consider the set Fgpr (or simply F when the context is clear) which is the smallest set
containing G and closed by T'.

For any Fi,..., F, € G, we denote by I'(F1, ..., F,) the set

T(F,T(Fy,....T(Fo_1,Fy) ).

If T is associative, any F' € F belongs to some I'(F1,..., F,) for a convenient choice of
Fi,...,F,. Moreover, if F € (G, H)NT(G’, H') then we have necessarily either G C G’
or G' C G. Therefore, if we suppose that there is no G,G’ € G with G C G’, then, for
any F' € F, there is a unique list of generators F1,..., F, € G such that F € I'(F},..., F},)
(straightforward by induction on the size of F).

In the sequel, any family Fgr with such properties will be called an unambiguous
amalgamation family.

3. Examples

We will establish some properties shared by all unambiguous and associative amalga-
mation families in section 4. The present section gives several examples of amalgamation
families interesting in their own to illustrate the previous definitions. Before giving exam-
ples of amalgamation operations and considering the associated families, we will define 3
natural families of CA already considered in the literature which turn out to be amalga-
mation families. First, captive CA (introduced in [16]) are automata where the transition
function is constrained to always choose a state already present in the neighbourhood.

Definition 3.1. A captive CA of arity k is a CA where each transition verifies the captivity
constraint: dp(x1,...,x) € {z1,...,2}. The set of such CA is denoted by K.

A cellular automaton with 2 states known has the majority vote CA has received a
lot of attention in the literature (see for instance [11]). Its transition rule simply consists
in choosing the state which has the greatest number of occurrences in the neighbourhood.
We will consider generalisations to any number of states of the majority vote CA and its
symmetric, the minority vote CA.

Definition 3.2. o A majority CA of arity k is a CA where each transition verifies the
majority constraint: dp(z1,...,xx) € {x;: Vj,c(i) > c(j)}, where c(i) = [{j : ; = z;}|.
The set of majority CA is denoted by MAJ.
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e The set MZIN of minority CA is defined analogously, the condition on each transi-
tion becoming: §p(z1, ..., ax) € {@i : V], c(i) < c(j)}.

We now proceed the opposite way and define natural amalgamation operations in order
to consider associated amalgamation families in the sequel.

First, we define the general amalgamation operation I'; as the one where all pos-
sible completion of transition tables are allowed. I'y is obviously non-associative since
there are some G € I'y, (Fl, L'y (Fo, Fg)) having transitions involving only states correspond-
ing (through std()) to Fy and F» which leads to some state corresponding to Fj: this is
impossible in I'y (Fg(Fl, Fy), F3)

Since associativity plays an important role in determining the density of properties in
amalgamation families, we define the amalgamation operation I'; obtained by adding the
following restriction: any completion of the transition table must ensure when possible that
the union of any pair of stable subsets is itself a stable subset.

Definition 3.3. T', is defined as follows: for any F' € CA, and G € CA4, I'y(F, G) is the set
of all automata G € CApyq such that if @ ={0,...,p—1} and @' ={p,...,p+¢—1}:

(1) H‘Q = StdQ(F) and H‘Q/ = StdQ/(G)7

(2) forany L C Q and R C @, if both L and R are H-stable then L U R is also H-stable.

Proposition 3.4. T', is associative.

Proof. Let Fy, Fy, F3 € CA and consider any G € T'y(F1,T,(F2, F3)). Denote by Q1, Q2
and Q3 the state sets corresponding to Fj, F and F3 (respectively) in G. First it is
straigthforward to check that G|g,uq, € ['a(F1, F2).

Now consider any L C Q1 U Q2 and R C (3 which are both G-stable. Let L1 = LN Q1
and Ly =LNQ2. LyUR is G-stable because G|g,uq, € ['a(F2, F3). Therefore LUR
is G-stable because it is the union of stable sets L1 C Q1 and Lo UR C Q2 UQ@3 and
G e Fa(Fl,Fa(FQ,Fg)). Hence G € Fa(I‘a(Fl, Fg), Fg) ]

One can notice that the condition on stable subsets satisfied by I',, is a necessary condi-
tion for associativity (remark on I'y above). Thus, I, is the largest associative amalgamation
operation.

The 3 families I, MIN, MAJ rely on a constraint applying to each transition indi-
vidually. It is thus natural to consider for each one the amalgamation operation where any
completion in the transition table fulfils the constraint.

Definition 3.5. e ['i is the amalgamation operation defined as follows: for any F' €
CA, and G € CAq, T'x(F, G) is the set of all automata G € I'o(F, G) such that any
transition involving states from both {0,...,p— 1} and {p,...,p+ q — 1} satisfy
the captivity constraint.

e The amalgamation operations I' \yzps and 'y 4.7 are defined analogously using the
minority and majority constraint respectively.

Proposition 3.6. Let Gg be the set containing only the trivial CA with a single state. Each
of the sets K, MIN and MAJ forms an unambiguous amalgamation family associated to
Go and Ui, Tpzn or Taqag (respectively).

Proof. We consider the family K (proofs for MZN and MAJ are similar). First, it is
straightforward to check that I'x is associative. Moreover, since any state g of any captive
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CA F is quiescent, it follows that F' € T'.(Gy, ..., Gq). Conversely, any F in I'x(Gy, . .., Go)
—_———
|7
is a captive CA since it has only quiescent states and all other transitions fulfils the captivity
constraint by definition of I'g. [

4. Density of Properties

In this section, we are interested in typical properties of CA from a given amalgamation
family. First, one can establish that any amalgamation family is negligible in the set CA.
Therefore, the typical behaviour of CA from some amalgamation family is a priori not
related to the typical behaviour of CA in general. In the next section, we will establish that
typical behaviour of several amalgamation families is interesting (theorem 5.4), whereas
nothing is known for CA in general.

Proposition 4.1. If F is an amalgamation family then d (F) = 0.

Proof. This is a straightforward corollary of proposition 1 of [17] since by definition any
sufficiently large F' € F possesses a non-trivial sub-automaton. (]

We will now focus on unambiguous amalgamation families and establish the main result
of this section which gives a simple sufficient condition for a property to have density 1 in
such a family.

Definition 4.2. Given a set of generators G and an amalgamation operation I', we say
that a property P is malleable for G and I if the two following conditions hold:

(1) P is increasing,

(2) there is 4 such that, for any Fy,..., F; € G, T'(Fy,..., F;) NP # 0.

It is straightforward to check that for an associative amlgamation operation and a set
of generators which is a singleton, the malleable properties are exactly the increasing (non-
void) properties. this is the case for K, MZN and MAJ. Concerning I';, and a non-trivial
set of generators, we have the following proposition.

Proposition 4.3. Let G be any set of generators. Any increasing property P containing a
captive CA is a malleable property for G and T',.

Proof. Consider any F' € PN K and let {a1,...,a;} denotes its state set. Let F,..., F; € G.
For any 1< j <4 there is a positive integer ¢; and a state ¢; of F; such that g; is a
quiescent state of F ;j (because the phase space of Fj restricted to uniform configurations
necessarily contains a cycle). Now let m = lem(t;) and denote by e; the state of any CA
from T'o(Fi, ..., F;) corresponding to ¢; (for any 1 < j <4). Since F is captive, one can
choose H € T',(F1,. .., F;) such that : for any k-tuple ji,...,j% € {1,...,4} with at least 2
distinct elements:

5F(aj1, - ,ajk) = Qg —> (SH(ejl, e 7€jk) = €q.
Hence, although the set {eq,...,e;} may not be H-stable, the only potential obstruction to

this stability comes from the fact that states e; are not all quiescent for H. In any case, we

have:
FrC H™
and thus F' < H; and H € P which concludes the proof. u
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We now establish the central result of this section.

Theorem 4.4. Let F = Fgr be any unambiguous amalgamation family. Then, for any
malleable property P, we have dg (P) = 1.

Proof. Let a and 3 denote the minimum and maximum size (respectively) of elements of
G. By unambiguity of F, we can partition J,, for any n € Ir according to:

Fo= U T E).

n/B<p<n/a,
Fi,., Fp€G,

S|Fil=n
Let us fix some p with n/8 < p <n/a and some list of generators Fi,...,F, € G with
> |Fi| = n. We will show that there exist some 0 < A < 1 depending only on P, G and I’
such that we have for sufficiently large p:

T'(Fi,...,Fp) \ P

< NP
T(F1,...,Fp)
By the above partition, this property implies
|7l

which concludes the proof.
By malleability of P there exists i such that we have T'(Fjiy1, ..., Fjt1);) NP # 0 for
any 0 <j < EJ Moreover, since I is associative, one has the following partition

L(Fy,...,Fp) = U P(Go s G o s PFy 4o ).
GHET(Fjit1,- F(j11)i)

vj, 0<5<| 2]
By definition of amalgamation operations, each set of the above partition has the same
cardinal. Therefore, if we denote by € the proportion of L%J-tuples (Go, .-, Gtgjfl) from
the above list such that G; ¢ P for every j, then we have: '

|T(Fy,..., Fp)\ P| .
|F(F13---3Fp)| n

Finally, let m depending only on G, I and P be defined by

m =max{|G|: G €T (G,...,G)}.

——

i

By choice of ¢ (malleability of P), we have for any sufficiently large p:

Lo (m-t L%J.
)

1
Thus, choosing A = (—)E, we have the desired property. (]
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Given a family F of CA, we say that it has the zero-one law for monotone properties

if any property P which is non-trivial in F (i.e. both F NP # @ and F \ P # 0) verifies:
e if P is increasing then dr (P) = 1,
e if P is decreasing then dx (P) = 0.

We have shown that malleable properties are of density 1 in unambiguous amalgamation
families (theorem 4.4), and that some sets of increasing properties are malleable for some
unambiguous amalgamation families (proposition 4.3 and remark above). Therefore we
have the following corollary.

Corollary 4.5. Fach of the following families has the zero-one law for monotone properties:
(1) K,
(2) MIN,
(3) MAJ.
Moreover, any unambiguous family associated to Iy verifies the zero-one law for monotone
properties which are non-trivial in IC.

5. Universality

In this section, we are interested in the intersection of & with the different families
considered until now. In order to show that these intersection are generally non-empty,
we will study the general problem of how to encode CA from a family into CA of another
family preserving the intersection with U.

Formally, given two families of CA F; and F3, a computable injective function ® : 7 — Fo
is an encoding form Fp into F; if for all Fy € Fy we have: Fy <X ®(F1). It is faithful if we
additionally have F; e U < ®(F) € U.

Recall that our convention throughout the paper is to consider CA of fixed neighbour-
hood. Thus, an encoding send CA of a family to CA of another family with the same
neighbourhood. In the sequel we will use the following alternative characterisation of uni-
versal CA proved in [12].

Proposition 5.1. F € U if and only if for any G, there are parameters m,t such that
G C F<m,t>’

We now give encoding results of captive cellular automata into different families.

Proposition 5.2. There exists an encoding from K to MAJ and an encoding from K to
MIN.

Proof. Let F € K and let @ its state set. Denote by H the CA from M.AJ defined as
follows?:

6p (w1, ... ) = max{w; : Vi, c(i) > c(j)},
where ¢(i) = |{j : zj = ;}|. Now let Q' =Q x {1,...,k} and denote by 7 and 7 the
projection from @’ to @ and from Q' to {1,...,k} (respectively). We furthermore denote

2This particular choice of H is not important to establish the proposition. However we conjecture that
this particular choice ensure that the encoding is faithful.
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by X the set of words on alphabet {1,...,k} of the form ¢- (i +1)---k-1---(i—1). We
define the CA G (in a computable way) as follows:

(5F(7T1(:L‘1), e 7771(551?))’71'2(:%%-&-1)) if 7'(‘2(:1?1) S 772(l‘k) S )(7
O0p(z1,...,2K) else.

og(xr,...,zx) = {

Since the first case of the above definition implies that there are no two occurrences of a
same state in the neighbourhood, and by choice of H, we have G € MAJ. Moreover,
considering the set of configuration whose second component is periodic of period 1-2-- -k,
one verifies that definition of G implies F<k1.0> C G<k1.0> an( therefore F < G.

The construction of an encoding from K to MZN is very similar. Indeed, the simulation
takes place on a set of configuration where the minority/majority constraints reduce to the
captivity constraint. n

Concerning unambiguous amalgamation families associated to I'y, one can establish a
stronger result.

Proposition 5.3. Let G be a set generators such that GNU =0 and let F be the family
associated to G and T'y. There exists a faithful encoding from IC to F.

Proof. The faithful encoding relies on a modified version of the construction in the proof
of proposition 4.3. Let F € K with state set {a1,...,a;} and consider any Fy,..., F; € G.
Using the same notation let Q; = {n;,...,n; + |F;| — 1} and E = {e1,...,€;}}. With the
same construction method, one can easily prove that there exists H; € F such that:

(1) for any k-tuple jq,...,jkr € {1,...,1} with at least 2 distinct elements we have

5F(aj1,...,ajk) =0q = 5Hi(€j17"'76jk) = Ca;
(2) for any k-tuple x1, ...,z with {z1,..., 25} € Q; (for all j) and {z1,...,2x} £ E
we have
S, (21, ..., 2x) = max{z; : v; € B},

(3) F™mo T H™.

Now suppose H; € U and consider some G, € U with only 2 states (but with a neigh-
bourhood possibly larger than k). Since by hypothesis G,, < H;, proposition 5.1 implies that
there are parameters m, t such that G, C H;<"*>. Denote by ¥ the set of configurations of
H; where the simulation occurs. First, we have ¥ € QJZ» (for all j) since otherwise it would
imply that F; € U. Moreover, if we suppose ¥ € E”. then there is some configuration ¢ € 3
and some position z € Z such that {c.,...,c,1p—1} € Q; and {c;,...,coqp—1} € E. Then
condition 2 of the definition of H; applies at position z. Intuitively, starting from position
z, a region of states all in @); for the same j will grow unless it meets some state in @
with j > j in which case a larger Q; region appears. Applying this reasoning until the
maximal j is reached, it is straightforward to show that there is ¢g such that Vi, > ¢y the
configuration d = Hf* (¢) has for some 2’ € Z and some j the property:

V2" 2 <2 <24 2m d(z”) € Qj.

It means that some state of G, is simulated by group of states of H; all in (); for the same
j. This implies either ¥ C Q; or that G, has a spreading state (a state  such that each
cell with z in its neighbourhood turns into state x). The two cases being contradictory
with hypothesis (F; ¢ U and G, € U and has only two states), we conclude that ¥ C EZ.
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Therefore, by condition 3 of the definition of H;, we have G, T F<™m0:!> and thus F € U
which concludes the proof. [

Using results, one can prove the following theorem showing that the intersection with
U of families K, MAJ, MZN and any unambiguous F associated to 'y, are non-trivial.

Theorem 5.4. There exists ro such that for any fized Von Neumann neighbourhood of
radius v > 19, and for any family F among K, MIN, MAJ or an unambiguous family
associated to Ty, then we have dr (U) = 1.

Moreover if F is neither MIN nor MAJ, we have also:

o U is undecidable in F,
o for any F € F\U there is G € F\U with F < G but G A F.

Proof. The first part of the theorem follows from propositions 5.2 and 5.3, from the existence
of universal captive CA (proven in [17] for > 7) and from corollary 4.5.

The second part is proved in theorem 2 and corollary 3 of [17] for the family K. It
generalises to unambiguous families associated to I'y by propositions 5.3 above. n

Much less is known about the structure of < concerning reversible CA. However, as
we will show below, there exists reversible-universal captive CA. This naturally raises the
question (unanswered in this paper) of the density of reversible-universal CA among captive
reversible CA. The existence of reversible-universal captive CA relies on the existence of
reversible-universal CA of a special kind, equipped with an unalterable state.

Proposition 5.5. There exists a reversible-universal F such that F and its inverse F~!
possesses a common wall state, i.e. a state q such that any cell in state q remains in state
q under both the action of F and F~1.

Proof. Consider any reversible-universal CA G (see [7] for an existence proof) of state set
Q¢ and radius r. Let ¢ be an additional state not in Qg and let @ = Qg X Qg U {q} (it
is straitghtforward to translate this state set into a subset of N, but we don’t for clarity).
We will see any configuration ¢ € Q% as the disjoint union of configurations from Q% corre-
sponding to zones between occurrences of state g. A finite zone between two occurrences of
g will be seen as a torus of states from (Q¢g, semi-infinite zones as bi-infinite configuration
in Q% and bi-infinite zones as pair of configurations in Q%; We formalise this through
functions LT, L}, R, R} which give the state of the “logical” neighbours of a “logical” cell
(according to the previous description): L/R stand for left/right neighbours and 1/] for
up/down layers (in a zone without g, cells contain 2 layers of “logical” cells).
Formally, for any z € Z and ¢ € Q% such that ¢(z) # g these functions are defined by:
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€ ifp=0
Li(z=1,p—1)-a ifc(z—1)=(a,b) € Q%
Lsp—1)-f  ife(s—1)=qand e(z) = (a, 5)

L'(z,p)

€ ifp=20
LYz,p) = L' z+1,p—1)-b ife(z+1) = (a,b) € Q%

L'(z,p—1) -« if c(z4+1) =gq and ¢(z) = («a, 5)
€ ifp=0

Rlp) = {a Rz +1,p—1) ife(z+1)=(a,b) € Q%
B-RY(z,p—1) if e(z+1) =q and c(2) = (o, 8)
€ ifp=0

R (z,p)={b-Ri(z—1,p—1) if ¢(2 — 1) = (a,b) € Q%
a-Rl(z,p—1) ife(z—1) =qand ¢(z) = (o, 5)

Now define F on any ¢ € Q% by:

ey if ¢(z) = g,
HeE {(6G<LT<Z,r)c(z)sz,r>>7éa<Ll<z,r>c<z>Rl<z,r>>) else

F is a well-defined CA since L'(z,7), R(z,7), (L'(z,7) and R'(z,7) depend only on the
2r + 1 cells surrounding z. It is clear from the definition that G < F since F' behave like
the product of G and its symmetric on configuration without g.

To show that F' is reversible, it is sufficient to notice that applying the same construction
to G~1, one gets a CA F’ such that for any ¢ € Q%: F'(F(c)) =c. ]

Proposition 5.6. There ezists a reversible-universal captive CA.

Proof. Let F be any CA of radius r, state set Qr = {q1,...,¢,} and having a wall state g.
One defines the captive CA F, on state set Q = Qp U {L, R} with radius 7’ = (n + 3)(r + 1)
as follows. Let u = Lq1q2 -+ - g R. Any word w = w_, -+ -wp - - - w, of length 27" 4+ 1 over Q
such that wg € Qg can be written in the form:

W = VUL UT;—1U - UTO ULLU "+ - TjUVy

' '

where 2, € QF for all p and ¢ and j are maximal for this form. To the word w we associate
the word 7(w) = ¢"~*&; -+ -xo - - xj¢" . Now we define F; by:

~Jeo if €_(n+2) """ Cn+2 Z uQru,
5F,,. (e—'r > ) Er ) - {5F (ﬂ'(e,w ... er,)) else.

For any ¢ € Q% let A(c) = {z € Z: ¢(2)---c(z +n+ 1) = u}. It is straightforward from the
definition of F; to check that A(c) = A(Fx(c)). Therefore we also have B(c) = B(Fy(c))
where B(c) ={z € Z: ¢(z — (n+2))---c(n+2) € uQru} . Now, if we apply this construc-
tion to F and F~! obtained by proposition 5.5, we have from the above remark that F}, o F7!
is the identity and therefore F is reversible.

Finally, one can easily check that F' < F,, by considering configurations of the form
“(u@Qr)* and the proposition follows. [
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6. Perspectives

This paper leaves many question unanswered. First, although it was not directly ad-
dressed in this paper, determining the density of & in the whole set of CA remains a
completely open problem of prior interest.

Concerning the amalgamation operations themselves, it would be interesting to follow
[4] and [5] and define new amalgamation operations where the way of completing transition
tables is controlled by a two-state CA. For such amalgamation operations (and for I'y
also) we believe that the zero-one law is still valid (at least when the set of generators is
unambiguous). However, for the amalgamation of J. Mazoyer et al., knowing when and how
universality can be achieved starting from non-universal generators seems very difficult.

More generally, for any amalgamation operation, the associated family has only a finite
set of nilpotent. Therefore nilpotency is a decidable property in the family and many clas-
sical undecidable problems are to be reconsidered when restricted to such families. Among
them, we think that reversibility and surjectivity in dimension 2 and properties of limit sets
are particularly intersting.

Concerning reversible CA in dimension 1, we wonder whether it is possible to define
a non-trivial amalgamation family made of reversible CA only and for which density of
reversible-universality is 1. To that extent, we remark that no majority CA is reversible and
there are reversible-universal captive CA, so amalgamation families lying between MAJ
and IC are worth being considered.

Finally, even if some amalgamation families share many properties concerning the class
U, there is no reason why typical CA from two different families should have a similar
dynamical behaviour. A possible formalization of this could be to study the p-limit sets
of typical CA from different families. For instance, one can establish that p-limit sets of
majority CA consists in fixed-point configuration only (proposition omitted from the present
paper due to lack of space). We believe that non-trivial properties of p-limit sets of typical
CA from K or other families could be established.
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ABSTRACT. Here we present a new non-recursive minimal-time solution to the Firing
Squad Synchronization Problem which does not use any recursive process. In 1962, E. Goto
designed an iterative algorithm which uses Minsky-McCarthy’s solutions to synchronize
in minimal-time. Our solution does not use any standard recursion process, only some
“fractal computation”, making it a purely iterative synchronization algorithm.

Introduction

The firing squad synchronization problem (FSSP for short) has been the subject of
many studies since 1957 when Myhill stated it and Moore reported it (see [Mo64]). We can
state the problem as follows:

Does there exist a finite automaton such that a chain of n (whatever n

could be) such automata would be synchronized at some time 7 (n) after

being initiated at time ¢ = 07 Each automaton is connected with its two

neighbors and is assumed to be structurally independent of the number n.

The synchronization is a configuration such that each automaton is in a so-

called firing state which was never used before time 7 (n) and the ignition

configuration is a configuration such that every automaton but the first one

of the chain is in a quiescent state.
Besides the fact that numerous papers were published about it and many different solutions
were designed to solve the problem in various conditions, one of the very first solution made
by Goto remained mythical for a long time. His courses notes are not available and Goto
has not published his solution elsewhere. Many years later, Umeo (see [Um96]) was the first
who tried to reconstruct it as he was able to talk to Goto himself who then gave him some
old incomplete drawing. After that, Mazoyer (see [Ma98]) made a possible reconstruction
of it but did not published it.

Key words and phrases: parallel computations, synchronization, firing squad, cellular automata.
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In this paper we do not try to strictly reconstruct Goto’s solution but to use his main
idea to build a new minimal-time solution with the following interesting characteristics in
mind:

e the iterative process ensures that we do not need a complex discretization process;
e the set of signals used is small; we will see that an implementation will give us the
opportunity to use only two different signals (slope 1 and slope 3);
there is only one “cut” of the line;
e we want to obtain a solution whose energy consumption is lower than n

2.
’

1. The schema

Figures 4, 5 , 6 illustrate the overall mechanism involved. Roughly speaking, we can
say that the main idea, due to Goto (see [Go62]) is to split the line into successive sublines
the lengths of which are a sequence of powers of 2 (20, 21, 22 etc.), from the left and from
the right. We will use this iterative decomposition to place some minimal-time firing squad.
Of course it is possible to use any minimal-time solution, even the one we are constructing
as Gerken did, but we choose to use some specific solutions able to efficiently synchronize
powers of 2 - see [Yu08].

As it is not always possible to cover the line with such left and right sublines something
must be built in the middle to ensure that the residue is also correctly synchronized, either
ensuring some overlapping or filling the hole.

Different constructions are involved:

e splitting the line into successive sublines of length powers of 2 from the left;
e starting appropriate minimal-time solutions on the left sublines;

e splitting the line into successive sublines of length powers of 2 from the right;
e starting appropriate minimal-time solutions on the right sublines;

e filling the empty space in the middle of the line when necessary.

In the following we will always consider that cells of the chain are numbered from 0
(the left cell) to n — 1 (the right cell) and that the time starts at 0.

2. Splitting the line into successive sublines of length 2! from the left

Splitting a line into successive power of 2 is easy and is illustrated in Figure 1(a).
Suppose that length [ has already been constructed in space, i.e., the distance between the
abscissas of the two sites P/ and P/, is [.

From P! two signals are issued. The first, of slope 1, goes to the left until it meets the
previous stationary signal issued from P/_, then bounces back in the reverse direction until
it meets the signal of slope 2 issued from P} to the right. That crossing point P/ ; is the
new starting point of the next construction. If we start with [ = 1, then it is easy to see
that all powers of 2 are successively constructed in space.

The previous construction is due to Goto, but for different reasons that we will explain
later, we need to also use another construction illustrated in Figure 1(b). Suppose that
length I has been constructed and that P; and P/ are located on the same vertical and

3

distant by {. Then, the meeting of the signal of slope 1 issued from P/ and the signal of
slope % issued from P; is P;41 and is exactly at distance 2! (in space) from P;. At the same

time if we start a signal of slope 2 from P/, it meets the stationary signal issued from P;1;
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’
le

l 21

(a) from below (b) from above
Figure 1: Constructing P;’s, P/’s

at point P}, distant from P,y by 2. Then again it is easy to see that if we start with
[ =1, all powers of 2 are successively constructed in space.

We shall also need the midle P/’ of P/P;;; which in obtained by starting a signal of
slope 2 from P;.

Starting from P| = [1,1] then, with the preceding constructions, one can see that, for
all ¢ > 2, the constructed points have the following coordinates:

P = [Qi—l 3.2 - 1)] (2.1)
P/ = [21-1,2"1 3] (2.2)
P = [321 V1,527t 3] (2.3)
Q: (2071 —1 521 1 3] (2.4)

The previous signals and the above equations are more easily viewed with the help of Pascal’s
triangle modulo 2 (which is obtained via Wolfram’s rule 60) as one can see in Figure 2.

3. Synchronizing left sublines

To synchronize the cells of the left constructed sublines, one can use the schema illus-
trated by Figure 3(a).

Every stationary signal issued from P; meets the return of the main signal (a line of
equation y = 2n — x) at S; = [2° — 1,2n — 2° + 1] where a minimal-time solution can be
started with an initiator at right using the stationary signal issued from S;_; as a border.

4. Splitting the line into successive sublines of length 2! from the right and
synchronizing them

The construction is illustrated by Figure 3(b). As one can see, we use the left construc-
tion to build the right sublines. From every @; a signal of slope 1 is started to the right
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Figure 2: Rule 60 helps

until it meets the return of the main signal, then at that point a stationary signal is set up
which will meet the symmetric counterpart of the return of the main signal issued from the
middle of the line at a point named S]. From each of those points, a minimal-time solution
can be started with an initiator at left, using the stationary signal issued from S} ; as a
border.

5. Filling the empty space

Depending on the length of the line it is necessary to carefully consider what happens
in the middle of the line. Points S; and S} are symmetric relative to the middle of the line.
Depending whether S;, is left or right to S}, the last left and right sublines overlap or not. A
simple analysis shows that there exists three different cases to consider about the position
of points P, P’, P" relatively to the return of the main signal (signal of slope 1 issued from
the left cell which bounces back from the right border).

Whatever be n, there exists ¢ such that one and only one of the following cases occurs:

(1) P;, P/ and P/ are all constructed before the main signal has returned and P;1; is

not;

(2) P; and P/ are constructed before the main signal has returned and P} is not;

(3) P; is constructed before the main signal has returned and P/ is not.

5.1. Case 1: P, P’ and P” before

Figure 4 illustrates the case where there is an index i such that P/ has been built
before the main signal has returned and it is not the case for P;+1. With the help of Eqgs 2.1



GOTO’S CONSTRUCTION AND PASCAL’S TRIANGLE 199

Gt
N,
)
Q2
v Py
P
Qs
S, 4
s 5
s 4
12 =2 =2 2 1
(a) from left (b) from right

Figure 3: Synchronizing sublines

and 2.3, these two conditions lead to:
52071 -3 < 2n—3201 41
2n -2 41 < 3.(20-1)
then to

2l 2 < n
n < 2i+l+2i—1_2

and the following equation holds
2l o < < 2l p 2t 9 (5.1)
In that case synchronization is achieved by constructing the following firing squads:

e i minimal-time FS are started on sites Sy = [2F — 1,2n — 28 — 1] (1 < k < i);

e i minimal-time FS are started on sites S}, = [n — 2% — 1,2n — 28 — 1] (1 <k <4). A
special case has to be considered for Sj as P/, ; has not been built by definition. To
build S/ it is sufficient to compute @; = [20~1 — 1,5.20~1 — 3] and its meeting point
with the return of main signal, i.e. the meeting point of L : y =z + 2it1 2 and
L' : y = 2n — x which has abscissa n — 2 + 1;

e an additional minimal-time FS can be started on site S;, propagates to the right
and uses the stationary signal issued from P as its end-of-line.

For this schema to work we must verify that:
e S! can always be built on time (it must appear before the middle of the line)
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e S/ must appear at the left of P/, so that all cells in between S; and S} can be
synchronized by an appropriate FS.
We know that S/ has coordinates n — 2¢ + 1 and that P/ has abscissa 5.27! — 3 then we
must have: )
o< op-241
{ n—2+1 < 521-3
which is

2i+1_2 < n
n < 72714

\'.‘ :
Sy i : A H
s : s 5
S 1 51 1
12 1; =2 L=2 2 1 12 =2 =20 2 1
(a) general case (b) limit case

Figure 4: P, P’ and P” before

5.2. Case 2: P and P’ stricly before, P” after

Figure 5 shows what is constructed when there is an index ¢ such that P/ has been built
strictly before the return of the main signal and that it is not the case for P;. With the
help of Equations 2.2 and 2.3, these conditions lead to:

2 —3 < 2n—2041
2n—3271+1 < 5271 -3
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which gives

{ 3201—2 < n
n < 20712
and the following equation holds
327 —2 << 2t 2 (5.2)
In that case synchronization is achieved by the following constructions:
e i minimal-time FS are started on sites Sy = [2F — 1,2n — 28 — 1] (1 < k < i);
e i—1 minimal-time FS are started on sites S} = [n —2F — 1,2n — 2F — 1] (1 < k < i);
e a minimal-time FS is started from S; propagating to the right and using the sta-
tionary signal issued from P! as its end-of-line.
For this schema to work some conditions must be verified:

e P! must be constructible;
e S/, must be at the left of P/ so that the appropriate FS started at site S; synchro-

nizes at least the cells in between S; and S}_;.
We know that the abscissa z of S/_; is solution of 2n —z = x — 2¢ + 1 + 2771 — 3 so that
z=n—2"142. So we must have:

3.2i71 1
n—2142

3201 -1 < n
n < 2i+1_3

n .
3271 1

IAIA

which gives

which is exactly the condition of Equation 5.2.

P

\ \\PZ

»Pz

S U

(a) general case (b) limit case

Figure 5: P, P’ before, P” after
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5.3. Case 3: P before, P’ and P” after

Figure 6 illustrates the construction when there is an index ¢ such that P; has been
built before the return of the main signal and that it is not the case for P/. Then with the
help of Equations 2.1 and 2.2, we have:

3.2 —1) < 2n—-2041
2n—2041 < 21 -3
thus ) )
2042722 n
n 3.271 -2

INIA

and the following equation holds
204272 _2<n<327 -2 (5.3)
In that case synchronization is achieved by constructing the following firing squads:
e i minimal-time FS are started on Sy = [2¥ — 1,2n — 2F — 1] (1 < k < 4);
e i — 1 minimal-time FS can be started on S}, = [n — 2% — 1,2n — 28 — 1] (1 < k < 9).
Note that S}_; is built by a special process issued from Q;_; as done in case 1.
For all this to work correctly, some conditions must be verified:

e S/, must appear on the left of S;, such that an every cell will be synchronized.
° ;_1 must appear on time (before the middle cut of the line).

We know that the abscissa x of S;_l is solution of 2n —z = — 2072 4+ 1 + 5.2772 — 3 then
that = n — 2= + 1. So we must have:

which gives

n < 3.271_2
2092 <

which is implied by Equation 5.3. A ‘
As for every integer n , there exists 4 such that 2 —2 < n < 2¢*1 -2, from Equations 5.1,
5.2, 5.3, this proves the main result of this paper.

Theorem 5.1 (Yunes). The schema synchronizes every line of length n € N.

6. Conclusion

A strict implementation of the preceding schema is possible but we would like to show
how many interesting optimizations can be done.

First we can remark that if any minimal-time solution can be used to synchronize the
sublines, every subline has a length which is a power of 2. Then according to Yunes and
Umeo (see [Yu08] and [Um07]), we know that it is possible to synchronize a line of length
2k with only 4 states, such solutions are algebraic and do not use any signal. Thus using
such a construction will certainly lower down the total number of states.

But more than this, if we use one of these 4-state solutions then we can use them as
the support for the construction of all the interesting points P, P/, P" and Q as one can
see in Figure 2.
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(a) general case (b) limit case (c) limit case

Figure 6: P before, P’ and P” after

Now one can remark that there are only two kind of signals: slope 1 and slope 3. And
the signal of slope 3 is only used to cut the main line into two equals parts. We actually do
not know if an explicit construction of this signal is necessary.

Besides the fact that such a schema is the very first one, one can observe that it has
many interesting characteristics which probably nobody never thought about.
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ABSTRACT. Take a cellular automaton, consider that each configuration is a basis vector
in some vector space, and linearize the global evolution function. If lucky, the result could
actually make sense physically, as a valid quantum evolution; but does it make sense as
a quantum cellular automaton? That is the main question we address in this paper. In
every model with discrete time and space, two things are required in order to qualify as
a cellular automaton: invariance by translation and locality. We prove that this locality
condition is so restrictive in the quantum case that every quantum cellular automaton
constructed in this way — i.e., by linearization of a classical one — must be reversible. We
also discuss some subtleties about the extent of nonlocality that can be encountered in the
one-dimensional case; we show that, even when the quantized version is non local, still,
under some conditions, we may be unable to use this nonlocality to transmit information
nonlocally.

Introduction

After some tries [9, 4, 5, 1] at defining and studying quantum cellular automata, it is now
believed to be fairly well understood how reversible quantum cellular automata (RQCA)
should be defined, and what their basic properties are. As with classical cellular automata
(CA), there are two levels on which RQCA are defined: as local transition functions or as
global evolutions. The definition of RQCA proposed in [8] focuses only on the properties
of the global evolution, based on the two essential points of invariance by translation and
locality. It was also proved in the same paper that each reversible cellular automaton
could be “quantized” in a natural way, and the result would be a RQCA. Furthermore,
it was proved that RQCA can be implemented with local means, thereby reinforcing the
parallel with CA; this was first done in the one-dimensional case [8, 2], the result being later

2000 ACM Subject Classification: F.1.1.
Key words and phrases: cellular automata, quantum cellular automata, open cellular automata, quanti-
zation, locality, localization.
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extended to the general case [3]. Also, they involve no measurement procedure; the global
evolution of a RQCA can be described by a unitary operator, while its decomposition as
layers of local operations consists only of small unitary transformations.

We would like now to extend this framework to include cases where the global evolution
is no longer described by a unitary operator, but by an isometry. This would be the first
step in the investigation of nonreversible quantum cellular automata (NRQCA). The main
problem with this topic, nowadays, is that there is no practical definition for such things.
Our aim is to provide such a definition and work out the basic properties of NRQCA.
Invariance by translation and locality as defined in [2] are still properties that NRQCA
should obviously have. In this paper we will ask and answer this question: when does the
quantization of a CA have these properties? Since the translational invariance comes freely,
the real question is: when is the quantization local?

Section 1 will be devoted to the mandatory definitions. We will be quick as we assume
the reader is familiar with the basics of CA and somewhat familiar with quantum computing.
We then show with theorem 2.1 that the locality — more precisely, the uniform locality,
cf. definition 1.7 — of the quantization is equivalent to reversibility, therefore extending
the results presented in [8, 2], and proving that no NRQCA can be constructed in this way.
In Section 3, we discuss the one-dimensional case. We show that, in some cases, even if
the quantization is not uniformly local, it can still be local in a weaker sense which forbids
some kinds of long-distance communications.

1. Definitions

We will now introduce the basic definitions of quantum cellular automata. For technical
reasons, we will work mainly with finite configurations. This is because they are countable,
as opposed to infinite configurations, and we want to have vector spaces of countable di-
mension, so as to simplify the formalism of [8]. This distinction between finite and infinite
configurations is not so important, as was shown in [2]; anyway, we are only interested in
locality conditions for quantizations of CA. We do not restrict the dimension of the space,
which will be some positive integer d. We denote g the quiescent state, and ¥ the rest of
the alphabet, assuming ¢ ¢ ¥; the union of ¥ and {q} is denoted ¢X. The sets of finite
configurations is denoted Cy; it contains the elements of (qE)Zd that are equal to ¢ almost
everywhere on Z.

Whilst configurations hold the basic states of an entire line of cells, and hence denote
the possible basic states of the entire QCA, the global state of a QCA may well turn out
to be a superposition of these. The following definition works because C; is a countably
infinite set.

Definition 1.1 (Superpositions of configurations).

Let Hc, be the Hilbert space of configurations, defined as follows. To each finite configura-
tion ¢ is associated a unit vector |c), such that the family (|C>)cecf is an orthonormal basis
of He,. A superposition of configurations is then a unit vector in Hc,.

We used here Dirac notation. Likewise, (c| denotes the dual of |¢), i.e. the linear form on
He, such that for all d € Cy, (c| (|d)), which is noted (c|d), is equal to d.4. These notations
may then be combined the other way around, |c)(c'| being the linear transformation of Hc,
such that |¢)(c/||d) is, quite naturally, equal to (c/|d)|c).
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States on Hc, are nonnegative hermitian operators of trace 1. For instance, for each
superposition of configurations |v), 1) (1| is a state, called in this case a pure state. Phys-
ically, states describe the actual state of matter; they bear all the information that can be
measured in the system. The cells of our CA are in the pure state [¢) (1| when what lies
on them is, with certainty, the superposition |¢). Actually, each state can be approximated
by convex combinations of pure states. It means that the actual physical state of our CA
at some moment can be described as a (possibly infinite) sum > p;|1;){(1;|, where the p;’s

K3

are positive, > p; = 1 and the |1);)’s are pairwise orthogonal.

We will bé manipulating isometries a lot. Unitary operators should be well-known, but
isometries are probably somewhat less familiar, so let us write down their definition. A
linear operator G : He, — Hc, is isometric if and only if {G|c) |c € Cy} is an orthonormal
family of Hc,. This can also be expressed simply using the adjoint G' of G. By definition,
when G is a endomorphism of He,, G' is the endomorphism of H¢ ; such that for every
o), [¥) € Hey, (@lGlY) = (¥|GT|p). This way, G' is indeed always unique; however, it is
defined if and only if G is continuous. When G is isometric, G is of course continuous, and
actually, G is isometric iff GTG = Id¢ ;- If, moreover, G is onto, it is said to be unitary; so
G is unitary if and only if GTG = GGT = Ide, .

Now, we are talking about CA, whose one important feature is shift-invariance. The
definition of shift-invariance in a quantum context, with all these linearizations, is actually
no more tedious than in the classical case; here it is.

Definition 1.2 (Shift-invariance).

Consider the shift operation which takes configuration ...c¢;1cicit1... to ... ¢j_jcici ...
where, for all i, ¢, = ¢;11. Let o : Hc, — He, be its linear extension. A linear operator
G : He, — He, is said to be shift invariant if and only if Go = oG.

The second important feature of CA is their locality. In the classical case, we know that
the locality is equivalent to the continuity of the global evolution on infinite configurations.
Unfortunately, there does not seem to be such a result in the quantum case; at least it is not
obvious what the right topology on superpositions of configurations should be. Therefore,
the definition of locality proposed in [8] is more concrete. It explicitly states that to know
the state of some region of the space after an iteration of the CA, you only need to know
the state of a slightly larger region beforehand. In the classical case, you would trivially
deduce from this property that the global evolution stems from a local transition rule. In
the quantum case however, things are not so simple as entanglement suddenly comes into
play, and when G is unitary it turns out [8, 2, 3] you need to keep things locally reversible.

To give the actual definition of locality, we first need to introduce some vocabulary.
First, we will make abundant use throughout this paper of the Minkowski sum. For
two subsets A and B of Z%, the Minkowski sum of A and B, noted A + B, is the set
{a+b/a€ A,be B}. A— B is naturally the Minkowski difference, {a — b/a € A,b € B}.

'Hcf has a natural structure of tensor product. Namely, for a subset A of 7%, let
us note Cy (A) the set of the finite words on A. Then He, is naturally isomorphic to
Hep(a) ®Hcf (A)> where A denotes the complementary of A in Z% and H, () Is the Hilbert

space whose canonical basis is indexed by the elements of C¢(A). That being said, there
are two more definitions we need before moving on. The first one should be familiar, it
is also known as “trace out” and occurs whenever a quantum system can be divided into
two subsystems. Informally, if a system S can be written as the tensor product of two
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subsystems A and B, and given a state p on S, you can chose to ignore completely what is
going on B and restrict your universe to A. The state you get on A is then the restriction
of p to A.

Definition 1.3 (Reduction). Let p be a state over He, and A a subset of Z. One can
write p = > 0; ® 7;, where the o;’s and 7;’s are respectively operators over He H(A) and

1
Hcf (A) Then p|4, the reduction of p to A, is a state on He, () defined as Xz: Tr (7;) 0y; this
does not depend on the way p was decomposed in the first place. L]

The following definition is the dual of the last one. Why it is its dual will appear in
proposition 1.6.

Definition 1.4 (Localization). A linear endomorphism of H, is localized in a subset A of
Z% if it is of the form A ® Id, where A is an endomorphism of He,(4) and Id is the identity

on Hcf (A)-

We can now explain the duality going on here with this lemma, which is stated and
proved as lemma 3 in [2].

Lemma 1.5 (Duality).
Let Ho and Hy be Hilbert spaces, with Ho of finite dimension p. Let A, p,p’ denote some
elements of L(Ho ® H1) with p, p’ having reductions plo, p'lo over Hy. We then have that A
is localized in Ho iff
“for every states p and p', if plo = p'lo then Tr(Ap) = Tr(Ap')”.
Moreover we have that plo = p'|o is equivalent to
“if A is localized in Ho, then Tr(Ap) = Tr(Ap’)”. L]

The proposition 1.6 we introduce next comes from theorem 3 in [2]. It entails structural
reversibility, i.e. the fact that the inverse function of a RQCA is also a RQCA. Since we want
now to talk about nonunitary operators, we have to restate it for general linear operators.
We also have to extend the domain of localization of this operator from one cell to a set
of cells. It will also serve as a definition of locality for linear endomorphisms over H¢, —
which is not to be confused with localization. Note that the hypothesis of continuity for G
provides the existence of its adjoint GT.

It defines the locality “at somewhere” in the space. Intuitively, a global transition is
said to be local at some locus if the physical state in this locus after the transition depends
only on the physical state on a neighbourhood of this locus beforehand (this is point (i)
of the proposition). Equivalently, one could say that the result of each measure done on
this locus after the transition could be predicted beforehand by measures performed on its
neighbourhood (that would be point (ii)).

Proposition 1.6 (Structural reversibility).
Let G be a continuous linear endomorphism of Hey,, A and N respectively a subset and a

finite subset of Z%. Suppose Gt The two properties are equivalent:
(i) For every states p and p', if plasn = p'|arn then (GpGY) |4 = (GP'GT) |a.

(ii) For every operator A localized in A, GTAG is localized in A+ N
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When G satisfies these properties, we say that G is local at A with neighbourhood N .
If only A is given, we say that G is local at A if there exists a finite subset N of Z¢ such
that G is local at A with neighbourhood N .
If G is unitary, the following items are equivalent to (i) and (ii).
(iii) For every states p and p' over the finite configurations, if pla—n = p'la—n then
(G1pG) la = (GTP'G) | a-

(iv) For every operator A localized in A, then GAGT is localized on the cells in A — N

Proof.

[(i) = (¢)]. Suppose (i) and let A be an operator acting on cell 0. For every states p and
p' such that p|x = p'|nr, we have Tr (AGpGT) = Tr (AGp'G"), using lemma 1.5 and our
hypothesis that (GpGT) |4 = (Gp/GT) |4. We thus get Tr (GTAGp) = Tr (GTAGY'). Since
this is true of every p and p’ such that p|asn = p'|a+ns, this means, again according to
lemma 1.5, that GTAG is localized on the cells in A + N,

[(41) = (¢)]. Suppose (ii) and p|a+n = p'| a+ar- Then, for every operator B localized on the
cells in NV, lemma 1.5 gives Tr (Bp) = Tr (Bp'), so for every operator A localized on cell 0,
we get:

Tr (AGpGT) =Tr (GTAGp)
=Tr (GTAGp')
Tr (AG,OGT) — Tr (AGp’Gf)

Again by lemma 1.5, this means (GpGT) |0 = (Gp'GT) |o.

Let us now assume G is unitary.

[(it) = (iv)]. Suppose (ii) and let A be an operator acting on cell 0. Consider some
operator M acting on a cell ¢ which does not belong to —A/. According to our hypothesis
we know that GTMG does not act upon cell 0, and hence it commutes with A. But
AB — GAG'GBGT = GABG' is a morphism, hence GGTMGG' = M also commutes with
GAGT. Because M can be chosen amongst to full matrix algebra My(C) of cell i, this entails
that GAGT must be the identity upon this cell. The same can be said of any cell outside
-N.

[(iv) = (ii)], [(#i1) = ()], [(#4i) < ()] are symmetrical to [(i7) = (iv)], [(7) = (i1)],
[(i1) <= (i)] just by interchanging the roles of G and GT. L]

We can now say that again in a mathematically rigorous way: a RQCA is a unitary
operator on Hc, that is shift-invariant and local at the central cell. Indeed, in this case,
the assumption of locality at the central cell implies the locality at each finite subset A of
Z%. Moreover, this locality is uniform, in the sense that a same neihbourghood A can be
chosen for all A’s. However, if we remove this hypothesis of unitarity, things are not so
simple and we have to make stronger hypotheses; hence the following definitions.

Definition 1.7 (Locality). A continuous linear endomorphism G of He ; is everywhere local
if, for every finite subset A of Z%, G is local at A. Tt is uniformly local if there exists a finite
subset A of Z? such that for every finite subset A of Z¢, G is local at A with neighbourhood
N.
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2. Linearization of Classical Automata

Let I : C; — Cy be a cellular automaton on finite configurations, F. He, — He, its
linearization. For it to have a physical meaning and earn its name of “quantization”, it
should be an isometry, i.e. F' should be one-to-one. We will nevertheless make a seem-
ingly weaker assumption; we only assume F' to be defined, in order to be able to apply
definition 1.7 and ask when F is local; it turns out that this condition actually implies the
injectivity of F'. N

In order for F' to be defined, we have to assume that F is continuous. Beware that
this notion of continuity has nothing to do with any kind of topology on the set of words,
and is therefore not related to the continuity of F', which is true by definition of a CA. For
F to be continuous means that it is bounded on the unit sphere of Hc,. This is equivalent

to saying that F' is one-to-one. To verify this, let us first assume F' is one-to-one. Then al
is isometric, and consequently continuous. Let us now assume F' is not one-to-one. Since F'
is defined on the finite configurations, for every n, there exists x,, € Cy such that x, has a
number of antecedents p,, greater than n — just repeat as many times as needed some finite
configuration having several antecedents. But then \/% Zyecf JF(y)=2n ly) is a unit vector

whose image by ﬁ, /n|Tn), has norm |/f,; hence, F is not bounded on the unit sphere,

i.e. not continuous. To close this chapter on F T, note that when it exists, it is defined as
such:

Fllay=" Y |u).
u€Cy/F(u)=a

We therefore assume from now on that F' is one-to-one. So, if you are given a word
w in the image of F, there is a unique u € Cy such that F(u) = w. In general though, u
can not be computed locally from w. If it were possible to do that, the cellular automaton
would be, by definition, reversible, and thus, according to [8], its linearization would be a
bona fide reversible quantum cellular automaton.

We will be monitoring XOR as an example, for which we will allow the quiescent state
g to be renamed 0, the only letter in ¥ being 1. XOR acts exactly as the usual XOR:
it sums modulo 2 the bits in its neighbourhood {0;1}. Of course, XOR is not reversible,
since 11...1 and 00...0 are sent locally on the same word. It is one-to-one on finite
configurations, though, while not surjective. It was already stated in proposition 1 of [2]
that the quantization of nonreversible automata that are bijective on finite configurations
could not be local, but that left the case of such automata as XOR unsettled. The following
theorem does the job.

Theorem 2.1. Suppose F is one-to-one. Then F s uniformly local if and only if F is
reversible.

Proof. Let us first briefly justify that when F' is reversible, F is uniformly local. This
is essentially what states the lemma 4 of [8], though in this case it is the automaton as
defined on infinite configurations that is quantized. It is quite straightforward to adapt
the statement and the proof of this lemma to our formalism, to get the same result: if F’
admits a neighbourhood Mg and an inverse neighbourhood N7, then Ng — Ng + N7 is a
neighbourhood A; this is actually a direct consequence of lemma 3.2. However, there is a
much simpler proof that such a neighbourhood exists. First, decompose your automaton
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into block permutations, with auxiliary bits if needed. Linearize then each of these block
permutations. The composition of all these local unitary transformations is then F' ® Id,
where Id is the identity on the auxiliary qubits, and the block decomposition from which it
is constructed is a witness that F' is uniformly local.

We now prove the other implication, in a way that can be seen as a generalization of
the argument presented page 7 of [2]. It proceeds by contraposition, so let us first of all
assume F' is not reversible. We will prove that for every set N there exists a set A such that
F' cannot satisfy the condition (i) of proposition 1.6; this will mean that F' is not uniformly
local.

Let A be a finite subset of Z¢. Since F is not reversible, there exists a finite subset B
of Z% such that F(z)|p—_n = F(y)|s—n but z|g # y|s. Let A= {s € Z4/F(z)|s # F(y)|s};
since F'(z) and F(y) both are finite configurations, A is finite.

|z)y)

Let |¢4) denote the superpositions of configurations , and let pi be the pure

states |4 ){p+|. We are now going to prove that pi|a+n = p—|a+n7, While (ﬁp+1ﬁ) ‘A #+
7 7,

Since F( ) and F'(y) are equal on B—N, A+ N does not intersect B, so x and y differ
on some point on the complement of A+N. Considering the partition of Z% into A+ N and
A+ N, we can thus write |2) = |z1) ® |z2) and |y) = |y1) ® |y2), where z1,y1 € Cf (A+ N),
x2,y2 € Cf (.A—i—./\/’)7 and x9 # y2. We then have

plasn = % (le) (| & )yl & [y) (=] + [9) (W]) Lar
_ 1 ( lz1) (21| ® |22) (22| £ [21)(Y1] ® |22) (Y2 )
2 \ £y (@] @ ly2) (@] + [y1) (il @ ly2) (w2l )| 4o n
pelarn = 5 (el + lun) ().

Thus, the reductions of p; and p_ and A+ N are indeed equal. Now, F piﬁ t =
|1 ) (x|, where |¢p1) = % Since F(x) and F(y) coincide on A, we actually have

ﬁpifT = 01 ® 04, where o1 is a (pure) state over Hcf(ﬁ)v and the oi’s are states over

Hep(a)- The reductions of fpiﬁf to A are then oy, which are distinct states since p; and
p— where distinct to begin with. [

Another way to present this proof is to appeal to the perennial Alice and Bob. We
start with the state py. Alice and Bob have access to some cells of Z?, meaning that they
can conjugate the state on Hc, with unitary operators, as long as these unitary operators
are localized in the region of the space they were assigned. So let Alice and Bob’s regions
be respectively A and B as encountered in the proof of theorem 2.1. We will see how they
can communicate through the use of F', even though their regions could be at quite a large
distance from each other, depending on N

Since z|p # y|B, Bob is able to transform at will p4 into p_, by performing a controlled
phase-shift on some cell where x and y differ. What that means informally is that, since
Bob is able to tell the difference between x and y in his area, he can introduce a dissimetry
between |z) and |y). Of course he could simply transform |y) by changing the letters of y is
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some cells or something like that, but that would not allow him to communicate any faster
than in the classical case. So what Bob does is to change |y) into —|y), something more
immaterial, purely quantum and, in a way “delocalized”, that will allow Alice to catch his
message, which is one bit of information : “did I or didn’t I change p4 into p_?7". After
Bob did his thing, Fis applied to the state.

Now, Alice being able to actually read the message is due to the fact that her region
contains all the cells where F(z) and F(y). As explained in the proof of theorem 2.1, the
state after I has been applied is a tensor product of a state on A and a state on A, the state
on A not depending on the prior actions of Bob; therefore, the state on A does depend on
them, so Alice must have a way to distinguish between them — in this case she just has to
perform a so-called swap-test. Let us see for instance what happens with XOR. Consider
these two words in Cy:

xz = ...0000000000000000...
y = ...0011111111111100...
Their images are
F(x) = ...0000000000000000 ...
F(y) = ...0100000000000100...

Now put Bob on the middle of the stripe, and Alice at the two cells where the 1’s are
in F(y). By following the protocol described in the proof of theorem 2.1, Bob can indeed

send a bit of information to Alice. There is no doubt that this is a correct proof that XOR
is not uniformly local, but one might argue that this idea of an “Alice” surrounding Bob
makes little sense: surely if Alice can be present at two faraway places in the stripe at the
same time, it means he must have some way to go from 0 one place to the other, and since
in the middle stands Bob, why would she bother using XOR to send her message? Cannot
we find another protocol where Alice stands either on the left or on the right of Bob, but
o/n\gnly one side at a time? Actually, no, we cannot, and this is related to the fact that
XOR, while not uniformly local, is still everywhere local: if Bob is forbidden the access to
the cells located between Alice’s positions, then he cannot transmit her any message. The
proof of this assertion is the object of the next section.

3. Everywhere Locality in the One-dimensional Case

The question is: when is the quantization of a one-to-one CA everywhere local? We are
going now to give a proof that in the one-dimensional case, it is equivalent to the openness
of Fi, the extension of F to the set Cy of infinite configurations; so let us fix the dimension
d to 1 for this section.

First, it might be useful to remind what it means for F, to be open. Co, comes with
the usual topology; namely, a base of open sets is given by the sets {v € Coo/v4 = wa}, for
w € Cs and A a finite subset of Z?. By definition, F., is open if for every open subset O
of Coo, Fso(O) is open.

Proposition 3.1. Fis everywhere local if and only if Fs is open.

Proof. We will appeal to [7]. According to its theorem 5.45, Fi, is open iff it is left and
right-closing. The definitions of left and right-closingness may be found in definition 5.38.
First, z and y in Cy are said to be left-asymptotic (respectively right-asymptotic) when
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there is some n € Z such that for every k < n (resp. k > n), xx = yr. By definition, Fy, is
left-closing (respectively right-closing) if, for every z,y € Co that are left-asymptotic (resp.
right-asymptotic), if F(z) = F(y) then z = y. We now translate these conditions on de
Bruijn diagrams.

Let us recall briefly what we mean by Bruijn diagrams. Let n be an integer such
that [—n;n 4 1] is a neighbourhood for F. We note Fy the function from (qE)[fn;"H] to
g% which computes locally F' on cell 0, from the knowledge of the stripe on [—n;n + 1].
Then the associated de Bruijn diagram is a graph whose vertices are indexed by the pairs
(u,v) € ¢Bl=77 x gul="m], There is an edge from (u,v) to (uv/,v') if and only if

o for i € [—n;n[, uiy1 = u) and vip1 =)
o Fo(u—pt_ni1 ... upul,) = Fo(Uopv_pi1 ... 0p0L).

The first thing we want to note is that the strongly connected component (SCC) of (g, q)
in the de Bruijn diagram includes the diagonal A of ¢2[=" x ¢=[=7 je. the elements
of the form (u,u).

To each pair of words (u,v) € Cs X Cs such that F'(u) = F(v) is associated a bi-infinite
path on the de Bruijn diagram, and vice-versa. In this respect, we see that “F. is left-
closing” is equivalent to “every infinite path starting from A stays forever in A”, while “F
is left-closing” is the dual statement that “every bi-infinite path ending in A is completely
included in A”. Thus, F is open iff there is no connection, in or out, between A and any
cycle of the de Brujin diagram not included in A.

Now, what does it mean on this diagram for F' to be everywhere local? If we follow the
proof of theorem 2.1, we see this means that there exists an integer k such that for every
integer n, if F(x) is known on [—n;n], then x € C; is determined on [—n — k;n + k]. On
the de Bruijn diagram, it means that there exists an integer k£ such that any path starting
from (g, q) must stay in X until k steps before the end, and that every path ending in (g, q)
must stay in X after k£ steps. This also means that X is not connected to any cycle not
included in A.

Suppose Fo, is not open. Without loss of generality, we assume there is a path from
a cycle not included in A to A. This cycle is given by two distinct finite words v and
v’ of same length such that F(...vvvv...) = F(...v"v/v'v’...); the path from this cycle
to (q,q) is given by two words of same lenght w and w’, such that F(...vvvwqqq...) =
F(...v"v"v'w'qqq...) . Let [-n;n] be a neighbourhood for F' and k a positive integer. Now
consider the finite configurations zj, = ... qqqu*wqqq. .. and y, = ... qqqu"*w'qqq . . ., where
the first letter of the first v has position 0. Almost everywhere, (zy, yi) follows a path on the
de Bruijn diagram. The only points where (2, yx) does not follow an edge of this diagram
is at the transition between cells —1 and 0. So A, = {i € Z/F(xy) # F(yg)} is included in
[-n — 1;n], and does not depend on k when k is large enough; let’s define A = hm Ag.

Let Bk C Z be the singleton consisting of the rightmost cell where x; and y; dlffer Smce
v # v/, its emplacement is at least k — 1. Let A/ be a finite subset of Z; for a large enough
k, we have the following properties:

o Flak)lg, -~ = Flyr)| -~

* zi|s, # UklB,

o A={i € Z/F(xr) # F(yr)}-

Then, according to the proof of theorem 2.1, F is not local at A with neigbourhood N

Since we showed that there exists A such that this is true for any N, we have indeed just
proven that F' is not everywhere local.
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Now, what remains to prove is that when F, is open, Fis everywhere local. To do that
we will strengthen a little bit the lemma 4 of [8]. But first we need to explain a property
of one-dimensional open automata. Suppose Fy, is open and let A be a finite subset of Z
and z and y two words such that F(z)|; = F(y)lz. Say A is included in [-n;n], [~k; k] is
a neighbourhood for F' and [ is the number of vertices in the de Bruijn diagram. If we look
at (x,y) as a run in this diagram, then we follow edges except perhaps in [—n — k;n + k.
But since there are no loops connected in one way or another do A, and we have to join A
at o0, this means we are always in A except perhaps in [-n —k —l;n+ k + 1], to give a
rough bound. So there exists a finite subset A; of Z, which does not depend on  nor y —
though it may depend on A — such that x\m = y\m Now all is needed to complete
the proof is the next (and last) lemma, which, as announced, is but a gentle strengthening
of the lemma 4 of [8].

Lemma 3.2. Let F be a one-to-one automaton with neighbourhood N¢. Let A and Ny be
finite subsets of 7 such that for allx,y € Cy (Z), if F(x)|5 = F(y)|z, then x\m = y|m.

Suppose N and N7 contain 0. Then F is local at A with neighbourhood N' = No—Ng+N7.
Proof. Let A C Z%. Let p and p’ be states over He, such that p|apn = p'lara. We have
to prove (fpﬁT) 4= (ﬁp’ff) la-

Let us write p = Y Agpla)(b| and p' = >° A, ;la)(b|. Then
a,beCy abeCy

platn = > Aaplaasn)basn = > > Avuga | |2l

ab/a g =barx @ yEAMN \ye AAFN

Ergo, the hypothesis p|a+n = p/| 444 may be translated as

Vr,y € A'A+N Z Aa;.u,y.u = Z )‘lzu,yu

u€ AATN w€ AATN

For x,y € AAN | let a(z,y) be the set of couples (a,b) of words in Cy such that
aA+N =T, bayn =y and az57 = bygzy- Then the hypothesis is equivalent to

Vo,ye AN NT A= Y N, (3.1)
(a,b)ea(z,y) (a,b)ea(z,y)

Let us now try translating our aim in the same way. First we have

FpFl = " Mp[F@)F®) = > Aprorr@lod
a,beCy c,deF(Cy)

(ﬁpﬁ'T) 4= > Ar-1(0),F-1(d)lca){d Al
. deF (Cy)/cqg=dg

(ﬁpﬁT) ‘_A = Z Z )\Ffl(z.w),Ffl(t.w) |Z><t‘

Zt€AA \yeAA

So what we want to prove is that, for every z and ¢ in A%,
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D A Ftw) = D, ANt (e F o ()
weAA weAA
with the convention that these numbers are 0 when F~! is not appliable. For z,t € A%,
let B(z,t) be the set of couples (a,b) of words in Cy such that F(a)4 = 2z, F(b)4 =t and
F(a)z = F(b)z. What we want to prove from (3.1) is the equivalent to

Vet e AN DT Ap= > Ay (3.2)

(a,b)€B(2,t) (a,b)€B(2,t)
We will prove this by showing that for each z,¢ € A4, there is some set v(z,t) such
that 8(z,t) = I alz,y), ie B(z,t) is the disjoint union of the a(z,y)’s for (z,y) in

(zy)ev(z:t)
v(2,1).

On the one hand, it is quite immediate by definition that, when (z,y) # (2, v), a(z,y)
and «(z’, ') are disjoint. On the other hand, by hypothesis, every (a, b) of 3(z,t) is in some
a(z,y), so that v(z,t) may be found in this simple way: for each (a,b) in §(z,t), find the
unique (Zqp, Yap) such that (a,bd) is in o (24 p, Ya,p), and then define v(z,t) to be the set of
all these (z,y)’s you found. The only problem is that you could add unwanted (a,b)’s by
doing so; we need only checking that this is not the case. In other words, we have to prove
that whenever the intersection between «(z,y) and 3(z,t) is nonempty, then the former is
included in the latter.

So, let (a,b) be an en element of a(x,y)NB(z,t) and (a’,b’) an other element of a(z,y).
First of all, since a and o’ coincide on A+ AN (where they are equal to x), and in particular
on A+ Ng, then f(a) and f(a’) coincide on A, thus F(a')4 = F(a)4 = 2. Likewise, of
course, F'(V)4 =t.

Then, by hypothesis and since A is finite and F(a);y = F(b)z, a and b coincide on
A+ N7, not only on A+ N. This implies that  and y must coincide on (A + N)NA + N7,
and as a consequence a’ and o' do also coincide on A + Np; thus F(a') and F (V') coincide
on A+ N7 — MNc.

Lastly, since a and o’ coincide on A+ N = A+ No —Ng+ N7, so do F(a) and F(a') on
A —N¢ + Nj. Likewise, F(b) and F(b') coincide on that same interval. However, F'(a) and
F(b) coincide on A, by hypothesis; ergo, F(a') and F(b') coincide on AN (A — N¢ + Np).
Put it together, you finally get that F'(a’) and F (V) coincide on A; Q.E.D. n

XOR4 being, as can be checked easily on its de Bruijn diagram, open, it is thus
everywhere local, which also means Alice has to surround Bob in order to receive his long-
distance calls. On the contrary, the modified version of XOR that was defined in the
definition 11 of [2] is not open on the infinite configurations, which is why we were able to
find a protocol where Bob and Alice lie on two distinct sides of the stripe.

4. Conclusion

Starting only with the assumption that we should be able to use the adjoint of }~7,
this implied it should be isometric, thus convey a physical meaning as a valid quantum
evolution. If we then add the constraint that it should be uniformly local — something
that you would certainly expect a cellular automaton to verify in any model — it turns out
F has to be reversible, so that F' is part of the already well-known class of RQCA. This is
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good news in a way: the notion of a RQCA is a robust one; however, it could nevertheless
be considered a downside. Indeed, as stated in the introduction, RQCA are now believed
to be fairly well understood, so the next challenge is understanding nonreversible quantum
cellular automata. It would certainly have been of great help to be able to construct
such NRQCA by quantizing nonreversible CA. Alas, this paper shows that such a thing is
impossible. Quantizing one-dimensional open non-reversible automata certainly provides
puzzling entities, but no quantum CA; there remains however an interesting open question
about the generalization of proposition 3.1 to higher dimensions.

Then again, the most important question right now is: what are NRQCA? Can they be
defined from their global evolution in a reasonably simple way? This question, in its most
general form, includes the same one concerning randomized automata instead of quantum
ones, since classical randomness is part of the quantum world, and as far as we know this
question has been little studied. Let us ask it in a more precise way: what is the property
on the global evolution of probability distributions that characterizes randomized cellular
automata, i.e. those transformations that can be written as a finite number of layers, each of
them consisting of a tiling of identical blocks performing some local random transformation?
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ABSTRACT. In this paper, we exhibit a strong relation between the sand automata con-
figuration space and the cellular automata configuration space. This relation induces a
compact topology for sand automata, and a new context in which sand automata are home-
omorphic to cellular automata acting on a specific subshift. We show that the existing
topological results for sand automata, including the Hedlund-like representation theorem,
still hold. In this context, we give a characterization of the cellular automata which are
sand automata.

1. Introduction

Self-organized criticality (SOC) is a common phenomenon observed in a huge variety
of processes in physics, biology and computer science. A SOC system evolves to a “critical
state” after some finite transient. Any perturbation, no matter how small, of the critical
state generates a deep reorganization of the whole system. Then, after some other finite
transient, the system reaches a new critical state and so on. Examples of SOC systems are:
sandpiles, snow avalanches, star clusters in the outer space, earthquakes, forest fires, load
balance in operating systems [2, 3, 16]. Among them, sandpiles models are a paradigmatic
formal model for SOC systems [8, 9].

In [4], the authors introduced sand automata as a generalization of sandpiles models
and transposed them in the setting of discrete dynamical systems. A key-point of [4] was
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to introduce a (locally compact) metric topology to study the dynamical behavior of sand
automata. A first and important result was a fundamental representation theorem similar
to the well-known theorem for cellular automata from Hedlund [10, 4]. In [5, 6], the authors
investigate sand automata by dealing with some basic set properties and decidability issues.

In this paper we continue the study of sand automata. First of all, we introduce a
different metric on configurations (i.e., spatial distributions of sand grains). This metric is
defined by means of the relation between sand automata and cellular automata [6]. With
the induced topology, the configuration set turns out to be a compact (and not only locally
compact), perfect and totally disconnected space. The “strict” compactness gives a better
topological background to study the behavior of sand automata (and in general of discrete
dynamical systems) [1, 12]. We show that all the topological results from [4], in particular the
Hedlund-like representation theorem, remain valid with the compact topology. Moreover,
with this topology, any sand automaton is homeomorphic to a cellular automaton defined on
a subset of its usual domain. We prove that it is possible to decide whether a given cellular
automaton represents, through that homeomorphism, a sand automaton.

The paper is structured as follows. In Section 2, we recall basic definitions and results
about cellular automata and sand automata. Then, in Section 3, we define the topology and
prove topological results, in particular the representation theorem.

2. Definitions

For all a,b € Z with a <b, let [a,b] = {a,a+1,...,b} and [a,b] = [a,b] U {400, —o0}.
For a € Z, let [a,+o0) = {a,a+1,...} \ {+oo}. Let N; be the set of positive integers.

Let A a (possibly infinite) alphabet and d € N*. Denote by M¢? the set of all the d-
dimensional matrices with values in A. We assume that the entries of any matrix U € M¢% are
all the integer vectors of a suitable d-dimensional hyper-rectangle [1, hi] x - - - x [1, hy] C N.
For any h = (h1,...,hq) € Ni, let Mz C M be the set of all the matrices with entries
in [1,h1] x -+ x [1, hg]. In the sequel, the vector h will be called the order of the matrices
belonging to /\/l‘,il. For a given element x € AZd, the finite portion of x of reference position
i € Z% and order h € N? is the matrix M} (z) € M¢ defined as Vk € [1,hq] x - -+ x [1, hg),
Mj(x), = iyg—1. For any r € N, let r? (or simply r if the dimension is not ambiguous) be
the vector (r,...,7).

2.1. Cellular automata and subshifts

Let A be a finite alphabet. A CA configuration of dimension d is a function from Z¢
to A. The set AZ" of all the CA configurations is called the CA configuration space. This
space is usually equipped with the Tychonoff metric dr defined by

Va:,yGAZd7 dT(x,y):27k where k:min{|j|:j€Zd,xj7éyj}

The topology induced by dr coincides with the product topology induced by the discrete
topology on A. With this topology, the CA configuration space is a Cantor space: it is
compact, perfect (i.e., it has no isolated points) and totally disconnected.

For any k € Z¢ the shift map o" : AZ' s AZY g defined by Vx € AZd,W e 74,
ok (x); = xi4. A function F : AL 5 AT s said to be shift-commuting if Vk € 79,
Fool=cFoF.
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A d-dimensional subshift S is a closed subset of the CA configuration space AZ" which
is shift-invariant, i.e., for any k € Z%¢, o*(S) € S. Let F C M? and let S be the set of con-
figurations x € AZ? guch that all possible finite portions of x do not belong to F, i.e., for any
i,h €z, Mj(x) ¢ F. The set Sr is a subshift, and F is called its set of forbidden patterns.
Note that for any subshift S, it is possible to find a set of forbidden patterns F such that
S = Sz. A subshift S is said to be a subshift of finite type (SFT) if S = Sz for some finite set
F. The language of a subshift S is £(S) = {U e M?:3i € Z* h e N%L,z € S, M} (z) =U}
(for more on subshifts, see [13] for instance).

A cellular automaton is a quadruple (A, d,r, g), where A is the alphabet also called the
state set, d is the dimension, r € N is the radius and g : Mng — A is the local rule of the

automaton. The local rule g induces a global rule G : AZ' 5 AZ? defined as follows,
vz € A% vie 7¢, G(z); = g(Ma T4 (2)) -

Note that CA are exactly the class of all shift-commuting functions which are (uniformly)
continuous with respect to the Tychonoff metric (Hedlund’s theorem from [10]). For the
sake of simplicity, we will make no distinction between a CA and its global rule G.

The local rule g can be extended naturally to all finite matrices in the following way.
With a little abuse of notation, for any h € [2r 4 1, +00)? and any U € M¢, define g(U) as
the matrix obtained by the simultaneous application of g to all the M4, 11 submatrices of
U. Formally, g(U) = Mf_,.(G(x)), where z is any configuration such that M} (z) = U.

2.2. SA Configurations

A SA configuration (or simply configuration) is a set of sand grains organized in piles
and distributed all over the d-dimensional lattice Z¢. A pile is represented either by an
integer from Z (number of grains), or by the value +o0o (source of grains), or by the value
—oo (sink of grains), i.e., it is an element of Z=27U {—00,4+00}. One pile is positioned in
each point of the lattice Z?. Formally, a configuration z is a function from Z? to Z which
associates any vector i = (i1, ...,iq) € Z% with the number x; € Z of grains in the pile of
position ¢. Denote by C = Z%" the set of all configurations.

When the dimension d is known without ambiguity we note 0 the null vector of Z¢ and
|i| the infinite norm of a vector i € Z%. A measuring device 3™ of precision r € N and

reference height m € Z is a function from Z to [—r,7] defined as follows

_ 400 ifn>m+r
VYneZ, p['(n)={ —oo ifn<m-—r,
n—m  otherwise.
A measuring device is used to evaluate the relative height of two piles, with a bounded
precision. This is the technical basis of the definition of cylinders, distances and ranges
which are used all along this article.

In [4], the authors equipped C with a metric in such a way that two configurations are
at small distance if they have the same number of grains in a finite neighborhood of the
pile indexed by the null vector. The neighborhood is individuated by putting the measuring
device at the top of the pile, if this latter contains a finite number of grains. Otherwise
the measuring device is put at height 0. In order to formalize this distance, the authors
introduced the notion of cylinder, that we rename top cylinder. For any configuration x € C,
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for any r € N, and for any i € Z%, the top cylinder of = centered in i and of radius r is the
d-dimensional matrix C’,.(z) € M$,, defined on the infinite alphabet A = Z by

) T fk=r+1,
vke[Lor+ 17, (Ch@) =3 B (eiar) A7+ Land o # %00 |
b ﬁ? (Zi4k—r—1) otherwise.

In dimension 1 and for a configuration x € C, we have

O/Zr(x) = (/Bfl (‘Ti*T)’ (KRN ﬁfi(fifl)a L, ﬁfi<xi+1)ﬂ SRR ﬁfl(xhw))
if x; # £o00, while

C'(@) = (B@imr)s oo, B (@in1), 2, B (@i1), -, B (i)
if ; = +o0.
By means of top cylinders, the distance d’ : C x C — R has been introduced as follows:

Vo,yeC, d'(z,y) =27% where k= min {r eN: C”E(:v) # C”S(y)}

Proposition 2.1 (|4, 6]). With the topology induced by d’, the configuration space is locally
compact, perfect and totally disconnected. n

2.3. Sand automata

For any integer r € N, for any configuration z € C and any index i € 7% with x; # 400,
the range of center ¢ and radius r is the d-dimensional matrix R.(x) € Mng on the finite

alphabet A = [—r,r] U L such that
d ; I e itk=r+1,
Vk e [1,2r+1]7, (Rr<$))k = { B (2 45—r—1) otherwise.

The range is used to define a sand automaton. It is a kind of top cylinder, where the
observer is always located on the top of the pile x; (called the reference). It represents what
the automaton is able to see at position 7. Sometimes the central 1 symbol may be omitted
for simplicity sake. The set of all possible ranges of radius r, in dimension d, is denoted by
R

A sand automaton (SA) is a deterministic finite automaton working on configurations.
Each pile is updated synchronously, according to a local rule which computes the variation of
the pile by means of the range. Formally, a SA is a triple (d, r, f), where d is the dimension,
7 is the radius and f : R% — [—r,7] is the local rule of the automaton. By means of the
local rule, one can define the global rule F': C — C as follows
T if x; = fo0 ,

. d R )
Ve el,VieZ F(r);= { i+ f(RY(z)) otherwise.

Remark that the radius r of the automaton has three different meanings: it represents at
the same time the number of measuring devices in every dimension of the range (number
of piles in the neighborhood), the precision of the measuring devices in the range, and the
highest return value of the local rule (variation of a pile). It guarantees that there are only
a finite number of ranges and return values, so that the local rule has finite description.

The following example illustrates a very simple sand automaton. For more examples,
we refer to [6].
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Example 2.2 (the automaton A'). This automaton destroys a configuration by collapsing all
piles towards the lowest one. It decreases a pile when there is a lower pile in the neighborhood
(see Figure 1). Let N'= (1,1, far) of global rule Fs where

— —1 ifa<Oorb<O0,
Va, be [_17 l}a fN(a’ b) = { 0 otherwise.

1]

F

Figure 1: Illustration of the behavior of N.

When no misunderstanding is possible, we identify a SA with its global rule F. For
any k € Z% we extend the definition of the shift map to C, o* : C — C is defined by
Vo € C,Vi € Z¢, o*(x); = xi4,. The raising map p : C — C is defined by Vz € C,Vi € Z7,
p(z); = x;+ 1. A function F : C — C is said to be vertical-commuting if Fop = po F.
A function F' : C — C is infinity-preserving if for any configuration z € C and any vector
i €74, F(x); = +oc if and only if #; = 400 and F(z); = —oco if and only if 2; = —oc.

Theorem 2.3 ([4, 6]). The class of SA is exactly the class of shift and vertical-commuting,
infinity-preserving functions F : C — C which are continuous w.r.t. the metric d’. u

3. Topology and dynamics

In this section we introduce a compact topology on the SA configuration space by means
of a relation between SA and CA. With this topology, a Hedlund-like theorem still holds
and each SA turns out to be homeomorphic to a CA acting on a specific subshift. We
also characterize CA whose action on this subshift represents a SA. Finally, we study some
topological properties of SA in this new setting.

3.1. A compact topology for SA configurations

From [6], we know that any SA of dimension d can be simulated by a suitable CA of
dimension d+ 1 (and also any CA can be simulated by a SA). In particular, a d-dimensional
SA configuration can be seen as a (d + 1)-dimensional CA configuration on the alphabet
A ={0,1}. More precisely, consider the function ¢ : C — {0, I}ZdJr1
1 ifa; >k,
0 otherwise.

defined as follows
Va e C, WeZ{WEZ,cmm@—{

A SA configuration x € C is coded by the CA configuration {(z) € {0, 1}Zd+1. Remark that
¢ is an injective function.

Consider the (d + 1)-dimensional matrix K € ./\/l‘(Hll, ...,1,2) such that K; 12 =1
and Ki_.11 = 0. With a little abuse of notation, denote Sk = S{K} the subshift of
configurations that do not contain the pattern K.
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Proposition 3.1. The set ((C) is the subshift Sk .

Proof. Each d-dimensional SA configuration z € C is coded by the (d + 1)-dimensional
CA configuration ((z) such that for any i,h € Z*! M} (((z)) # K, then ¢((C) C Sk.
Conversely, we can define a preimage by ¢ for any y € Sg, by Vi € Z¢, 2; = sup{k : Y(ik) =
1}. Hence ¢(C) = Sk. "

Figure 2 illustrates the mapping ¢ and the matrix K = ( L > for dimension d = 1.

0
The set of SA configurations C = Z% can be scen as the subshift Sx = ¢(C) of the CA
configurations set {0, 1}22.

(a) Valid configuration. (b) Invalid configuration.

Figure 2: The configuration from Figure 2(a) is valid, while the configuration from Fig-
ure 2(b) contains the forbidden matrix K: there is a “hole”.

Definition 3.2. The distance d : C x C — R is defined as follows:
Vx,y € C7 d(.’L’,y) = dT(C(x)7<(y)) .

In other words, the (well defined) distance d between two configurations z,y € C' is
nothing but the Tychonoff distance between the configurations ((z),((y) in the subshift

d+1
H

Sk. The corresponding metric topology is the {0, 1 product topology induced on Sk

Remark 3.3. Note that this topology does not coincide with the topology obtained as
countable product of the discrete topology on Z. Nevertheless, if you consider the topology
T on Z based on singletons {a} where a € Z and infinite intervals [a, 0] or [—o0, a], where
a € 7, then d corresponds to its product topology. In other words, for any i € Z%, the i*®
projection m; : C — Z defined by m;(z) = x; is continuous for 7.

By definition of this topology, if one considers ¢ as a map from C onto Sk, ¢ turns out
to be an isometric homeomorphism between the metric spaces C (endowed with d) and Sk
(endowed with d7). As an immediate consequence, the following results hold.

Proposition 3.4. The set C is a compact and totally disconnected space where the open
balls are clopen (i.e., closed and open) sets. n
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Proposition 3.5. The space C s perfect.

Proof. Choose an arbitrary configuration 2 € C. For any n € N, let [ € Z? such that |I| = n.
We build a configuration y € C, equal to x except at site [, defined as follows

' 1 ifxz =0,
Vi e z4\ {1}, yj=x; and y = { 0 othérwise.

By Definition 3.2, d(y,z) = 27" ]
Consider now the following notion.

Definition 3.6 (ground cylinder). For any configuration = € C, for any r € N, and for any
i€ Z%, the ground cylinder of x centered on i and of radius r is the d-dimensional matrix
Ci(z) € M4, defined by
Vk e [L,2r+ 1), (Ci(x)), = B (Titkr-1) -
For example in dimension 1,
C}“(x) = (679(:62'—7“)7 s 769(1.1')7 SRR 679(wl+7"))
Figure 3 illustrates top cylinders and ground cylinders in dimension 1. Remark that the
contents of the two kinds of cylinders is totally different.

1
_I —
— - . ||
1 — R o R
RO N P ) I ) IO O O, L )
(a) Top cylinder centered on z; = 4: (b) Ground cylinder, at height 0:
O’ (z) = (+1, -0, —3,4, -2, -2, +1). Cr(x) = (400, —2,+1, 400,42, +2, +00).

Figure 3: Illustration of the two notions of cylinders on the same configuration, with radius 3.

From Definition 3.2, we obtain the following expression of distance d by means of ground
cylinders.

Remark 3.7. For any pair of configurations z,y € C, we have
d(z,y) =27% where k=min{reN:C%z)#Cy)} .

As a consequence, two configurations z,y are compared by putting boxes (the ground
cylinders) at height 0 around the corresponding piles indexed by 0. The integer k is the
size of the smallest cylinders in which a difference appears between = and y. This way of
calculating the distance d is similar to the one used for the distance d’, with the difference
that the measuring devices and the cylinders are now located at height 0. This is slightly
less intuitive than the distance d’, since it does not correspond to the definition of the local
rule. However, this fact is not an issue all the more since the configuration space is compact
and the representation theorem still holds with the new topology (Theorem 3.11).
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Finally, for a cylinder U, denote by [U], = {z € C,CY(x) = U} the open ball of radius
27" centered on U. We may write [U] when the radius of the ball can be omitted.

3.2. SA as CA on a subshift

Let (X,m1) and (Y, m2) be two metric spaces. Two functions Hy : X — X, Hy: Y —
Y are (topologically) conjugated if there exists a homeomorphism 1 : X — Y such that
Hyon=mno Hj.

We are going to show that any SA is conjugated to some restriction of a CA. Let F
a d-dimensional SA of radius r and local rule f. Let us define the (d + 1)-dimensional
CA G on the alphabet {0,1}, with radius 2r and local rule g defined as follows (see [6]
for more details). Let M € Miﬁ_l be a matrix on the finite alphabet {0,1} which does
not contain the pattern K. If there is a j € [r + 1, 3r] such that Mgrq1,..2r+1,5) = 1 and
M1, 2r41,541) = 0, then let R € R be the range taken from M of radius 7 centered on
(2r+1,...,2r+1,j). See figure 4 for an illustration of this construction in dimension d = 1.

.....

Figure 4: Construction of the local rule g of the CA from the local rule f of the SA, in
dimension 1. A range R of radius r is associated to the matrix M of order 4r 4 1.

The new central value depends on the height j of the central column plus its variation.
Therefore, define g(M) =11if j+ f(R) >0, g(M)=01if j+ f(R) <0, or g(M) = Mari1
(central value unchanged) if there is no such j.

The following diagram commutes:

c £, ¢

cl lc , (3.1)

Sk —— S
K G K
ie., Go{ = (o F. As an immediate consequence, we have the following result.

Proposition 3.8. Any d-dimensional SA F' is topologically conjugated to a suitable (d+1)-
dimensional CA G acting on Sk . [

Being a dynamical submodel, SA share properties with CA, some of which are proved
below. However, many results which are true for CA are no longer true for SA; for instance,
injectivity and bijectivity are no more equivalent, as proved in [5]. Thus, SA deserve to be
considered as a new model.

Corollary 3.9. The global rule F' : C — C of a SA is uniformly continuous w.r.t distance d.

Proof. Let G be the global rule of the CA which simulates the given SA. Since the dia-
gram (3.1) commutes and ¢ is a homeomorphism, F' = ("1 oG o(. The map G is continuous
and, by Proposition 3.4, C is compact, which proves the corollary. [
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For every a € Z, let C, = 7, *({a}) be the clopen (and compact) set of all configurations
x € C such that zg = a.

Lemma 3.10. Let F': C — C be a continuous and infinity-preserving map. There exists an
integer | € N such that for any configuration x € Cy we have |F(z)o| <.

Proof. Since F is continuous and infinity-preserving, the set F'(Cp) is compact and included
in 75 !(Z). From Remark 3.3, 7o is continuous on the set m'(Z) and in particular it is
continuous on the compact F(Cy). Hence mo(F(Co)) is a compact subset of Z containing no
infinity, and therefore it is included in some interval [—[,[], where { € N. [

Theorem 3.11. A mapping F : C — C is the global transition rule of a sand automaton if
and only if all the following statements hold
(1) F is (uniformly) continuous w.r.t the distance d;
(i) F is shift-commuting;
(#i1) F is vertical-commuting;
(i) F is infinity-preserving.

Proof. Let F be the global rule of a SA. By definition of SA, F' is shift-commuting, vertical-
commuting and infinity-preserving. From Corollary 3.9, F' is also uniformly continuous.

Conversely, let F' be a continuous map which is shift-commuting, vertical-commuting,
and infinity-preserving. By compactness of the space C, F is also uniformly continuous. Let
l € N be the integer given by Lemma 3.10. Since F' is uniformly continuous, there exists an
integer r € N such that

vo,yeC Cllx) = Clly) = CP(F(x) = CP(F(y)) -

We now construct the local rule f : R¢ — [—r,7] of the automaton. For any input range
R € RY, set f(R) = F(z)o, where z is an arbitrary configuration of Cy such that Vk €
[1,2r +1], k # r+ 1, 8%ar_,_1) = Ri. Note that the value of f(R) does not depend on
the particular choice of the configuration = € Cy such that Vk # r + 1, 8%(zx_r_1) = Rp.
Indeed, Lemma 3.10 and uniform continuity together ensure that for any other configuration
y € Co such that Vk # r + 1, 82(yk—r—1) = Ry, we have F(y)o = F(z)o, since 8 (F(z)) =
BY(F(y)o) and |F(y)o| <. Thus the rule f is well defined.

We now show that F' is the global mapping of the sand automaton of radius r and local
rule f. Thanks to (iv), it is sufficient to prove that for any = € C and for any i € Z¢ with
|zi| # oo, we have F(z); = z; + f (Ri(z)). By (ii) and (iii), for any i € Z% such that
|x;| # o0, it holds that

F(x)i = [p™ oo™ (F(o' 0 p~"(2)))],
=z; + [071 (F(az op T (m)))]l
=+ [F(o'o p‘xi(m))]o .
Since o’ o p~%i(z) € Cy, we have by definition of f
F(2)i =i+ f (R)(0" 0 p~" (2))
Moreover, by definition of the range, for all k& € [1,2r + 1]d,

R0 0 p~"(a)) = B0 0N0 (0 0 p= (@)p) = B (i, — i) = B (wisn)
hence RY(c0* o p~"i(x)) = Ri(x), which leads to F(z); = z; + f (Ri(x)). n
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We now deal with the following question: given a (d 4+ 1)-dimensional CA, does it
represent a d-dimensional SA, in the sense of the conjugacy expressed by diagram 3.17 In
order to answer to this question we start to express the condition under which the action of
a CA G can be restricted to a subshift Sz, i.e., G(Sr) C Sz (if this fact holds, the subshift
S is said to be G-invariant).

Lemma 3.12. Let G and Sr be a CA and a subshift of finite type, respectively. The
condition G(Sx) C Sr is satisfied iff for any U € L(SF) and any H € F of the same order
than g(U), it holds that g(U) # H.

Proof. Suppose that G(Sx) C Sz. Choose arbitrarily H € F and U € L(Sx), with g(U)
and H of the same order. Let x € Sr containing the matrix U. Since G(x) € S, then
g(U) € L(Sg), and so g(U) # H. Conversely, if z € Sr and G(z) ¢ Sz, then there exist
Ue L(SF) and H € F with g(U) = H. "

The following proposition gives a sufficient and necessary condition under which the
action of a CA G on configurations of the G-invariant subshift Sx = C preserves any
column whose cells have the same value.

Lemma 3.13. Let G be a (d+1)-dimensional CA with state set {0,1} and Sk be the subshift
representing SA configurations. The following two statements are equivalent:
(i) for any x € Sk with xo.. 045 = 1 (resp., x(o,..04 = 0) for all i € Z, it holds that
G(2),..04 =1 (resp., G(x)0,...0,4) = 0) for all i € Z.
(i) for any U € M4 4 N L(Sk) with Ugi1, 1) = 1 (resp., Upsr,ri10) = 0) and
any k € [1,2r + 1], it holds that g(U) =1 (resp., g(U) =0).

Proof. Suppose that (1) is true. Let U € Mgﬁ_l NL(Sk) be a matrix with Uy, rq10) = 1
and let x € Sk be a configuration such that x( o, =1 for all i € Z and M, (x) = U.
Since G(x) (.04 = 1 for all i € Z, and M3, ;(z) = U, then g(U) = 1. Conversely, let
r € Sk with 2o, 04 = 1 for all i € Z. By shift-invariance, we obtain G(z)(o,....0,;) = 1 for
all i € Z. n

Lemmas 3.12 and 3.13 immediately lead to the following conclusion.

Proposition 3.14. It is decidable to check whether a given (d+ 1)-dimensional CA corre-
sponds to a d-dimensional SA. n

3.3. Some dynamical behaviors

SA are very interesting models, whose complexity lies between that of d-dimensional
and d 4 1-dimensional CA. Indeed, we have seen in the previous section that the latter can
simulate SA, and it was shown in [6] that SA could simulate the former. A classification of
one-dimensional cellular automata in terms of their dynamical behavior was given in [11].
Things appear to be very different as soon as we get into the second dimension, as noted in
[15, 14]. This classification is based on the following notions.

Let (X,m) be a metric space and let H : X — X be a continuous application. An
element x € X is an equicontinuity point for H if for any € > 0, there exists § > 0 such
that for all y € X, m(x,y) < § implies that Vn € N, m(H"(x), H"(y)) < e. The map H is
equicontinuous if for any € > 0, there exists 6 > 0 such that for all z,y € X, m(z,y) < ¢
implies that Vn € N, m(H"(z), H"(y)) < €. An element z € X is ultimately periodic
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for H if there exist two integers n > 0 (the preperiod) and p > 0 (the period) such that
H"P(z) = H"(z). H is ultimately periodic if there exist n > 0 and p > 0 such that
H"™P = H™. H is sensitive (to the initial conditions) if there is a constant & > 0 such that
for all points x € X and all § > 0, the