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RESUME

Dans cette thése, nous explorons les liens entre des problématiques de systeme dynamiques,
en particulier les automates cellulaires, and la théorie de la complexité. Nous comparons les
notions classiques de réduction, utilisée pour définir des “classes” de complexité, avec des notions
de simulation. L'idée de simulation est plus topologique, et mieux comprise, que les réduction
et la complétude; De plus, pour certaines définitions de simulation, des automates cellulaires
universels, c'est-a-dire capables de simuler tout autre automate cellulaire, sont connus.

Apreés une courte introduction aux automates cellulaires dans le chapitre 1, nous présen-
terons dans le chapitre 2 une approche novatrice des liens entre automates cellulaires et un
autre modéle du calcul parallése : les circuits. Les travaux précédents sur le sujet s'attachaient
essentiellement, soit 3 montrer qu'un automate cellulaire donné possédait une dynamique
complexe, soit que des hypothéses trés fortes sur la régle d'un automate cellulaire impliquaient
une dynamique simple. Au contraire, dans ce travail, nous essayons de caractériser les classes
d'automates cellulaires décrite par une hypothése de complexité algorithmique de la prédiction
de leur dynamique. Nous montrons des résultats sur les automates cellulaires avec un nombre
constant de dépendances, ainsi que sur les automates cellulaires a deux voisins dont la régle
locale est monotone, étendant ainsi un résultat classique de complexité. Les définitions présen-
tées dans ce chapitre permettent de parler de classes de complexité en termes de simulation,
au lieu de réduction, c'est-a-dire de voir des systémes de calcul comme systémes dynamiques.

Le reste de cette these (les chapitres 3 et 4) sont consacrés a l'étude d'une autre notion
de complexity : la complexité de communication. Nous généralisons les résultats existants a une
définition plus large de probléeme, et exhibons une méthode trés générique pour montrer
qu'un automate cellulaire n'est pas intrinséquement universel. Ce résultat est d'autant plus
remarquable qu'il n'en existe pas d'équivalent dans le monde Turing, ot la notion de réduction
est trop générale pour permettre ce genre de techniques. De plus, les outils de la complexité de
communication nous ont permis de construire des protocoles simples, résolvant des problémes
de haute complexité Turing (PsPACE-complets, TTy-complets), ot les notions classiques de réduc-
tion et de complétude ne nous indiqueraient sans doute rien sur l'universalité intrinséque. En
utilisant ces outils, nous présentons la premiere preuve qu'un nombre conséquent d'automates
cellulaires élémentaires ne sont pas universels pour des raisons non-triviales.

Enfin, nous comparons deux définitions différentes de simulation, la simulation par sous-
systéeme et par facteur. Alors que la premiere est mieux comprise, et que des automates intrin-
seéquement universels sont méme connus, la seconde reste mystérieuse, et l'existence d'un auto-
mate universel est un vieux probléme ouvert du domaine. Nous montrons comment étendre
nos techniques a la simulation par facteur, a l'aide de non-déterminisme et de randomisation,
et nous conjecturons que cette généralisation est indispensable. Nous terminons cette étude
par une preuve que le comportement a long terme d'un automate cellulaire universel par
sous-systéme est largement moins contraint que dans la simulation par facteur, ce qui pourrait
montrer que les exigences de la simulation par facteur pourraient étre trop élevées.






ABSTRACT

In this thesis, we investigate the links between questions on dynamical systems, in par-
ticular cellular automata, and the theory of complexity. We compare the classical notion of
reduction, used to define the usual complexity “classes”, to the notion of simulation in cellular
automata. The idea of simulation is more topological, and better understood, than reductions
and completeness; moreover, for some definitions of a simulation, universal cellular automata
(that is, cellular automata able to simulate any other) are known.

After a short introduction to cellular automata in chapter 1, we present in chapter 2, a novel
approach on the links between cellular automata and another model of parallelism: circuits.
The previous works on this topic focused mainly either on showing that a particular cellular
automaton had a complex dynamics, or on showing that very strong hypotheses on the rule
of a cellular automaton yielded simple dynamics. Our approach is dual to these, as it tries
to characterize the classes of cellular automata described by an hypothesis on the algorithmic
complexity of predicting their dynamics. We show results on the cellular automata with a
constant number of dependencies, and on the cellular automata with two neighbors and a
monotonic local rule, thus extending a classical definition in complexity theory. The definitions
and comparison results presented in this chapter allow to speak of complexity classes in terms
of simulation instead of reduction, that is, to see computing systems as dynamical systems.

The rest of this thesis (chapters 3 and 4) focuses on a different notion of complexity:
communication complexity. We generalize the previous works to a wider notion of problem, and
show a very generic method to prove that a cellular automaton is not intrinsically universal.
This contrasts with the situation in the Turing world, where the notion of universality and
reduction is too general to allow for such a technique. Moreover, the framework of com-
munication complexity allowed us to construct simple protocols, solving problems of high
Turing complexity (PsPACE-complete, TTy-complete), where the classical notions of reductions
and completeness would not tell much about intrinsic universality. Using these tools, we
present the first proof that a large number of elementary cellular automata are not universal for
non-trivial reasons.

Finally, we compare two different definitions of simulations, namely the simulation by sub-
system and by coloring. While the first one is best understood, and universal cellular automata
are known, the second one remains quite mysterious, and the existence of a universal cellular
automaton is a long-standing open problem of the field. We show how to generalize our work,
using non-determinism and randomization, to the simulation by coloring, and conjecture that
this generalization is required, which opens a new and unexpected connection between this
problem and well-known results of communication complexity. We conclude with a proof
showing that the long-term behavior of cellular automata intrinsically universal by sub-system
simulations is much less constrained than for coloring simulation, thus showing that the
requirements of coloring simulation may be too high for an intrinsically universal cellular
automaton to exist.
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INTRODUCTION

The intended goal of this manuscript is to build bridges between two definitions of com-
plexity. One of them, called the algorithmic complexity, is well-known to any computer scientist
as the difficulty of performing some task, such as sorting or optimizing the outcome of
some system. The other one, etymologically closer from the word “complexity”, is about what
happens when many parts of a system are interacting together. Just as cells in a living body,
producers and consumers in some non-planned economies, or mathematicians exchanging
ideas to prove theorems.

On the algorithmic side, the main objects that we are going to use are two models of
computations, one called communication protocols, and the other one circuits. Communication
protocols are found everywhere in our world, they are the basic stone of almost any human
collaboration and achievement. The definition we are going to use of communication reflects
exactly this idea of collaboration. Our other model, circuits, are basically combinations of logical
gates, put together with electrical wires carrying binary values. They are ubiquitous in our
everyday life; they are how computers compute, how cell phones make calls, yet the most basic
questions about them remain widely open: how to build the most efficient circuits computing a
given function? How to prove that some function does not have a circuit of a given size? For all
but the most basic computations, the question of whether they can be computed by a very small
circuit is still open.

On the other hand, our main object of study, cellular automata, is a prototype of our
second definition of complexity. What “does” a cellular automaton is exactly this definition:
making simple agents evolve with interaction with a small neighborhood. The theory of cel-
lular automata is related to other fields of mathematics, such as dynamical systems, symbolic
dynamics, and topology. Several uses of cellular automata have been suggested, ranging from
the simple application of them as a model of other biological or physical phenomena, to the more
general study in the theory of computation.

By their intrinsically parallel nature, cellular automata are a good candidate of the first
definition of complexity. Since a cellular automaton performs the same operations, at the
same time, on each unit of its memory, it seems difficult to imagine that these operations
could be further parallelized. A key argument to this approach is the existence of the notion
of simulation between cellular automata. In the more general theory of computing, a common
way of measuring the complexity of an algorithm is by reducing it to as many problems as
possible. To reduce, here, means to use it to solve another problem, by transforming the input
for the other problem, to an input our algorithm understands. For instance, the problem of
finding the largest group of persons in a society, such that each person of the group knows
the entire group, can be reduced to the problem of deciding which objects among a given
collection, each with a certain volume and value, must be carried in a knapsack, to maximize
the total value of the knapsack. It is not really easy to see how the reduction works, and,
unfortunately, experience on the reductions we know shows that this is most often the case. The
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notion of simulation in cellular automata, however, provides a geometric means for embedding
the dynamics of a cellular automaton into one another. Moreover, this transformation can
even be local, in the sense that each small part of the input is transformed in the same
way. In this work, we define a hierarchy of complexity, using only simple reductions of this
kind.

In this work, we investigate both the possibility of using cellular automata as a prototype of
functions with high algorithmic complexity, and the use of provably complex functions to lower
bound the simulation power of arbitrary cellular automata.

MOTIVATIONS AND ORIGINS OF THIS WORK

The model of cellular automata was first devised by John von Neumann [1], in the 1950s.
The field of discrete dynamical systems, and of symbolic dynamics with it, really emerged
with the works of Curtis, Lyndon, Hedlund and others in the 1960s (see for instance [2]). At
the same time, the idea of algorithmic complexity was given more and more attention. It is
difficult to trace the idea back exactly, but the idea of reasonable computation time is generally
attributed to Cobham [3]. The Cook-Levin theorem ([4] and [5]) emphasized the importance of
this study.

At the time of writing this thesis, about forty years later, the latest advances in the theory
show that exponential-time complete functions are not computable by constant-depth circuits
with logical and “sum modulo 6” gates, of unbounded arity (this is a result of 2011 by Williams
[6]). This illustrates our relatively poor understanding of algorithmic complexity. However, this
situation has motivated great research; indeed, this theory is the first one, of all mathematical
theories, to have hardness results about proofs in the theory. More specifically, Razborov and
Rudich defined proofs of complexity in [7], as programs deciding whether a function given
as input has high algorithmic complexity. They showed that such programs cannot be fast
and give the correct answer for a non-negligible number of functions. That is, if we find a
proof that some function is complex, the argument is likely to be neither simple, nor easily
generalizable.

On the side of cellular automata, important progresses have been made. Fundamental
results in symbolic dynamics, such as the Moore-Myhill theorem [8] have been proven. The
works of Kari, building upon the theory of tilings, especially on the aperiodic tilesets of Berger
or Robinson, proved the undecidability of many properties of cellular automata. These results
contributed to develop the computational side of cellular automata. Finally, an elegant notion of
computational equivalence, called bulking, developed by several authors, is now well understood,
and has been the source of a rich theory. We can cite the reference papers of Delorme, Mazoyer,
Ollinger and Theyssier, [9] and [10], but these notions date back to the works of Banks [11]. We
detail this theory in chapter 1.

As an attempt to lower bound the complexity of computations, and especially of par-
allel ones, Yao introduced in 1979 the idea of communication complexity [12]. Communication
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complexity extends and generalizes the wider area of information theory, started by the works of
Shannon (for instance in [13]). The idea is to view any computation as a series of communica-
tion between the parts of the computing system. In this model, two players need to collaborate
to compute a given function. Each of them has an arbitrary computational power, but only
knows a half of the input. We review in chapter 3 the fundamental results of this theory, as well
as the connection between this model and cellular automata, first found by Diirr, Rapaport and
Theyssier in [14]. One of the interesting aspects of communication complexity, that we used in
a part of this manuscript, is the possibility to compute the actual communication complexity
of a function by an actual algorithm (and thus computing experimental values).

CELLULAR AUTOMATA AND PARALLEL COMPLEXITY

Razborov and Rudich's result about natural proofs gave us one of the starting questions of
this work: since cellular automata are very easy to simulate on a computer, even for quite large
input sizes, would it be possible to get an experimental lower bound on the circuit complexity
of predicting their evolution after a few steps? That is, would it be possible to compute an actual
lower bound of the depth of circuits necessary needed to predict the first fifteen or twenty steps
of the evolution?

This question remains open, but our chapter 2 shows links between cellular automata
and circuits. The main question of that chapter is to infer dynamics of a cellular automaton
based on hypotheses on its computational complexity. After showing how to extend the notion
of simulation to circuits, we examine in detail the most basic class of circuits that may be
used to predict the evolution of cellular automata: circuits of constant depth. Also, a major
circuit-related question is uniformity. Having a family of circuits computing some function for
different input sizes does not necessarily mean that this function is computable. Indeed, an
unbounded number of uncomputable “hints” may be hidden in circuit families. We show, for
the small complexity classes that we studied, how the classical patch to this problem (that is,
generating the families by an algorithm on a Turing machine) becomes unnecessary for cellular
automata.

Finally, we present a generalization of a classical result about planar circuits with monotone
gates to multi-valued logic, and show how cellular automata with the same hypotheses can be
studied. For general monotonic cellular automata, we show how to construct an intrinsically
universal cellular automaton, with a similar hypothesis of monotonicity. Then, for a restriction
of the neighborhood of these automata, similar to the hypothesis of planarity for circuits, we
show several reasons to believe that the complexity of these objects is quite small. Our study also
opens the way to a generalization of these results, the proof of which is actually quite simple in
the boolean case, to multi-valued logic.

This line of research is the complexity side of a more algebraic theory called clone theory,
originated by Post, and more particularly his classification of boolean functions in [15].
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LOWER-BOUNDING THE COMMUNICATIONS IN CELLULAR AUTOMATA

A natural question of complex systems, is related to the “flow” of information between their
parts. The study of this question of information in cellular automata is fascinating, and a
large part of this manuscript is devoted to it. Our main results show that, for a single cellular
automaton to reproduce a large diversity of possible behaviors, it must have a high communica-
tion complexity; in other words, its dynamics must be a complicated combination of each
element of its initial configuration.

In the general theory of computing, reductions are usually defined to prove completeness of a
problem. If C is a complexity class, a problem is said to be C-complete for reduction R, if it can
be used to solve any problem of C, modulo a transformation of the input by an algorithm of R.
In cellular automata, the same notion exists for simulations. In this work, we will mainly focus
on two simulations: the sub-automaton relation, written C, and the coloring relation, written <.
Although requiring a simulation between two problems instead of a reduction seems a stronger
condition, a fascinating fact is that there are complete cellular automata, at least for reduction
C, even for the class of all cellular automata. These last automata are called intrinsically universal
cellular automata.

We show in chapter 3, a general method, using communication complexity, to prove (for a
number of classes of cellular automata) that a given cellular automaton cannot be intrinsically
universal. Using the possibilities of simulations and experiments offered by the framework
of communication complexity, and by cellular automata, we then apply this method to a set
of cellular automata in which the existence of an intrinsically universal cellular automaton is
still an open problem: the elementary cellular automata. Our main results in this chapter are
compatibility results: the general approach is to ask a question (we also say “problem”) about
the dynamics of cellular automata, and try to solve it using a communication protocol. For some
cellular automata, the question will be easy to answer; more precisely, it will not require the
precise knowledge of all the parts of the configuration to be answered, and a simple protocol
will work. On others, each precise detail will be needed, and answering the question will need
many communications. We show that there is a number of problems for which the existence of
a simple communication protocol for some automaton A implies that A cannot be intrinsically
universal.

Moreover, if the problems we study also have a computational interest, that is, if there
is something to be said about their algorithmic complexity, then these results, along with the
existence of an intrinsically universal cellular automaton, provides an example object for which
many questions we can ask about its dynamics have high algorithmic complexity.

Finally, in chapter 4, we present a generalization of this approach to the objects and ques-
tions of symbolic dynamics. We first show how to use two other definitions of communication
complexity, using non-determinism and randomization, to solve the new problems. The general
question of this chapter is related to the limit set of a cellular automaton, that is, the set of

patterns a cellular automaton can generate after an arbitrary time. Our main result shows that,
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although the communication complexity of the limit set increases with simulation < (that is, if F
simulates G with relation <, then F's limit set is more complex that G's), it is not the case for
simulation C.

The proof of compatibility for simulation < requires a generalization of communication
complexity: we need to introduce either randomization, or non-determinism, and the theorem
even seems to be false for deterministic communication complexity. This fact gives a new and
original view on the difference between the two simulations, while the main open problem of

this field remains: is there an intrinsically universal cellular automaton for <?

19



20



1 CELLULAR AUTOMATA: DEFINITIONS

In this chapter, we introduce formally our main objects of study: cellular automata, and
give a few insights on the current state of knowledge of this field. Our point of view will be
divided between the discrete nature of these objects, with definitions and questions seeing
cellular automata as computing machines, and the more classical point of view of dynamical
systems and symbolic dynamics. This duality is intentional; it is one of the main justifica-
tions of our work, and many of our results relate dynamic properties with computational

ones.
1.1 FIRST DEFINITIONS

A dynamical system is a couple (X,F) where X is a compact space and F a continuous function
of X — X. The main questions of dynamical systems are related to the iterations F' of the map,
hence the name “dynamical”. Cellular automata are a special kind of dynamical systems, initially
introduced by John Von Neumann in a book [1] as a model of “self-reproducing” machines. This
first definition looked more like the definition of a machine:

Definition 1.1.1 A cellular automaton is a 4-uple A = (€,,N4,Q 4,8,), where :
- €= 7% is the set of cells of cellular automaton, and d is called its dimension.
- Ny is a tuple of vectors, defining the neighborhood of A.
- Q4 is a finite set called the alphabet, whose elements are called the states.
— 8, : Q™ — Q is the local transition function.
We also call the radius of a cellular automaton A the length of the longest vector in
N,.

Moreover, unless explicitely mentioned, we will always consider in this work one-dimensional
cellular automata, that is, cellular automata such that ¢, = Z.

A few years after this definition, the link with dynamical systems was found by Gustav
Arnold Hedlund in [2]. We restate this result in Theorem 1.1.1. It is one of the roots of the ideas
of this manuscript: if a complex object can be given an equivalent definition in terms of simple
mathematical objects, it allows to reason on abstract objects without too much consideration for
the problems raised by its discrete nature.

For a given cellular automaton .A, a configuration for A is any element of Q*, that is, an
assignment of a state of Q to all cells of €. Given a configuration ¢ and an element i of €,
we denote by c; the state assigned to cell i of c. Now, the global function of A is the function Fy
from €Y — &R such that F)[i] = f(c[i+n]],...,c[i+n|NA|]), where the n; are the elements
of Ny.

However, with this formalism, several local rules can represent the same global function.
Indeed, let f be a cellular automaton with neighborhood {1,...,n}, and let f' be a new local
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function defined by f'(c[1],...,c[n+m]) = f(c[1],...,c[n]). It defines the same global function
as f, only with a larger neighborhood. To avoid this problem, and useless formalism, we will only
consider in this work the canonical neighborhood of cellular automata, i.e. the representation
with the smallest neighborhood defining the same global function.

When working with cellular automata, we rarely see actual configurations. Instead, we
work with finite parts of them, that we call hereafter finite configurations. Since we do not have
all the information required to compute the whole evolution, the rule can only be applied a
finite number of times. The application of a rule as long as possible means that we apply the
global function to a configuration until its size has reached a size smaller than the size of the
neighborhood. If the radius of f is r, we denote this by f*:

Ix[-1
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When working with cellular automata, we will often use the graphical representation
of figure 1.1, called a space-time diagram: we simply draw each of the configurations c,F(c),
F4(c),...,F"(c), as a horizontal series of squares representing the cells (the time goes from the
bottom up).
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Figure 1.1 - Space-time diagram of elementary rule 110

1.1.1 Information locality and uniformity

We can already remark, from the definition of cellular automata that we gave in definition 1.1.1,
two important properties of cellular automata, that distinguish them from other well-known
models of computation such as Turing machines or boolean circuits. These properties are their
uniformity, meaning that the definition of the computation does not depend on the position in
the configurations, nor on the size of the input. And the information locality, meaning that
information is subject to constraints on its travel speed.
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The precise statement of what this means is the object of the Curtis-Hedlund-Lyndon
theorem, which proves an equivalence between definition 1.1.1 and a definition of cellular
automata as a topological object. Our first definitions concern the configuration spaces:

Definition 1.1.2 The Cantor topology on space X = Q° is the product topology over € of the
discrete topology over Q. A natural basis of open sets for this topology are cylinder sets, that
is, for each i € € and each word a € Q, the following sets, that we write [a] :

[a], = {x € Q" xi = a[0), .., x[i +al-1] = a[la| -1}

The same topology can be defined by the following distance, called the Cantor distance:

S(x[il,ylil)
dCantor(X)y) :;W
According to definition 1.1.1, since € = Z% for some integer d, it is always a countable
metric space, so this definition always makes sense.
Also, when € = Z, we call the shift transformation, and we write o, the function of Qc —
Q° defined by o(c)[i] = c[i+1]. Adopting the vocabulary of symbolic dynamics, we can now

restate our first definition of cellular automata, or at least of the space of the configurations:

Definition 1.1.3 Let Q be a finite set. A subshift, or shift space, is a closed subset of Q” (for the
Cantor topology), stable under o. A special case of subshift is the full shift, that is, the whole

space QZ.

An equivalent definition of subshifts can be given as sets of the configurations that avoid a
given collection of finite patterns & C Q*, that is, sets of the form {X € QZ | x[i],x[1+1],...,x[]] & 3"}.
In this definition, the complementary of F in Q" is called the language of subshift S, and is
written £(S).

From our definition of the global function of a cellular automaton, we can already state
the following easy properties:

- If A is a cellular automaton, then for any i € Z:

FE0@)[i] = 2 +Ny+1,. i+ Ny+1) = B (01 +1]
Thus, Fjoo = oof;.

- If A is a cellular automaton, then for any ¢ € Q%, and any neighborhood (in the topological
sense) V(F(c)) of F(c), there is a neighborhood V(c) of ¢ such that F(V(c)) C V(F(c)): for
instance if V(c) = {x € V(F(c)) | x[1 +N;] = c[i+N;],i € pos(C),N; € Ny}, where C is the
smallest cylinder in which V(F(c)) is included, and pos(C) C €, is the set of those positions
for which all the points of C have the same value. This means that F, is continuous for the
Cantor topology.
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Now, the more surprising result of [2] is that the converse also holds:

Theorem 1.1.1 (theorem 3.1 of [2]) A function from a shift space to itself is the global function of a
cellular automaton if and only if it is continuous for the Cantor topology and commutes with o.

We will need also to distinguish two particular types of functions of this kind:

Definition 1.1.4 A color map ¢ between two dynamical systems (X,F) and (Y,G) is a continuous
function of X — Y such that @oF = Gog.

By Theorem 1.1.1, if ¢ is a color map, then it can be defined as the global function of a
cellular automaton. In the case where this cellular automaton has radius 0, we say that ¢ is

a coloring.

Subshifts are sets of infinite elements of Q”, for some finite set Q, what we have called
configurations in the beginning of this chapter. To measure their complexity, we need a notion
of language, that is, of sets of finite words, associated to a subshift:

Definition 1.1.5 The language of a subshift S is the set of all finite patterns appearing in the
elements of S:
£(S) = {s[i],...,s[i+n]|s € S,i € Z,n e N}

Moreover, in this work, we will mainly consider a few special cases of subshifts:

Definition 1.1.6 A subshift of finite type, also called an SFT in the sequel, is a subshift whose
language is finite.

Definition 1.1.7 A sofic subshift is a subshift whose language is regular.
1.2 SIMULATIONS

One of the most elegant ideas of computability theory is the concept of acceptable programming
systems, and universal machines. This was the core idea behind the Von Neumann architec-
ture. However, the special properties of cellular automata, most remarkably their spatial and
temporal uniformity, allow for a stronger type of simulation, a syntactic one, preserving not
only the computational power, as with Turing machines, but also a large number of dynamical
properties. This idea was already present, although implicitly, in the notion of “self-reproducing
machines” of Von Neumann's book. The precise formalization that we are going to define
now was first done in the restricted context of two-dimensional cellular automata by Banks
in [11], before being generalized by Mazoyer and Rapaport in [16], and then further extended
by Ollinger in [17], then by Theyssier in [18].
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This new definition of universality is based on the idea of simulation by bulking, which is a
local transformation of the rule of a cellular automata. Its key ideas are a notion of rescaling and
different relations of embedding of cellular automata into one another.

1.2.1 Rescaling

The ingredients of the rescaling are the following: temporal rescaling, that is, skipping a
constant number of time steps at each step; spatial “packing”, that is, taking blocks of a constant
number of cells as only one cell, and a translation (the shift). Formally, let F be the global
function of a one-dimensional cellular automaton on alphabet Q. For any m >1, we define the
following bijective packing map b, : Q” — (Qm)Z by:

Vz€eZ, b,()[z] = (c[mz]..c[mz+m-1])

(m,t,z)

We call the rescaling of F by parameters m,t, z, and we write F , the following function:

F(m 4z) — me o zOFtob—]l11

By theorem 1.1.1, this is still the global function of a cellular automaton, since all of these
four functions are continuous, and their composition clearly commutes with o.
Now, how can we say that a cellular automaton simulates another one ? Obviously, this rescaling
operation does not change fundamentally the dynamics of cellular automata; the only real
distortion is the skipping of a fixed number of steps, different in the simulator and the
simulated automaton. Indeed, transformation b,, is bijective, as is 0. However, we may not
necessarily be able to recover the dynamics of the initial cellular automaton after “forgetting”
steps, as there may be several possibilities yielding the same function after forgetting. Now,
we need a notion to say that a cellular automaton “embeds” another one. In sections 1.2.2
and 1.2.3, we show two different ways of defining such a relation; the first one, called the
sub-automaton relation, injects an automaton into a part of the simulator automaton. The
other one, called the color relation, projects the states of the simulator onto states of the
simulated automaton.

Definition 1.2.8 Let F and G be two cellular automata, and R a preorder relation. We say that
F simulates G by R, and we write G <4 F, if:

stey Sty
ElmF, tr, 2§, Mg, tg, zg, G(mG 61ZG) R F(mp FrZr)

For both relations, we consider the question of the existence of intrinsically universal cellular
automata:
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Definition 1.2.9 A cellular automaton F is intrinsically universal, or simply universal, for some set
S of cellular automata, and relation R, if:

VGeS, G, F
1.2.2. The sub-automaton relation

Our first simulation relation “embeds” a cellular automaton into another one, in the sense that
only a part of the configurations of the simulator are used by the simulation.

Definition 1.2.10 Let F and G two one-dimensional cellular automata, we say that F is a
sub-automaton of G, and we write F C G, if and only if:

J¢:Qf — Qg, @ is one-to-one and Go@p = @oF

Where @ is the uniform extension of ¢ to configurations, that is, @(x), = @(x;). In this case, we
say that ¢ is the map induced by C.

There are several constructions of universal cellular automata using this relation, see [10]
for a complete account, or [17] and [19] for complete constructions of universal cellular automaton
for this relation.

1.2.3 The coloring relation

The other simulation, that we study in this work is called the coloring relation, and comes from
symbolic dynamics. The idea behind sub-automata was to “hide” parts of the configuration
space, by simulating simpler automata only on a subset of the configurations. In the coloring
relation, this is forbidden. More precisely, any configuration of the simulator should simulate

some configuration of the colored automaton:

Definition 1.2.11 Let F and G two one-dimensional cellular automata, we say that F is a coloring
of G, and we write F < G, if and only if:

F9: Qg — Qp, P is onto and Fop = oG
In this case, we say that 1 is the map induced by <.

However natural this definition may seem, the existence of a <-universal automaton is
still unknown:
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Open problem 1.2.1 (from [18]) Is there a cellular automaton <-universal ?
1.3 PARTICULAR CLASSES OF CELLULAR AUTOMATA

We consider here several restrictions, or “classes”, of the general framework of cellular automata,
with specific properties. A first restriction that we may consider is the class of elementary cellular
automata, of radius 1 and alphabet {0,1}, often referred to by their numbering:

Definition 1.3.12 The local rule called elementary rule n is the rule defined on alphabet {0,1}
by:
_ n
f(C[O],C[]],C[Z]) = mmOdz
Another class of useful cellular automata is those cellular automata with a spreading state,
that is, a state that spreads everywhere if it appears once in the configuration:

Definition 1.3.13 Let F be a cellular automaton with alphabet Q, radius r and local rule f. A

T f(x) = q whenever q appears in x.

state q € Q is called a spreading state for F if for all x € Q

Remark that there can be only one spreading state in a given cellular automaton, and that
this notion extends to any dimension d by considering a neighborhood of dimension d instead
of Q2.

Understanding the link between the local definition, and the global properties of cellular
automata is one of the key problems, and their properties as functions, and as dynamical
systems, give a convenient framework to start this study. In particular, several classes have been
investigated:

Definition 1.3.14 A surjective cellular automaton is a cellular automaton whose global function
F:Q” — Q" is surjective, that is,
z z
YyeQ, IxcQyF(x) =y
From now on, we will denote the set of surjective cellular automata by Surj.
This class, containing at the same time simple automata such as the shift, and very complex
ones such as elementary rule 30, has been extensively studied. One of the most notable results

about it, the Moore-Myhill theorem, gives an alternative characterization of class SURJ:

Theorem 1.3.2 (from [8] and [20]) A cellular automaton F, of any dimension, is surjective if and

only if it is locally injective, that is,

vx, y € QR |{x[i] # ylil |1 € €4 is finite = F(x) # F(y)
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Many results about this class have been proven by Hedlund [2], among which the following
results about the cardinality of the antecedents of a configuration, by a surjective rule:

Theorem 1.3.3 Let F be a surjective cellular automaton of radius r and alphabet Q. Then for any
finite configuration x € Q™

[F'o| = 1QI°

Moreover, in one dimension, another surprising result is that surjectivity is decidable. This
result, due to Amoroso and Patt, first appeared in [21]:

Theorem 1.3.4 (from [21]) The set of onto one-dimensional cellular automata is recursive, as well
as the set of one-to-one cellular automata.

The disparity of this class has raised intriguing open problems. We present some of them
here:

Open problem 1.3.2 (from [10]) Is there a universal cellular automaton for class Surj, that is, a
surjective cellular automaton simulating any other surjective cellular automaton ?

Another interesting open problem about cellular automata is known as the dense periodic
orbits conjecture:

Open problem 1.3.3 (from [22]) Let F be a surjective cellular automaton. Is the set of points x
such that the sequence (Ft(x))t is periodic dense in Q”?

Figure 1.2 - Space-time diagram of elementary rule 30

An interesting subset of SuURj is the class of reversible cellular automata, that is, those

automata whose global function is onto and one-to-one, like the shift, for instance. This class is
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better understood, and a universal cellular automaton is even known, as proved in [23]. See also
[24] for recent results.

Several properties that have been studied come from the theory of dynamical systems. A
detailed account of this theory, applied to cellular automata, can be found in [25]. We restate
some of these definitions here:

Definition 1.3.15 Let X be a metric space, and F a function of X — X. F is said to be equicon-
tinuous at point x, € X if:

Ve>0, 35>0,YxEX,Vt>0, d(x,xo) <8 = d(F'(x),F'(xo) <e

Another class that we will need in this manuscript is the class of linear cellular automata.
A complete discussion of what this means, with a variety of applications and examples, can be
found in [26]. In the present work, we define it as follows:

Definition 1.3.16 A semigroup (S,) is an algebraic structure with a set S and an associative law
®.

Definition 1.3.17 A linear cellular automaton is a cellular automaton whose alphabet is a
semigroup (Q,®), and whose global functions verifies:

F(x ®y) =F(x) & F(y)
Where x @©y denotes the uniform extension of & to words or configurations:

x@ylil = il ylil)

Interesting properties of these cellular automata include the existence of fractal structures,
as studied in [27], or [28].

1.3.1 Decidability

The decidability of the properties of a system is an important question in the study of its
computational power. One of the first examples of undecidable behaviors of a machine was
the halting problem, shown undecidable by Turing in [29], by one of the first applications of
Cantor's diagonal argument to computing. In cellular automata, a number of properties have
been shown undecidable.

The first property that we will present here is the periodicity of cellular automata. The
following result, due to Culik, Pachl and Yu in [30] in dimension at least two, and to Kari [31] for
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dimension one, shows that there is no general way to detect whether a cellular automaton given
by its local rule is nilpotent:

Definition 1.3.18 A cellular automaton F is nilpotent if there is a time step t and a state q of the
alphabet such that Vx € Q% Viedr, Fx)i] = qo.

Theorem 1.3.5 The set of local rules of cellular automata representing a nilpotent cellular

automaton is recursively enumerable but not recursive.

Another variant of this kind of simple behavior after a few steps is the periodicity of a
cellular automaton. A periodic cellular automaton, of period t, will always return to its initial
configuration after t steps, independently of what the initial configuration was:

Theorem 1.3.6 The set of local rules of cellular automata representing a periodic cellular automa-

ton, that is, a cellular automaton F such that F'(x) = x, is recursively enumerable but not

recursive.
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2. CIRCUITS AND CELLULAR AUTOMATA

As soon as computer scientists began to understand the limitations of sequential computa-
tion that the Turing model provided, with the Cook-Levin theorem ([4] and [5]), the idea of
parallelism began to raise interest in the community. At this time, probably building upon the
experience gained in making computing hardware, the model of boolean circuits emerged as
a new paradigm to solve the hard questions of the recent algorithmic science. Unfortunately,
it was understood soon thereafter what new problems this model would cause. Indeed, if the
P = NP problem was already identified as the limit of our understanding of algorithms, as
soon as NC, the equivalent for circuits of P in sequential computation as the “reasonable class
of computation”, had been formulated, a new question was asked: is P = Nc? In other words,
would it be possible to further accelerate exponentially all the computations we defined as
reasonable, by parallelizing?

This chapter offers an overview of this field, and shows how our model of parallel com-
putation, cellular automata, compares to this classical one. To our knowledge, the main two
approaches that have been taken to study this question are the one of Cook in [32] and Neary
and Woods in [33], where the authors use the dynamics of cellular automata to lower-bound
their complexity, and the approach of e.g. Moore in [26], where the author upper-bounds the
complexity of cellular automata, by providing circuits to predict them. These approaches both
study the implications of hypotheses on the dynamics of cellular automata on their algorithmic
complexity. The first one to find completeness results, the other one to find upper bounds on
their complexity.

Our approach is complementary to this one, and our main question is: what do hypotheses
on the algorithmic complexity of cellular automata mean to their dynamics? After reviewing the
definitions and classical results of this field, we will mainly focus on two particular classes, the
monotonic planar cellular automata, and the automata with a number of dependencies bounded
by a constant.

2.1 CIRCUITS AS GRAPHS OF ALGORITHMS
2.1.1 Definitions and examples

Definition 2.1.1 A circuit is a 4-uple C = (Q,G,V,E), with Q a finite set (the alphabet), (V,E)
a directed acyclic graph, the underlying graph, G a finite set of functions of Q — Q, called the
gates. The vertices of V are labeled as follows:
- Each vertex of ingoing arity (or fan-in) d > 0 is labeled by a function of G with d inputs
(that is, by an element of QQdﬂ 9).
- The vertices with ingoing arity d = 0 are called the inputs of the circuit, and are labeled by
some i € N.
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Some of the vertices of outgoing arity (or fan-out) O are called the output vertices. There must
be at least one output vertex, and, if there are N of them, they are numbered 1 through N.

Finally, the maximal length of a path of graph (V,E) is called the depth of C, and is
written d(C).

We now need to define what we mean by “evaluating a circuit” or that a circuit “computes a
function”. The evaluation procedure of a circuit is as follows:

Algorithm 2.1.1 The process of computing a function with a circuit is as follows: on input x =
X1y ey X, We compute a valuation of the circuit, that is, we construct a function Val : E — Q,
such that:
- For each input vertex v, labeled by i, we set Val(v) = x;.
- Each other vertex v, with label g, such that Val has been constructed for all its predecessor
vertices (the vy,...,v; with an edge (v;,v) € E), receives value Val(v) = g(Val(v,),...,Val(vy)).
If there are N output vertices vy, ...,vy, the final value of the circuit is (Val(v),...,Val(vy)). In
the sequel, we will often write C(x) to mean “the final value of the circuit after its evaluation
on input x”.
The problem of computing C(x) is called the circuit value problem of C on input x.

Sometimes, depending on the circuit, the function Val can be computed faster than the
canonical procedure described by Algorithm 2.1.1. For instance, when the fan-out of all the
vertices of a circuit C is at most one (and hence the underlying graph of C is a forest), then
the two children of each node can be evaluated in parallel.

In the sequel, unless explicitly mentioned, we will only consider the case of finite Qs. See
[34] for an introduction to the existing generalizations to larger value sets. The first type of
circuits that will interest us are the boolean circuits, where Q = {0,1}. Our first result shows what
kind of gates we need:

el el2)  eEB)  elld)  esEB])  eelle])  eel7])  es(el8])

Figure 2.3 - The circuit of a conjunction
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Proposition 2.1.1 The gate set G = {A,V,—} is complete for functions of {0,1}* — {0,1}, that is, any
function of {0,1]" — {0,1} is exprimable by a circuit with gates from G, of depth n +logn +2.

Proof. We can clearly represent the 0 constant function by a formula of depth 1. Else, for any
e € {0,1}" such that f(e) =1, we build the expression €;(e[1])A...Ae,(e[n]), where €;(x) = x if
e[i] =1, and — x else. This conjunction can be written as a circuit of depth logn +2 (see figure
2.3), because the conjunction requires a depth logn+1, and negating some of the variables
depth 1. Now, we can plug all these wires to a tree similar to the one on figure 2.3, but with v
gates instead of As. Since there are at most 2" inputs, this requires a tree of depth n. O

Let us remark that in the proof of Proposition 2.1.1, the circuits we built were of depth
n+logn+2, and of size in O(n2"). And changing the gate set, as long as the new one is also
complete, can only change the complexity up to a constant factor. And since any computational
problem can be encoded as a boolean function (more details about this can be found in the
proof of the Cook-Levin theorem [4]), the main question of the whole theory of algorithms
can be therefore reformulated as “under what conditions can we design better circuits?”. The
answer is “not often”, and this result is classically known as the Shannon effect:

Theorem 2.1.2 (from [35]) Most functions of {0,1]" — {0,1} cannot be computed by circuits of
size in o(2").

Proof. This can be proved by a simple counting argument: there are 2% distinct boolean
functions of {0,1}" — {0,1}. How many circuits of size p(n) are there? If we can connect any
two gates with zero, one or two connections (since the underlying graph of a circuit is directed),
there are 37 different possible ways of connecting a circuit.

We also need to decide what gates the vertices will be labeled by. Each vertex might be
labeled by a gate from G, a variable among {xy,...,x,}, or a constant 0 or 1. Hence, there
are (n+1G|+2)"™ possible labelings. In total, there are at most 3p(”)2(n +2+81)"™ circuits
of size p(n), which is negligible compared to the number of boolean functions, as soon as
p(n) € o(2"). O

This theorem allows to define the first notion of algorithmic complexity of this manuscript,
namely, circuit complexity. Contrarily to Turing machines, one circuit only operates on inputs of
a given fixed size. To solve algorithmic problems with circuits, we need to define circuits for all

possible input sizes:
Definition 2.1.2 A circuit family is a sequence (C,,)_of circuits. Moreover, if f is a function of

{0,1}" — {0,1}, we say that (C,,) computes fif VneN, x € {0,1}} C,.(x) = f(x). We call function
n — d(C,,) the circuit complexity of (C,,) .
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However, this is not a very realistic model of computation. For instance, according to our
definitions, the circuit family (C,,)_ defined forallnand x € {0, by “C.(x) =1 & @,halts on
input n”, where @, is the nth Turing machine, is a legal circuit family, of depth and size 1,
but it computes an uncomputable function. A common restriction imposed on circuit families
to avoid this situation is uniformity:

Definition 2.1.3 Let C be a Turing complexity class. A C-uniform circuit family is a circuit family
such that there is a Turing machine ¢ € C writing, when given the unary representation of n as

input, an encoding of C,, on its output tape.

Only now can we define a notion of circuit complexity that can be compared to Turing
complexity. The surprising fact about Theorem 2.1.2 is that although we know that most
functions are “hard”, no one has been able to prove yet that a boolean function could not be
computed by a uniform family of circuits of, say, polynomial size.

The same problem is also open for parallel time. We do not know a proof that a boolean
function cannot be computed by a uniform family of polylogarithmic depth. The name “parallel
time” is accurate here, since boolean circuits are really a model of parallel computing. This is
because if we want to evaluate a circuit C, as described by Algorithm 2.1.1, we can do so in
“rounds”, where in each round we compute Val(v) for all the vertices v where this is possible,
then we will be done evaluating the whole circuit in exactly d(C) rounds. An immediate corollary
of the Shannon effect is that most functions also require a linear depth to be computed, because
2" gates do not fit in much less than O(n) rounds.

Understanding this problem means finding what, in a computation, must be done sequen-
tially. The answer is known as Spira's theorem for formulas, that is, circuits in which the
underlying graph is a tree:

Theorem 2.1.3 (Spira's theorem) Any boolean formula F is equivalent to a formula F' of depth
at most 4-log(|F|).

Proof. By induction on [F|. It is true for |F| =1. For |F| > 2, let G be the minimal subformula
of F of size greater than t/2. Since |G| > 2, G must have one or two direct subformulas, of size
at most t/2 by minimality of |G|. Hence, by induction hypothesis, G can be written as a formula
of depth 14 4-log(t/2).

If G =F, the proof is finished. Else, let us write F, (respectively F,) the formula where G
has been replaced by O (respectively 1) in F. Since F, and F; are of size at most t/2, they are
equivalent, by induction hypothesis, to formulas Fy and F/, of depth 4-log(t/2).

Finally, F is clearly equivalent to (G A Fy) V (— G A F), which is a formula of depth 3 +1+
4-log(t/2), that is, 4-logt. O

34



As for the general situation, we do not know. Even the latest progresses, such as William's
result [6], do not bring much intuition on the proof techniques needed to solve these problems.
Even worse, a paper of 1994, by Razoborov and Rudich [7] introduced the notion of natural proof,
which are algorithms recognizing functions with no polynomial-size circuit family. Their proof
shows that, under commonly believed hypotheses, for such an algorithm to exist, it must either
be applicable to a very small number of functions, or its running time must be unpracticable
(more precisely, an exponential in the size of the truth table of the input function, which is
already of size 2" for input size n).

Finally, let us state a few more definitions that we will need in our study.

Definition 2.1.4 The complexity class P is the set of all languages over some finite alphabet
that are recognized by a Turing machine running in time polynomial in the size of the input.

Definition 2.1.5 The complexity class LOGSPACE is the set of all languages over some finite
alphabet that are recognized by a Turing machine running in space logarithmic in the size of
the input.

Definition 2.1.6 The complexity class NC is the set of all languages over a finite alphabet Q that
are recognizable by a LOGSPACE-uniform family of circuits with one output, of polynomial size,
and polylogarithmic depth, that is, O(log*n) for some k. “Recognizable” here means that there
are a distinguished state g+ € Q such that a word is recognized if and only if the circuit outputs

qr-

In this chapter, we try to show why we think that cellular automata, as an inherently parallel
computational model, may be an appropriate model for the study of these questions.

2.2 CIRCUITS AND CELLULAR AUTOMATA

The first problem we need to deal with, in this adaptation of cellular automata to boolean
circuitry, is the problem of input and output representation. Circuits compute on bits, and
cellular automata on states. This problem is far from being trivial, as we will see.

2.2.1 Of states and bits

However, choosing an alphabet Q different from {0,1} for our gates to operate on does not

change drastically the complexity as we have defined it in section 2.1.1, as shown by the
following propositions:
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Lemma 2.2.4 Let C be a circuit over alphabet Q and gates G with arity at most d. Then, for
any complete gate set G' on an alphabet Q' such that |Q'| > |Q], there is a circuit C' and a
one-to-one application @ : Q — Q' such that:
- for any x € Q", C'o = @oC.
- there are two positive integer constants « and 3, depending only on |Q| and G, such that
d(C") < Bd(C) and |C'| < x[C].

Proof. ¢ can be any one-to-one application of Q — Q'. We simply replace any gate in C
by a small circuit with gates of G', which is always possible since, for any function g € G,
the function defined on (p(Q)d by g'(xqy...yXq) = (p4(g((p(x]),...,(p(xd))) is clearly a function of
(Q')d — Q/, and thus there is a circuit of depth O(dlog|Q'|) and size O(Zdlongvl) computing it.
Then, we can show by an easy induction that at each step the evaluation process described

by algorithm 2.1.1, each wire carries value @(q), if the corresponding wire in C carried q.
0

Conversely, we can do almost the same construction, with a somewhat more complicated
encoding, to solve the case where the alphabet of the new circuit is smaller:

Lemma 2.2.5 Let C be a circuit over alphabet Q and gates G, with N output gates C,...,Cy.

foealQl Then we can design a

For any q € Q, we write (q) an encoding of q by words of {0,1}
circuit C', on alphabet {0,1}, with gates in {A,V,—}, and N' = |-log2|Q|-|-N output gates (C{), such
that:
- for any x € Q", and any 1<i <N, (Ci(x)) = C4i(X)), vy Cqiq1(x)), with q = |-log2|Q|-|.
- there are two positive integer constants « and 3, depending only on |Q| and G, such that
for all i <N, d(C;) < Rd(C) and |C;| < x|C].

Proof. Since {A,V,—} is complete for {0,1}, as proved in proposition 2.1.1, each gate of G of arity
d can be replaced by ’-logIQ|-| circuits computing functions of {O,]}dﬂong” — 10,1}, which we can

choose of size a = O(Zdlongl) and depth § = O(dlog|Ql), again by Proposition 2.1.1.
A simple induction on the steps of Algorithm 2.1.1 shows that this new circuit computes
the same function as C. O

Proposition 2.2.6 Let C be a circuit over alphabet Q and gate set G. For any other alphabet Q'
with at least two states, any gate set G' complete for Q', there is an integer ¢ < 1+1log,|Q'], a
one-to-one encoding function E:Q — Q' and a circuit C', such that:
— for any output vertex C; of C, (Ci(x)) = C;ni((X)) -y Crnizm1 (X)), with m = |-Iog2|Q'|-|.
- there are two constants « and {3, depending only on |Q| and |Q'|, such that |C'| < x|C]|
and d(C') <pd(C).
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Proof. If |Q'|>|Q|, then it is Lemma 2.2.4, with ¢ =1. Else, we can transform C into a
boolean circuit with gates {A,V,—}, by Lemma 2.2.5, and then to a circuit over Q' by Lemma
2.2.4 again. O

By the way, this proposition shows how a gate set can be complete for an alphabet: indeed,
in this proof, we have used the completeness of G' essentially for computing boolean circuits

and functions of Q%%

— Q. Since Proposition 2.1.1 shows that only three different gates are
necessary to compute any boolean circuit, and that there are only a finite number of functions

of Q&% —; Q, this proves the following corollary:

Corollary 2.2.7 For each finite alphabet Q, there is a gate set of finite size complete for

2.2.2 Computational problems about cellular automata

Defining a computational problem from cellular automata is quite easy. We will see in chapter 3
several ways of defining this, with different computational complexities. For the moment, let us
focus on the following problem:

Definition 2.2.7 Let F be a cellular automaton over state set Q. The problem PRED;: Qf —
Qs is defined by:
PRED(x) = F*(x)[1]

Where F*(x)[1] means the first letter of word F*(x), as defined in section 1.1.1.

We will see why this problem is p-complete later, along with a stronger construction. For
the moment, what interests us in this problem is the behavior of its circuit complexity with
respect to sub-automaton simulation and bulking, as defined in Definition 1.2.10. To define
precisely what a “higher complexity” means, we need the following relation, already defined in a
first version in [36], finally corrected by [37]:

Definition 2.2.8 Let f and g be two functions of N — N. We say that f is affinely-inferior to g,
and we write f < g if there are non-constant affine functions (that is, of the form x — ax+b
for some constants a and b) «, B, v, d such that:

xofof3 <yogod

It is not difficult to see that this relation is a pre-order relation, that is, reflexive and
transitive.
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Proposition 2.2.8 Let F be a cellular automaton. If PRED has a circuit family (C,,) on some
alphabet Q and gate set G complete for Q, then for any bulking parameters m, t and z, there is
a circuit family (C',) computing PREDyw+, such that:

d(C')) <d(C,) and d(C,)<d(C')
ICLI <IChyl and |C,|<|CY]
Where < is the relation of Definition 2.2.8.

Proof. We prove this by showing that each ingredient of the simulation preserves the com-
plexity. Since the alphabet is changed several times during this proof (and the gate set with
it), as stated by Proposition 2.2.6, we need to be careful about alphabet problems. However, G
is complete for Q, this is not a huge problem:

- First, if there is a circuit family (C,,)_ for PRED, then we can transform it into a circuit

family for PREDymoo by simply taking, for each n, m copies of Cm[n/ with their output

m]
vertices renumbered. The output of this circuit is thus an element lf (an)m, which is
exactly what we need.

Conversely, if there is a circuit family (C,,) for PREDgnoo, then we can easily transform

it into a circuit family for PREDy for each input size n, we consider C[n/mJ’ and add a
circuit C' to simulate the evolution of F for the n mod m remaining steps, from the value
of PRED oo computed by C{“/mJ' This can clearly be done by a circuit of size and depth
depending only on m and |Q|, by Proposition 2.2.6.

- Now, if we have a circuit family (C,,) to compute PREDg, then PREDouo is clearly computed
by family (C,.;) . However, the converse needs a more complicated circuitry, since we need
to compute the evolution of F even on configurations of size n such that (n-1) is not a
multiple of t.

In order to compute the evolution of F for configurations of size n, we need to iterate
F to(n) = “Z—’T] times, where 1 is F's radius. Thus, if we have a circuit family to compute
PRED¢10, We can simply copy it 21+(to(n) modt)+1 times, to compute the result of t~|_t°in)J

iterations of F. Then, we can simply connect the O(2r-(to(n) modt)+1) output vertices of

the resulting circuit to another circuit iterating F for the ty(n) modt remaining iterations.
This is again possible with a circuit of depth and size depending only on t and |Q]|, by
Proposition 2.2.6.

- As for the composition with the shift, this can be done easily by adding 2|_“T'1J ignored inputs
to the circuit of size n, with r the radius of F. This is because the composition of F with
the shift is a cellular automaton of radius r+1, where the r -1 left cells are ignored by the

local rule.
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Conversely, to compute PRED; with circuits for PRED,, we can simply, for each input
size, feed constants states to the ignored inputs. This is still a valid circuit, and the value
of the constants does not matter. O

Proposition 2.2.9 If F and G are two cellular automata such that FE G, and there is a
circuit family (C,,) , with alphabet Q and gates set G complete for Q, computing PREDg, then
there is a circuit family (C',) computing PREDy, such that for all n, d(C',) € O@(C,)), and
Il € O(IC,D).

Proof. For each n, we only need to add a circuit of constant depth and size to compute ¢ for
each input, then ¢ for each output vertex of C,,, if ¢ is the one-to-one application induced by
C. This can be done, by completeness of G and Proposition 2.2.6. O

Altogether, we have proved that the circuit size and depth of predicting cellular automata was
conserved by simulation. That is, anticipating on the terminology of chapter 4, that for any
non-decreasing function f: N — N, the set of cellular automata F such that there is a circuit
family of depth in O(f) computing PRED; is an ideal of the bulking pre-order.

2.3 MONOTONIC CELLULAR AUTOMATA

Monotonicity has long been a subject of interest, both in dynamical systems and complexity
theory. Several complex processes are amenable to formal analysis thanks to their being mono-
tonic. This is the case for instance, of many biochemical processes such as gene activation
networks, or of the “easy” cases of Ising model dynamics, such as bootstrap percolation.

In complexity theory, the importance of monotonic computations is even higher, as the
most important open problem of the theory, that is, complexity lower bounds, becomes feasible
for monotonic functions. The following result, proved by Raz and Widgerson in [38], lower
bounds the depth of monotonic circuits that would be needed to decide if a graph (V,E) has a
perfect matching, which is a decomposition of V into a set of disjoint pairs (vy,v;) of E.

Theorem 2.3.10 (from [38]) Any monotonic circuit computing the perfect matching function on
n-vertex graphs requires QQ(n) depth.

Here “monotonic circuit” means a boolean circuit with all its gates monotonic, with the

following definition for a monotonic function:

Definition 2.3.9 Let d be an integer, Q a finite alphabet with a total order relation <. A

monotonic function f: Q% — Q is a function such that:

VX], ey Xay Y1y -y Yary Y1 2 X1y «eoy Yg 2 Xd = f(yb---)yd) 2 f(X],...,Xd)
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It is an easy exercise to show that the functions computable with monotonic circuits are
exactly the monotonic functions. In the boolean binary case, a monotonic circuit is a circuit
whose gates are in {A,V}. To avoid any kind of confusion, this is the right place to state Allgood's
second principle (the first one is to be found in [34]):

Allgood's second principle Let C be a circuit of size n. By applying De Morgan's laws at each
gate of C that are followed by a — gate, Allgood thinks he gets an equivalent circuit of size n
where the negations only appear at the inputs.

Allgood's wrong. To see this, consider the following circuit:

Figure 2.4 - Allgood's construction

To perform his transformation, Allgood would have to duplicate the A gate, and to perform
the same operation again at each node of each level of the formula. Although the depth and the
computed function really do not change, the size of his circuits, that he once thought in O(n),
would rather be of the order of 2" !

A more reasonable way of simulating a non-monotonic circuit with a monotonic one
involves duplication of the inputs:

Algorithm 2.3.2 Each wire is represented by two wires (a,b). The A gates are transformed into
two gates (@ A a, b vV b'), the Vinto (a V a, b A b'), and the negations by (b, a). If each input
bit x; is transformed into (x;, — X;), one can check that Algorithm 2.1.1 computes at each step
the same values as before, along with the negation of each one.

2.3.1 Planarity

A possible solution, to avoid the solution of Algorithm 2.3.2, is to restrict the form of the
underlying graph to a graph where these simulations of non-monotonic gates by wire crossing
are impossible: a planar graph. The following result shows that monotonic circuits with a planar

underlying graph have an easier circuit value problem:

Theorem 2.3.11 (from [39]) Any boolean monotonic planar circuit of polynomial size computes
the same function as a circuit of polynomial size and polylogarithmic depth.
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Now, what does this mean for our model of parallel computing, cellular automata? If we
consider cellular automata of arbitrary radius, the same kind of cheating is possible: indeed, the
construction of Algorithm 2.3.2 crucially used the fact that in any order on Q, for any qo,q,q>,
gs € Q, whenever q, < q; and q, < q3, the pairs (qy,q3) and (q;,q;,) are incomparable.

We can generalize this to the following lemma:

Lemma 2.3.12 Let Q be a finite set, totally ordered by <, and f: Q" — Q be any function. If
there are m incomparable n-uples ,...,1t,, of Q", then there is a monotonic function g such
that for each i, g(u;) = f(u;).

Proof. Simply set g(u;) = f(u;) for each 1, this does not contradict the monotonicity of g,
since the (u;) are incomparable. Then for each i, and all n-uple x > u;, we set g(x) = maxQ.
Similarly, for all x < u;, we set g(x) = minQ. This is possible because there is no n-uple x such
that u; < x < u;, since the (u;) are incomparable. O

And then use it to prove that monotonic local rules are as powerful as any other rule, as
long as their radius is not too restricted. Here, we use the term “monotonic local rule” as in
definition 2.3.9: local rules of cellular automata are functions, after all.

Proposition 2.3.13 Let F be a cellular automaton of radius one with alphabet Q. There is a
cellular automaton G, with alphabet {0,1}, and a monotonic local rule, such that F <_ G.

Proof. The idea to get a monotonic local rule while still performing non-trivial computation
is to use incomparable inputs. Two configurations a and b are incomparable whenever there
are two distinct indexes 1 and j such that a[i] > b[i] and a[j] < b[j]. Now remark that in a
monotonic function, there is no constraint between the output of the function on two incompa-
rable inputs.

Now, there are n different blocks of length 143 of the form u; =110""'10™ " (for 0 <i <
n), and they are pairwise incomparable. We can thus encode the states of Q by n =|Q| blocks
of this form. To encode F of radius one, we need G to have radius 2n +5 (so that each cell “sees”
the whole encoding of the neighborhood). The idea is to preserve the sub-blocks of the form
110. To do this, we set:

Vae {0,177 b e {0,117 G(al10b) = 0

Vae {0,117 b e {0,117 G(al10b) =1

Vae{0,}"° b e (0,17 G(al10b) =1
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For any other input encoding the neighborhood (a,b,c) € Q°, G computes the encoding of
F(abc). If a is encoded by block u;, b by 1, ¢ by u, and F(abc) by u, for some 1,j,k,1, then we
set, for any x € {0,1]""" and any y € {0,1}""%

G(x110™0™ 1110707110 0™ Hy) =1

In any other input x € o,y falling in neither of the two cases, we set G(x) = 0. Finally,
by Lemma 2.3.12, we can complete the definition of G so that it remains monotonic. It is clear
that F <_ G, since this proof essentially shows that F C GO, O

Corollary 2.3.14 There is an intrinsically universal cellular automaton with a monotonic local
rule.

2.3.2 The dynamics of monotonic automata

This notion of monotonicity mirrors the notion in circuits, and the simulation techniques from
circuits easily generalize to this context, as Proposition 2.3.13 shows. Is is thus natural to ask
what the dynamics of cellular automata with a monotonic local function, and a restricted radius,
would become. The natural example to start with is the case of automata depending only of two
neighbors:

Definition 2.3.10 A planar monotonic cellular automaton is a cellular automaton with neigh-
borhood {0,1}, such that there is an order relation on its alphabet making its local function
monotonic.

The first result we are going to show gives an example both of what kind of methods may
be used to analyze monotonic planar cellular automata, and of the possible behaviors of these
cellular automata.

Proposition 2.3.15 There are only two surjective planar monotonic cellular automata: Id and o.

Proof. A convenient method to study planar monotonic cellular automata is the following
representation of the lattice of Q2 ordered by <:
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Figure 2.5 - The lattice of (Qf<)

A planar monotonic rule affects a value to each vertex of the lattice, such that the sequence
of values induced by any path is non-decreasing. Let us call 0 the minimal state, n = |Q| the
maximal one, and we must prove that one of the following two cases holds:

- For each q € Q, q appears on each vertex of line (q,0),...,(q,n-1).
- For each q € Q, q appears on each vertex of column (0,q),...,(n-1,q).

State 0 cannot appear at both (0,1) and (1,0), because a configuration x with only zeros and
x' with only zeros except at one position where it has a one, would have the same image, and
this would contradict the Moore-Myhill theorem (Theorem 1.3.2). Thus, since all the paths in the
lattice must be non-decreasing, O can appear only on the first line, or on the first column of the
diagram (that is, on one of the two paths (0,0),...,(0,n-1) and (0,0),...,(n—1,0)). By the same
argument, n—1 must appear on the last line or last column. Moreover, since 0 and n—1 cannot
appear on the same vertex, either they appear on the first and the last line, or on the first and
the last column. Without loss of generality, let us assume, like on the following figure, that they
both appear on a line.
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Figure 2.6 - The lattice of (Q%<)

Now, since F is onto, for any q € {1,...,n-2}, the two letters word 0q must have an
antecedent by F. Therefore, since the only antecedents for 0 end with state 0 itself, an antecedent
of 0q must be of the form q,0q;, with qo,q; € Q, and thus, the cardinal of {F(Oq;) | q; € Q}
must be at least q—2. This shows that all the vertices of column (0,0),...,(0,n—-1) must have
different values.

The same argument applies to column (n-1,0),...,(n —1,n-1). Since the paths in the lattice
are all non-decreasing, for each q € Q, all the states between (0,q) and (n—-1,q) must be equal,
and this completes the proof. O

This proposition also holds for the more general case of monotonic cellular automata with
arbitrary radius. The main difference is that the lattice is much more complicated and its
drawing is not of much help. However, we can generalize our arguments:

Proposition 2.3.16 Let F be a surjective monotonic cellular automata of radius r. Then F €

o ]
{cr:cr,r ...,O'r}.

Proof. Let again number the states from O through n-1. Then:

- By the same arguments as in the proof of proposition 2.3.15, at least one of the configu-
rations with only one 1, that is, F(10°"),F(010°""),...,F(0*"1), say the ith one, must be
non-zero. This means that all the antecedents of 0 must be of the form qq...q™", with q; # 0,
by monotonicity of F.

We now need a way to place the same kind of constraints on antecedents of 0 by F, that we
placed with the antecedents of 0q in the proof of proposition 2.3.15:
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2r-i

- Consider the antecedents by F of the configurations of the form 0'q0* ", for all q¢
Q. Since all the antecedents of 0 must have a 0 at the ith position, this means that the
F_1({0Hq02T_i}) (for q € Q) are all of the form *'0'q,0” ", with * meaning “any state of Q”.
Thus, the {F(Oi_]qég_wqo € Q} are all different, and, since there are |Q| of them.

- Again, the same argument applies to the configurations of the form (n—])Hq(n—Dzr*i: all
the images of these configurations (for all q € Q) are different.
Altogether, we have proved that F(OHqOZFi) = F((n—])Hq(n—DZT*i) = (. Thus, for any x

between these two configurations (that is, a x such that x[i] = q), F(x) = q. O

The proof of Theorem 2.3.11 proceeds by enumerating the gates, from left to right in a
planar embedding of the circuit's underlying graph, and considering “blocks” of consecutive 1s
in this enumeration. A key argument of the proof is that a block can never split. Unfortunately,
for multi-valued logic, this argument does not work. In section , we give conjectures on why is it
so. However, an equivalent notion can still be found:

Definition 2.3.11 Let Q be a finite set with a total order relation <. A local maximum in a
configuration x € QZ is a position i in x such that x[i -1] < x[i] > x[i +1], and x[i -1] # x[i] or
x[1] # x[1+1] (or both).

A local minimum is the same, with the order relation reversed.
This definition allows us to state the following lemma:

Lemma 2.3.17 Let F be a planar monotonic cellular automaton. If there is a finite number of
local extrema in some configuration x for F, then there cannot be more in F(x).

Moreover, if there is a leftmost extremum in x, and it is a local maximum (respectively
a local minimum), then the left extremum in F(x) is also a local maximum (respectively a
local minimum).

Proof. There is no great intuition behind this proof. We just consider all the cases for the
orders between the states of a configurations, compute the relations on the states of its image
induced by the monotonicity of F, and check that it works.

First consider the case of an isolated local maximum. Let x\ be the cell at position i after
t iteration of the rule. If we assume that, at time t, X, <X <x} > x',; > x5, then at time
t+1:

t+1 t+1 t+1

. tH _ 4l tH ot ot
Either xi5) <xiq<xy 2 Xy or X <X = Xy = X

IN

. t t t t . . .
Because the pairs (xi_],xi) and (xi,xm) are incomparable or equal, but since > is a total order

relation, their images under F's local rule must be comparable.
Assume now that the local extrema are not isolated. In this case, we split the configuration
at points where two consecutive relations between states are equal: either a < b <c, or a >
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b > c. Between these zones, the relations are alternated, and each state is either a local maxi-
mum, or a local minimum.

Let 1 be a position such that x}; < x,; <x» > x\; (@ symmetric argument holds for x'; >

Xi41 = Xi.2). Then we already know that X< xtfﬂp Know let j be the first position greater than
1 such that:

1. Either th < xtjﬂ < xtj+2.
2. Or th = xtm = xtj+2.

But in either case, since x,; is not a local extremum at step t, the relations between
two consecutive states between position i+1 and j are undetermined. But this undetermined
portion has only one more cell, and since this changes the parity of its length, there cannot be
more alternations, and hence, no more local extrema.

Moreover, if there is an alternation after position i, then it must be a local maximum
(@ local minimum in the symmetric argument). Therefore, the leftmost extremum remains
a maximum after one step if it was a maximum, and a minimum if it was a minimum.

OJ

This allows us to define a notion of “energy” in these automata. The problem is that such a
definition, counting the local extrema, would be obviously decreasing on finite configurations
(and thus Lemma 2.3.17 would be useless), and infinite on non-trivial infinite configurations.
Considering periodic configurations solves this problem:

Definition 2.3.12 Let Q be a finite set, and x a p-periodic configuration of Q% for some integer
p- We call the energy of x, and we write E(x), the following quantity:

{i€{0,..,p-1}|1 is a local extremum}|

E(x) = | D

In words, the energy of a configuration is the number of local extrema in a period, divided by
the length of the period.

Lemma 2.3.18 Let F be a monotonic planar cellular automaton over alphabet Q, and x € Q”.
Then E(F(x)) < E(x).

Proof. This is an easy corollary of Lemma 2.3.17. O

This does not yet allow to conclude, but at least allows us to suspect that these cellular
automata do not have a great simulation power:

Conjecture 2.3.1 There is no monotonic planar intrinsically universal cellular automaton. For

example, no monotonic planar cellular automaton can simulate the cartesian product of o
B
and o .

46



By the way, the proofs that a monotonic planar circuit of polynomial size is equivalent to a
circuit of polylogarithmic depth (see [39] for instance) do not apply when the alphabet is not
boolean. To our knowledge, this problem has not been solved yet:

Open problem 2.3.2 Let C be a monotonic planar circuit of polynomial size on some alphabet
Q of cardinality at least 3. Is there an circuit computing the same function in polylogarithmic
depth? In logarithmic depth?

2.4 BOUNDS ON THE CIRCUIT COMPLEXITY OF AUTOMATA

In this section, we present several research directions showing how to approach complexity
questions, and classical complexity classes, with cellular automata. This idea is still at the stage
of a research plan, as even the basic results of complexity theory, as seen in the last section
about monotonicity, are yet to be adapted. However, several clues show that this may be
a pertinent approach: as we will see, the circuit families computing cellular automata are
naturally uniform (see Definition 2.1.3), and the objects may be studied from a topological point
of view. Moreover, we will see in chapters 3 and 4 several ways to lower bound the “simulation
power” of cellular automata by elegant arguments.

This section is focused on the simplest class of NC circuits, namely, nc’, the uniform
families of circuits of constant depth. The cellular automata that can be predicted by circuits of
these families obviously have a constant number of inputs, at each step. To understand better
this idea of “number of inputs”, we need to introduce the definition of a dependency, which,
intuitively, is a position that can be taken into account, depending on the context, to compute
the final result.

Definition 2.4.13 Let F by a cellular automaton with alphabet Q and radius r. A dependency of F

2t
"1 and two states

at step t is a position —rt < 1 < rt such that there is a configuration x € Q
q,q' € Q, such that:

t t
FUX X 1 Q% 1e0X) 7 FU X 10X 100X )

Moreover, we call Dy(F) the set of dependencies of F at step t, and we call a witness of a position

2rt+1

i, a configuration x of Q such that there are q and q' such that Ft(x,rt...xHqu...xrt) +

t
F (X—rt"'xi—1 q'Xi-H "'X'rt)'

Our first result shows that it is undecidable whether a given cellular automaton has a

bounded number of dependencies:

Proposition 2.4.19 Let F be a cellular automaton and m an integer. The problem of deciding
whether |D(F)| <m for all t is undecidable.
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Proof. If it were decidable, we could use an algorithm for it to decide the nilpotency problem,
which was shown undecidable by Kari [40]. To show this, from any cellular automaton G, we
construct a cellular automaton depending on at most m cells if and only if G is nilpotent.

Let G, be a cellular automaton with alphabet Q, radius r. Take some q € Q such that

1y = q (if there is no such g, then G is not nilpotent). We construct a cellular automaton

9(
F by adding another layer to G, with alphabet {0,1}, radius r, whose behavior is the following:
- if all the neighbors of a cell, on the G component, are in state ¢, then become O.
- else become 1.

If there is some t, such that ¥Vt > t,, Vx, G'(x) = q, then for any t > t,, D,(F) = @. Else,
there are configurations where F computes the “or” of all the new layer. To see this, let t, be any
integer, and x be such that G"(x) # q. Since g(q™) = q, there must be, at each step t between 0
and t,, a subword of the F'(x) with the gs at most r cells from each other. Let us take a maximal
such subword. If its size is, at some step t;, larger than m, then the new layer is computing the
“or” of at least m +1 cells, and F ™" depends on more than m cells. Else, we can take a maximal
subword, and duplicate it several times with exactly r+1 cells in state q between the copies. In
this case, there can be no collision between the copies, and the new layer is computing the “or”
of the whole configuration. O

Now, our interest for this class of cellular automata with a bounded number of depen-
dencies comes from the following result, linking a classical complexity class, Nc°, with these
cellular automata. This result states essentially that university comes for free in this class of
cellular automata.

Proposition 2.4.20 Let F be a cellular automaton of radius . Then PRED; has a family of
circuits in Nc’ if and only if there is an integer m such that for all t, |D(F)| < m.

Proof. As we said, the = direction is obvious. Now, if for all t, |D(F)| < m, then we only need
to construct an algorithm generating a family, and using only a logarithmic amount of space in
the size of the input.

We prove, by induction on the size of the configurations, that there is an algorithm,
running in logarithmic space, and computing, on input t written in unary, a circuit for PREDy
on configurations of size 2rt-+1, where the (at most m) inputs are labeled by their position
on the configuration.

- For configurations of size 2r+1, we can enumerate all the functions of Q"' — Q, and
take the one that corresponds to F's local rule. We just have to check this, for each function,
on all the configurations of size 2r +1.

- Assume we have a procedure working in logarithmic space to find a circuit C, for size
2rt+1. Then for configurations of size 2rt+2r+1, we can build a representation of a
circuit C with at most m+2r+1 inputs, computing the composition of C, and F's local
rule.
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Then, we enumerate again all circuits with m inputs, and verify each time, on all the
parts of the configuration F might depend on (that is, all the words of size 2r+1 around
the positions of Cy's inputs), if the enumerated circuit computes the correct function. This
involves circuit evaluation, but since the circuits are all of constant size, with at most m
integers represented in binary, this evaluation can clearly be done in logarithmic space.

Once the correct circuit has been found, we use the logarithmic work space to compute

4
is a cellular automaton

the new positions of the inputs and label the input nodes. Since F
and depends on at most m cells, there must be a circuit with m inputs computing it, and

this circuit is equivalent to the composition of F' with F's local rule. O

The exact algorithm we used in this proof is not really satisfying as a concept of “uniformi-
ty”, since we examine each and every possible circuit until we find the correct one. However, the
point of this result is to show that producing the prediction circuits of t iterations of a cellular
automata is really easy, if we know a circuit predicting the t—1 previous iterations.

Now, our conjecture about those automata with a constant number of dependencies is
the following:

Conjecture 2.4.3 Let F be a cellular automaton. If there is an integer m, such that for all t,
|D(F)| < m, then the dependencies are not too far from lines in the space time diagram. More
precisely, there are at most 2m real constants Ayy..., A, €1y..., €y, such that:

v, D(F) C UMt -,y At + ey

It is quite easy to see why this conjecture works for m = 0. For m =1, this not really
difficult either:

Proposition 2.4.21 Let F be a cellular automaton such that for all t, |D,(F)| < 1. Then Conjecture
2.4.3 is true for F.

Proof. Let Q be F's alphabet, and r its radius. For x € Q""" there is an index —r <1i < such
that F(x) = g(x[i]). Hence, F' = g¢'(x[i-t]) O

In the case of m = 2, we can do almost the same:

Proposition 2.4.22 Let F be a cellular automaton such that for all t, |D,(F)| < 2. Then Conjec-
ture 2.4.3 is true for F.

Proof. Let us call i, and j, the two dependencies of F at time t. There are two cases:

- Either the two dependencies can be arbitrary far from each other. In this case, for all N,
there is a time T, at which the two dependencies are N cells from each other. We will choose
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a useful value for N later. For now, for all t, let i, be the position of F's leftmost dependency
at time t, and j, be the position of its other dependency.
By hypothesis, for all t, there is a function g, : Q* — Q, such that for all x, F'(x) =

*Q functions of Q> = Q, by the pigeonholes principle,

g«(x[1¢],x[j¢])- Since there are |Q|
between times T, and T,+ |Q||Q|Z+1, at least two must be equal. Thus, let t, and t; two inte-
gers such that Ty <ty <t < T+ IQllle—H.
We claim that, for t, = t;+ (t;—to):
- g, = Oy
- it2 = it]"‘ (it]_ ito) and jtz = jt1+ (jt1_jto)

Indeed, for all x € Q7*"":
Fe0) = 9o (F (el =78, Joxliy + 78,1), F (X[ 31— 78, .. x[§1 4 78, ]))
Fe0) = go(F (X[Lo = 18] X[Lo+T8:1), F* (X[ jo ~ T8 ]...X[ jo + 78.]))

Hence, since we have assumed that i, and j; were far away from each other (we should
choose N > 4r|Q|‘QIZ), this means that i,-1, = i;-1,, and, similarly, j, -j; = j;—jo-
Or there is some constant d such that for all t, |i,—j] < d, and in this case, we use a
similar argument on the block of size d between i, and j,.
Indeed, for each t, there is a function g, : Q% — Q and an index i, such that for all
X € Qmﬂ, F'(x) = gy(x[i]y...,x[i 4+ d ~1]). Again, since there is a finite number of such
functions, in the IQIIQId first elements of sequence (gy), at least two of them must be equal.
By the same argument, we conclude that the sequence (i), is ultimately periodic.
0
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3 COMMUNICATION COMPLEXITY AND INTRINSIC UNIVERSALITY

Many processes in interacting systems, whether computational, social, biological... may be
viewed as series of communication between the parts of the system. This is the case, for instance,
in economics: economists, such as Hayek [41] or Stiglitz [42], sometimes think of their systems
as games of communications between their actors, and prove results with hypothesis such
as the communication of information among the “actors”. This is the case, for instance, in
social networks, that are actually very few things more than communication networks. This
was also the case, for instance, in section 2.3, where adding an hypothesis on the locality of
communications changed drastically our computational power.

The formalism developed by Yao in 1979 (see [12]), in order to study the communications
inside a system, proved really pertinent in many fields of complexity theory. In this model, a
system must compute some function of an input distributed between its parts (often called
players in the sequel). Since each player knows only his part of the input, they need to commu-
nicate in order to compute the function. The communication complexity of the function is then the
total quantity of information that needs to be communicated between the players to compute
the function, without any assumption on their computational power.

3.1 COMPUTATION AS TRANSMISSION OF INFORMATION

In his seminal paper, Yao introduced this model with two players, giving to each of them
arbitrary computational power.

3.1.1 Definitions and first properties

Let X and Y be two finite sets, and ¢ : XXY — {0,1} a decision problem on space XxY. Two
players, Alice and Bob, need to compute ¢ for some input (x,y) € XxY. The problem is that
Alice knows only x, and Bob only y. In order to perform this task, they may thus need to
communicate using a protocol, chosen beforehand, and depending only on ¢. This protocol must
specify, at each stage, whether the protocol is over, and the result has been found, or else, who
speaks, what he or she says, as a function of his or her input, and of the previous stages of the
protocol, as this is the only information available to the players.

In order to measure the amount of communication needed to compute ¢, we follow a
more formal definition, and represent the protocols as binary trees, like the one on figure 3.7.
In these “protocol trees”, each internal node v is labeled by either a function a, : X — {1,r},
or a function b, : Y — {1,r}, and each leaf is labeled by either O or 1. Finally, we say that the
protocol computes function @ correctly if for all (x,y) € XxY, the leaf reached from the root by
turning left at each node v, if a,(x) =1 (or b,(y) =1), and right else, is labeled by @(x,y).

For the players, this means that each node v labeled by an a, corresponds to a round
where Alice speaks, and each node labeled by b, corresponds to one where Bob speaks. At
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each node, the player who speaks may say only one bit, but he is allowed to speak several
times consecutively. Now what interests us in this formalism, is the number of communicated
bits in the worst case, that is, the maximum length of a path from the root to a leaf, or the
tree height:

Definition 3.1.1 (from [43]) For a function ¢ : XxY — {0,1}, the (deterministic) communication
complexity of ¢, also called its cost and written D(¢), is the minimum over all protocols P com-
puting @, of the height of P.

There is a very simple protocol, that works for any function: Bob sends all of his input to
Alice, she computes and outputs the result alone, and we are done. But in many cases, we can
be more clever than this. For instance, to compute the sum of all the bits in the input, Alice
and Bob may only communicate O(logn) bits: Alice may sum all the bits in her input, send the
result to Bob, and then Bob adds this sum the sums of the bits in his input, and outputs
the answer.

In many cases though, there is no better protocol than the trivial one. To prove such lower
bounds, Yao considered the matrix M, of function @, with its rows indexed by X, and its
columns indexed by Y, and defined by M,(i,j) = @(i,j), and proved the following theorem:

Theorem 3.1.1 (from [43]) Any deterministic protocol of cost ¢, computing function ¢, induces
a partition of M, into 2° monochromatic rectangles, that is, sets AxB such that ACX,BCY
and there is a z € Z such that ¥(i,j) € AxB, M,(i,j) = z.

Proof. We prove by induction on the height of the protocol tree that for any node v, the set R,
of inputs that reach v is a rectangle:
- At the root, this is clearly the case since R, = XxY.
- Let R, = A xB, be the rectangle corresponding to some internal node v, labeled by a,.
Then the inputs reaching v and v,, the two sons of v, are respectively R, = (Av N a_]‘,({l}))x
B, and R, = (Rv N CfL({T}))XBV, which are again rectangles. O

On figure 3.7, an example monochromatic rectangle would be {x,,x}x{yo,Y1,Yy;}. However,
{x1,%21X{y>,Y3} is not a monochromatic rectangle, since it has 1s and Os.

Thanks to this theorem, it becomes possible to lower bound the communication complexity
of a given function. For instance, consider the equality function, in which Alice and Bob each
receive an n-bit string, and they must decide whether these strings are actually the same. In
the sequel, we will often call this problem EQ. The matrix of this function is thus the identity
matrix. Proving a lower bound on the communication complexity of a function requires finding
a lower bound on the number of monochromatic rectangles in its matrix. To show this, we
introduce the following definition of fooling sets. The idea is that no two elements of a fooling set
can be in the same monochromatic rectangle:
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Definition 3.1.2 (from [43] and [44]) A fooling set S C XXY for a function ¢ is a set of inputs for
@ such that for any two pairs (x,,Yo) and (x;,y;) in S, either (x,,y;) or (x;,Yo) is not in S.

Consider again the example of the EQ problem, whose matrix is the identity. The set S =
{(x,%) | x € {0,1}"} is a fooling set of size 2", since for any two different elements (x,x) and (y,y)
of S, both (x,y) and (y,x) are colored 0, while (x,x) and (y,y) are colored 1 in EQ's matrix.

Finally, we mention another way of proving lower-bounds on the communication com-

plexity of a function:

Theorem 3.1.2 Let ¢ a function of XxY — Z. Then log,(rankM;) < D(f), when the rank is

taken over the field of reals.

ba(yo) =1 bi(yo) =7
by(y)) =1 bi(y)) =1
by(y) =1 bi(y) =1
by(ys)=r bs(ys) =1

Figure 3.7 - A protocol tree, along with the matrix of the computed function

Proof. Let R be a monochromatic rectangle in matrix M, then we define the matrix My
as Mg(i,j) =11if (i,j) € R, and 0 else. For a partition of M, into monochromatic rectangles
(R, M, = ZiMRr Since rank(M,,) < Zirank(MRi), and the My, are all of rank 1, the result
follows. O

However, it is not known whether this bound is tight or not. This is called the “logrank

conjecture”:
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Conjecture 3.1.1 For any function ¢ : XxY — Z, D(p) € O(log,(rankM,,)).
3.1.2 Relations with classical complexity

The idea of communication complexity initially originated from the study of parallel com-
puting. But as we said in the introduction of this chapter, many processes, in any computa-
tional task, can be viewed as a protocol for communicating different parts of an input. In
fact, the idea had already been present, in sequential computing, before. The most notable
occurrence, to our knowledge, is to be found in the proof of the following theorem, by Alan
Cobham:

Theorem 3.1.3 (from [3]) The set PAL of palindromes on an alphabet £ requires Q(n’) time on a
Turing machine with one tape and one head.

The idea of this theorem is to draw a line between two halves of the used space, and to
watch the sequence of states the machine is in when the head crosses this line. These sequences
are called crossing sequences. This idea has much to do with communication complexity, and has
been generalized by Juraj Hromkovi¢ and Georg Schnitger to any Turing machine. In the fol-
lowing theorem, the input is split in the middle between Alice and Bob: Alice gets the left ny =
|_n/2J bits, and Bob gets the right ng = |-n/2-| bits, of the input. The communication problem is
now well defined, with function @ ,, : {0,11"*x{0,1"* — {0,1} defined by @; ,(x,y) = X zn(XY),
the characteristic function of £.

Theorem 3.1.4 (from [45]) Let £ C{0,1}. For any Turing machine )M with one tape and one
head recognizing £, let T¢(n) be its running time on inputs of size n. We have:

Tne(n) € Q(D(£)*)

As a natural model of parallel computing, boolean circuits have even more to do with
communication complexity. Indeed, the following two results show how a gate in a circuit, or
in a formula, can be seen as a communication step between two sub-circuits.

Proposition 3.1.5 For any function ¢ : {0,1}]" — {0,1}, any input splitting o, and any binary
circuit C, computing ¢, we have:
ICol € Q(D(@o0))

Proof. The proof is done by constructing a protocol computing ¢, with cost |C,|, if C, is a
circuit for ¢. This is done by coloring all the gates in the circuit by either A or B, depending
on which players knows the output of the gate. The players then follow the circuit from the
leaves to the root, using the following procedure:
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- The value of each leaf, that is, of each node of level 0, is known either by Alice or by Bob,
depending the repartition of the inputs.

- Then, assume we have a coloring of all the gates at level 1. Then we can color each gate of
level 1+1 either by A if both of its inputs have color A, by B if both of its inputs have color
B. If the colors differ, either Alice communicates the value of the gate's input she knows,
and the gate gets colored in B, or Bob does it, and the gate gets colored in A. O

Unfortunately, this technique does not allow to prove lower bounds on circuit size larger
than n for inputs of size n, which, as we have seen in section 2.1.1, is not much better than
proving that the computed function depends on all its input. However, what is notable in this
proposition is that we did not need to make any hypothesis on the particular gate set used by
the circuit.

3.1.3 Splitting the input

The framework of communication we have introduced only considers functions working on
Cartesian products of two sets. Studying traditional computational problems within it requires
to decide how to split the input between the players. Theorem 3.1.4, for instance, required that
the input be split in the middle into two contiguous parts of equal length, with Alice getting the
n/2 first bits, and Bob the n/2 last ones. In proposition 3.1.5, however, the splitting was freer,
but since we were proving a lower bound, the sensible choice was the one maximizing the com-
munication complexity.

There is a discussion of the topic in chapter 7 of [43], where the propositions of splitting are
either the worst partition over all sets, as in proposition 3.1.5, or the one minimizing the com-
munication complexity, with the additional constraint that the sets be of equal size. In our case,
since most of the systems we are going to study in this chapter are cellular automata, which are
o-commuting functions, the natural way of splitting the input is into a left and a right part,
choosing the size of these so as to maximize the communication complexity. Indeed, the parts
need to be contiguous in order for the complexity to be compatible with the simulations we
have defined in 1.2. Moreover, we need to allow to cut the configuration at any position, since it
would be easy, by simply applying shifts, to transform any complex automaton into a trivial one.
We may thus define, for alphabet Q, any integer n, and i < n, the i-concatenation function C; :
Q'xQ"" — Q" We can now properly define what we mean by the communication complexity
of a computational problem:

Definition 3.1.3 Let ¢, an application of Q" — Z. The communication complexity of ¢,
hereafter denoted as cc(g,,), is defined by:

CC((pn) = maxiénD((pnoei)
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On some problems, this question is non-trivial. For instance, we will see in section 3.3.1 the
example of a cellular automaton with two distinct maxima in its communication complexity.
Before that, the following lemma will be quite useful in the understanding of the proofs
below:

Lemma 3.1.6 Let £ be a rational language. Then cc(x ) € O(1).

Proof. Since there is a finite automaton recognizing £, then for any splitting of the input,
Alice begins to run the automaton on the left part of the input, she transmits her last state
to Bob, who resumes the recognizing and answers. O

3.2 COMMUNICATION COMPLEXITY OF CELLULAR AUTOMATA

The concepts of universality is a fundamental idea in the theory of computing, almost since
the beginning of this theory. Its latest extension is the concept of completeness in complexity
theory. However, proving lower bounds and necessary conditions for complexity is usually a
hard task. In this chapter, we generalize the approach started in [14] and [18], to prove necessary
conditions for intrinsic universality, using communication complexity. This also allows us to
develop another point of view on the concepts of bulking (see [9] and [10]). The idea is the same
as completeness for complexity classes: if we study a particular dynamical aspect of a cellular
automaton A, then this dynamical aspect must be at least as hard to analyze as the same aspect
on the cellular automata we claim A simulates.

The difference with classical complexity theory is that our objects of study are now, almost
by definition, dynamical systems, and thus we may use results of this field of mathematics to
help our understanding of these objects. Another difference is that the experimental approach
has been present in dynamical systems almost since the beginning, and communication com-
plexity also opens the way to a rich playground of experimentation.

3.2.1 Communication problems

Cellular automata have always been studied under a variety of points of view and questions,
whether dynamical, topological, or computational. As observed by [18], some of these properties
are “compatible” with the simulations we defined in section 1.2, which means that if property 3
is easy to decide on automaton A, then it must also be easy to decide on automaton B < A.
In this section, we are going to define what a “property” means in terms of communication
problems, and show some properties that are compatible with our notions of simulation:

Definition 3.2.4 Let A be the set of all cellular automata. A problem on A is a family of
functions (PB4 indexed by A.
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3.2.1.1 The prediction problem

We have already seen a communication problem in chapter 2, under the name PRED. Let us
recall its definition: This problem is quite natural: it is the problem of predicting the future of a
given configuration for the rule under consideration.

Definition 3.2.5 Let F be a cellular automaton over state set Q. The problem PRED; is defined
by:
Vx €Qf, PREDi(x) = F*(x)[1]

Where F*(x)[1] means the first letter of word F*(x), as defined in section 1.1.1.

As explained in section 3.1.3, it is easy to convert this decision problem into a communica-
tion problem @; : Q'xQ" ", where @;(x,y) = PRED¢(xy). We can then define the communication
complexity of PRED as cc(PRED) = maxy<;,D(®;).

There are classes of cellular automata for which this problem is easy, as proved in [36]. For
instance, the class of linear automata (see definition 1.3.17). This class has been often deemed
“chaotic” for its topological properties. To our knowledge, the approach closest to ours is to be
found in a paper by Chris Moore [26], where the author constructs smart algebraic formulas
to predict cellular automata with several distinct algebraic structures. Our approach allows for
much simpler proofs with less hypotheses:

Proposition 3.2.7 Let F be a rule on an alphabet Qr with a particular state 0, @ an operator on
Qy, such that Va€Qf, 0+a = a+0 = q, and Fa®b) = F(a) ®F(b). Then:

cc(PREDf) € O(1)

Proof Forany a € Q}, any b € QF . It is enough for Alice to compute PRED(a0...0), for Bob to
compute PRED(0...0b), and then within O(1) bits of communication, to compute the final result
PRED{(a0...0) ® PRED{(0...0b). O

If F is equicontinuous, this problem is also easy. Indeed, if F is equicontinuous, it has only a
constant number of dependencies, as shown by Sablik in [46], and thus Alice and Bob only need
to communicate a constant number of cells to compute the result.
3.2.1.2 The temporal invasion problem
Problem TINV is the problem of deciding whether, in a periodic configuration p,, changing a

finite portion of the configuration from its original value to x affects the long-term behavior
of the automaton, that is, if the configuration will be forever different from the original one.
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Definition 3.2.6 Let Q an alphabet, and u a finite word of Q" of length n. We denote by p,, the
configuration defined by Vi€ Z, p,[i] = u[i modn]

We denote by p,(x) the configuration define by p, (x)[i] = x if 0 <1 < |x]|, and p (¥)[i] =
puli] else.

Definition 3.2.7 Let F be a cellular automaton over state set Qr, and u some word of Q. The
problem TINV,, is defined by:

TINVi(x) =1 if and only if VteN, Fi(p,(x) # F'(py)

In the corresponding communication problem, the input is only x, since u, and thus p,,, are
known by both players. From theorem 1.3.2, we can already state the following result:

Proposition 3.2.8 Let F be a surjective cellular automaton over state set Q. Then:
VueQF ce(TINVE, ) € O(1)

Proof. From theorem 1.3.2, since p, and p,(x) differ only on a finite number of positions,
then for all t, if F'(p,) # F'(pu(x)) then Ftﬂ(pu) #Fm(pu(x)). Thus it is enough for Alice
and Bob to check if their part of the configuration differs from the corresponding posi-
tions in p,, and this information can be communicated within only one bit of information.

0

3.2.1.3 The spatial invasion problem

In the previous problem, the differences may stay or not in the configuration. However, this
does not say anything about the shape of the changed zone. For instance, it may be the case, as
in the shift automaton, that the changed zone stay the same forever. Or, as when the automaton
has a spreading state, for instance, that the entire configuration be invaded. This is exactly the
question we ask in problem SINV: for a given word u, does the width of the zone changed
between F'(p,) and F'(p,(x)) extend infinitely as t grows ?

The formal definition of the “width” of a zone is as follows:

Definition 3.2.8 Let F be a cellular automaton over state set Q, and u a finite word of Q™.

We denote by 8,(t) (respectively 5.(t)) the leftmost (respectively rightmost) difference between
F{(pu(x)) and F'(py,), that is:

8(t) = min{i | F'(puCo)lil # F(pu)IH]}

8,(t) = max{i | F'(p ()[i] # F'(p.)Iil}
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Then:
SINV,(x) =1 if and only if lim,_,[0,~8 = oo

Again, there is a class of cellular automata for which this problem is easy: the class of
positively expansive cellular automata:

Proposition 3.2.9 Let F be a positively expansive cellular automaton over alphabet Q, then for
any u € Q°, there is a protocol in O(1) communicated bits for SINV,,.

Proof. According to a classical result by P. Karka in [47], there is a positive constant « such
that §,(t) < —«t and 6,(t) > «t. Therefore, Alice and Bob only have to check that p,(x) #
Pw Which can be done with one bit of communication, since each player can check his own
configuration separately. O

For equicontinuous cellular automata, this problem is not hard either:

Proposition 3.2.10 Let F be an equicontinuous cellular automaton. Then for allu € Qp, D(SINVF ) €
o)

Proof. This is almost the definition of equicontinuity. O
3.2.1.4 The cycle-length problem

In this last problem, we consider spatially periodic configurations. It is easy to see that the
sequence ¢, F(c), F*(c)... becomes periodic after at most |Q|" steps, if Q is the alphabet of
cellular automaton F, and n the length of the spatial period of configuration c. This problem
is the problem of deciding, for a given uniform bound k on the period length, if the length of

the period, on the input configuration, exceeds k. Formally:

Definition 3.2.9 Let F a cellular automaton, operating on alphabet Q, and c¢ a periodic con-
figuration, for F. The length of the period of F on c is:

A(F,¢) = min{p | 3to, V= to, F*P(0) = F'(0)]
Definition 3.2.10 Let F be a cellular automaton, and k an integer. Problem CyYCLE} is defined
by:

CycLEf(c) =1 if and only if A(F,c) >k

Again, there is a natural class of cellular automata for which this problem is simple, the
reversible ones. Here is why:

59



Proposition 3.2.11 Let F be a reversible cellular automaton, and k an integer. Then there is a
protocol for CycLef in O(1) communicated bits.

Proof. Since F is reversible, and ultimately periodic on configuration c, it is in fact periodic.
To see this, let p = A(F,c), and t, the smallest integer such that F*(c) = F***P(c). Assume that
to > 0. Then, F*'(c) # F* P by minimality of t,, but F(F*'(¢)) = F(F*'"P), which contradicts
the fact that F is reversible.

Let us call v the radius of F. Thus, if the players send to each other the left kr cells, and
the right kr cells of their respective configuration, they can compute the evolution of the
automaton for k steps, and check at each step if they have already seen the configuration.

|

3.2.2 Necessary conditions for universality

Now, our method is the following: for each problem P that we have defined in section 3.2.1,
we are going to show that if A < B, then cc(PB,) < cc(Pg) (with < the relation defined in
Definition 2.2.8). Then, constructing a cellular automaton hard for problem 3 (that is, with its
communication complexity in Q(n)) will be enough to show that for a cellular automaton A to
be universal, it must verify cc(34) ¢ o(n). This is because if some function f:Z — Z is in
Qm), and g:Z — Z is such that f < g, then g ¢ o(n).

3.2.2.1 Compatibility with simulations
For problem PRED, we have the following:
Proposition 3.2.12 If F <G, then cc(PREDf) < cc(PREDg).

Proof. We consider each of the ingredients involved in relation <:

- SuB-AUTOMATON: if FE G, then each valid protocol to compute PREDg is also a valid
protocol to compute PREDy, because this relation only involves a local renaming of the
states by Alice and Bob.

- ITERATION OF THE RULE: We have cc(PREDy) € O(cc(PREDy)), since we can use a protocol
P for PREDy: to solve PREDy. If F has radius v, then F' is an automaton of radius rt. This
means that on a configuration x, Alice and Bob can use P, at most rt times, to predict
the FUXV(N)J(X), that has at most rt cells, and then output the answer by computing the
remaining iterations on this result.

The other direction is simpler, as Alice and Bob can simply apply the same protocol.
However, F' has radius rt; therefore, if the size of the input is not a multiple of t, Alice and
Bob may compute too many iterations of the rule. The solution is to forget the |x|mod(rt)
rightmost states of the configuration, and then apply the protocol for PRED;.
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- PACKING: Let F be a cellular automaton, and n be fixed. We can solve PREDywo using a
protocol for PREDy: indeed, what a protocol for PRED 1 computes is the value of a block of
m cells, thus applying m times a protocol for PRED; yields the result. Therefore:

cc(PREDmi0) (1) < mcc(PRED)(N)

To see why the converse holds, we need to build a protocol for PRED from a pro-
tocol for PREDym10. The problem is that in an arbitrary splitting of the input for F, Alice
and Bob may not know the central block of m cells. But at most m states need to be
communicated, before applying the protocol for PREDwmuo, for Alice and Bob to know
this block.

ce(PREDy)(n) < cc(PREDwv)([n/m]) +mlog(1Qs) +O(1)

- SHIFT: This operation only affects the splitting of the input, and the radius of the rule. Since
we consider the worst-case splitting in both F and G, this operation does not change the

communication complexity of PRED: a protocol for size n for F""” will work for size n +2z

for F("h2), O
Now, for problem TINV, the same result also holds:

Proposition 3.2.13 If F <G, and u; € Qy, then there exists ug € Q¢ such that CC(TINVEL F) <
cc(TINVé‘G).

Proof. First, thanks to the properties of simulation <, if ¢ is a periodic configuration of Qy,
then there is a corresponding periodic configuration of Qg on which G simulates the behavior
of F.

- PACKINGS: By the same arguments as in proposition 3.2.12, for any m,t, z, then for word
uy, defined as the concatenation of m times word wy, TINVFL:,L,Z> if and only if TINV;".
Hence, the two problems have the same communication complexity, up to a constant term
to compute the packed input from the unpacked one (as in the proof of proposition 3.2.12).

- SuB-AUTOMATON: If F C G, if we have a protocol for any u € Qg, we can use it to decide for
INVy, for all v € Qg. Here is how: in the first step of the protocol, Alice and Bob both convert
their respective configuration into a configuration of Qg. This conversion gives a unique
result, and requires no communication. Then, they use the protocol for G to decide the
result. Since relation < corresponds to a one-to-one map from configurations of Qg to the
configurations of Qg, the invasion happens in F if and only if it happens in the corresponding
configuration of G, so this protocol computes the correct result. O

We can again prove the same result for SINV:
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Proposition 3.2.14 If F <G, and u; € Qf, then there exists ug € Q¢ such that cc(SINVEL F) <
cc(SINvé‘G).

Proof. For the same reasons as in proposition 3.2.13, if ¢ is a periodic configuration of Qp,
then the corresponding configuration of Qg for C is also periodic, so that

- PACKINGS: By the same arguments as in proposition 3.2.13, for any u € Q, SINVFL:,‘;M> if and
only if SINV;", and therefore, cc(SINV;;W) = CC(SINVE F).

- SUB-AUTOMATON: By the exact same argument as in proposition 3.2.13, since if FE G,
the sub-automaton relation induces a one-to-one map ¢ from configurations for F to
configurations for G. Thus, the two functions §; and 3, are exactly the same in F and in
the restriction of G to the configurations of @(Z%'), and the method we used in propo-
sition 3.2.13 to get a protocol for SINV} from a protocol for SINV is still usable here.

|

Finally, for our problem CycLE, this result also holds:
Proposition 3.2.15 If F <G then cc(CYCLE]E) < cc(CYCLEE).
Proof. The effect of rescaling transformations on cyclic orbits of periodic configurations is to
change the spatial period length, as well as the temporal cycle length. More precisely:
- If FE G then for any Kk, CC(CYCLElF() < CC(CYCLEE).
- For any k,

cc(CYCLE’F‘) < CC(CYCLEl;<m,1,o>) and cc(CYCLE‘;<.,.,1,o>) < cc(CYCLElF‘)

- For any t and any k:
CC(CYCLE];@L‘O)) < CC(CYCLEEE)

- For any t and any k such that k modt = 0:
K K/t
cc(CycLEf) < cc(CYCLE )

Altogether, this proves the proposition O
3.2.2.2 Hardness and orthogonality of the basic problems
A natural question that can be asked about these definitions is why we need more than one
problem. As noted in section 3.2.1, each problem makes a different class of cellular automata
easy. To formalize this notion, we need to prove, for each couple of basic problems, the existence

of a cellular automaton hard for one problem, and easy for the other one. “Hard” here means
with maximal communication complexity, while “easy” means in O(1).
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We first construct a cellular automaton ® easy for PRED, (that is, with its communication
complexity in O(1)), and hard for all the other problems (that is, in Q(n)).

The idea of the construction is to embed an equality test (more precisely, a palindrome
test) launching signals that invade the configuration if the test fails, while keeping the PRED
problem easy. Deciding if a word is a palindrome is the same as deciding if the two players
have the same configuration, which, according to the example we gave for definition 3.1.2,
requires Q(n) bits of communication.

To do this, we will use two components, one with signals moving quickly out of the way, and
the other one with tests, launching the signals on the other component while staying unaltered:

1. The first layer has alphabet I = {6,?,6,7,7—, (ZﬁvK]}. The X shift to the left, and the X to the
right. The K; state is spreading, and if there is no K; in its neighborhood, the T state
stays unaltered.

2. The second layer is an automaton on alphabet [; = {s,@z,ﬁ#—,Kz}, where the — and
shift to the right and to the left, respectively, K, is spreading, and @, is quiescent. Also, state

s represents a “seed” for the signals, meaning that when it appears, it disappears on the next

step, launching a « on its left, and a — on its right. Moreover, — and « signals can cross:

if a cell has a — on its left, and a «+ on its right, it becomes an s.

We need to add a few rules to make sure that degenerate configurations are simple for both
problems, and this is the purpose of states K; and K;: if one of them appears on a layer, then it
makes the other one appear, and they propagate on the whole configuration, erasing everything.
This happens:

- When a X state appears on the left of a X, on the first component.

- Or when a X appears in the same cell as a + (or a X in the same cell as a —). This ensures
that signals — and «, on the second component, can never cross.

Finally, in order to perform an equality test, we add the rule that if a T state has a d on its
left, 2 b on its right, where a # b, then an s appears on the next step on the second layer.

Figure 3.8 - Rule ®
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Proposition 3.2.16 Automaton @ is such that:

1. cc(PREDg) € O(1).

2. there is a word u € Qg such that cc(SINv(E) € Q(n) and cc(TINV&,‘) € Qn).
3. For all integers k, cc(CYCLE'S,) € Qn).

Proof.

1. A protocol for PRED,, needs to predict the value of both layers. First, if the configuration is
not well-formed, that is, a left part with only X states, and a right part with only X states,
separated by a T if both parts are not empty, then a K; and a K| state will appear, and thus
the result will be state (K;,K;). This can be checked locally by Alice and Bob, and transmitted
within a constant number of communicated bits; indeed, these configuration is easily
described by a regular expression, and Lemma 3.1.6. Else:

— On the first layer, the result will always be the result of a shift, or, in the case where the
central cell is a T, also a T. This can be easily checked within constant communication.
- On the second layer, there are four (possibly overlapping) possibilities:

— If the leftmost state of Alice's differs from the rightmost state of Bob's, and the
central cell is a T state, then the result is T on the first component, and an s on the
second one.

- If the central cell is not a T, but there is a T somewhere else in the configuration,
and the corresponding word is not a palindrome, the top state is a —.

— If the initial configuration contains an s or a — in its leftmost cell, and an s or a
« in its rightmost cell, an s is generated at the top of the triangle. If only one side
has an s or an arrow, then an arrow arrives at the top.

— In all other cases, the result is a D,

All of these cases can be checked by Alice and Bob using only local information, thus the
amount of communication needed is constant.

2. To show that @ is hard for SINV and TINV, it is enough to find a word u and a fooling set
for SINVg, and TINVg of size S with log|S| € Q(n):

S = {(x1,0,)-(x2,8,) T (x0,,) - (5,,) | Vi, x: € {0,1))

3. If the initial configuration is incorrect, then the period is 1. Else, if the configuration has no
T state, then the dynamics is either a shift (if there are signals), or the identity. In all these
cases, this condition can be checked within O(1) bits of communication.

Finally, if the configuration is well-formed, and there is a T state, the same fooling
set as in case 2 can be used. O

Now, we are going to construct a cellular automaton X easy for CycLE, and hard for TINV
and SINV:
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Proposition 3.2.17 There is a cellular automaton X, and a word u such that:
1. cc(TINV;é) c Qm), cc(SINV;(‘) € Q(n) and cc(PREDy) € Q(n).
2. For all k, CC(CYCLE];(> e O(1).

Proof. The idea is to reuse the construction of ®, by simply adding the following two rules:
- On the second component, when two signals should cross, they disappear instead. Formally,
when a cell sees two signals in colliding directions in its neighborhood, it becomes a @,
state. Thus, no signals in opposite directions can coexist for more than n steps, and all
configurations that are not shifts are of period 1. This can still be checked, by the same argu-
ment, in O(1) bits of communication.

- On the first component, we add a state _L, such that when a test fails, it sends signals on the
second component, but also transforms T into | . These | states have the same behavior as
T's, except that they do not launch signals on test failures, and they can never return to state
T. This makes the PRED problem also difficult, since it amounts to the problem of deciding
whether a test has ever failed. O

Now that we know how to make cellular automata that have their PRED and CYCLE prob-
lems hard, we can easily trivialize their SINV and TINV problems:

Proposition 3.2.18 There is a cellular automaton ¥, and a word u such that:
1. for all k, cc(CYCLE‘\}) € Qmn).

2. cc(PREDy) € Q(n).

3. cc(SINVﬁS) e 0(1).

4. cc(TINvy) € O(1).

Proof. We need to make two modifications from ®:

— The first one is to add two states to the second component, — and +—, that are launched
each times the equality test perform by T succeeds (that is, when state s does not appear).
This makes SINV and TINV trivial, while keeping the CYCLE® problem hard for all k.

- The other modification is the same as in proposition 3.2.17. We add a state _L to the first
component, that launches only — and + signals, whatever the result of the test.

This makes the SINV and TINV problems trivial, because they now amount to decide
whether the configuration has a T or _L state initially, and whether they will ever launch
spreading states. The other two problems are shown to be in Q(n) with the same fooling set as
in proposition 3.2.16. O

The last two automata we need to complete our proof of mutual “orthogonality” are exam-
ples for SINV and TINV:
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Proposition 3.2.19 There is a cellular automaton Y such that:
1. Ju, SINVy € Q(n)
2. Yu, TINvy € O(1)

Proof. We use again essentially the same construction as for ¥, in the proof of proposition
3.2.18, but this time, instead of launching signals — and «—, we launch only one type of signals,
but on the left side only when the test succeeds, and on both sides else. With the same argument
as in the proof of that proposition, it easy to see that this automaton has communication
complexity in O(1) for TINV, because even if no spreading state is raised, either the automaton
is a shift, or there is a T state, launching signals at each step.

The same fooling set as for the proof of proposition 3.2.16 can be used once more here. On
these configurations, signals are launched on both sides if and only if at least one test fails.
Else, the configuration is never invaded. O

Proposition 3.2.20 There is a cellular automaton Y' such that:

1. Ju, TINVy. € Q(n)

2. Vu, SINvy. € O(1)

Proof. We only need one component, similar to the first component of ®, with an alphabet
r={0,1,0,1,T, L, 8}. The X shift to the left, and the X to the right. The idea is that ¢ is almost
spreading, i.e. it spreads to any other state, except T and L.

This way, no invasion can ever occur. A fooling set for this problem, with word u = @, is for
instance {)?TnTTnZ} O
3.2.2.3 Necessary conditions for universality
As a consequence of all the propositions of section 3.2.2.2, we get the following theorem:
Theorem 3.2.21 Let F be an intrinsically universal cellular automaton. Then:

cc(PRED;) ¢ o(n)
vk, CC(CYCLE];) ¢ o(n)
JueqQy, cc(SINVEL) Z o(n)

JueqQy, CC(TINVEL) Z o(n)

And none of these conditions is implied by any logical combination of the other ones.
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Proof. This is because of the properties of relation <: if f < g, and f € Q(n), then g £ o(f).
0

Choosing communication problems to study intrinsic universality is a hard question. The
first problem to be studied under this approach was the PRED problem, in [14]. The approach
was later generalized by [36] and [48]. Another attempt was made in [49], but quite unrelated to
simulations, and thus to intrinsic universality. As noted in section 3.2.2.2, another concern, in
the choice of communication problems, is the utility of the new problem as a tool to prove non-
universality. This is why we proved results of what we called “orthogonality”, in order to verify
that our four problems are really useful to our approach.

Surprisingly though, the logical combination of two orthogonal problems P and Q can
sometimes make up a new problem R, orthogonal to P and Q. We first proved this result,
in [48] with Raimundo Bricefio, and we restate this result here. The example problem is the
following one:

Definition 3.2.11 Let F be a cellular automaton, and u a word over its alphabet. The problem
CINVF is defined by:
CINVF = TINVF A — SINVf

Proposition 3.2.22 There is a cellular automaton F, and a word u over the alphabet of F,
such that:
cc(CINVE) € QM)

Proof. This is a simple corollary of proposition 3.2.19. Indeed, if CINVy was simple (not in Q(n))
for all automata and all u, we could use a protocol not in Q(n) for TINVF to construct a protocol
not in Q(n) for SINVy, for all F and all u, and thus in particular for automaton Y described in
proposition 3.2.19. This is because SINV = TINVy A — CINV}. O

This method of proof can be further applied to prove, not constructively, that the three
problems SINV, TINV and CINV must be orthogonal, since any problem is a logical combination
of the other two:

Proposition 3.2.23 For any two problems P and Q among {SINV,TINV,CINV}, there is a cellular
automaton F such that:

- du, cc(ﬂ’;}) € Om)

- Yu, cc(QlFL) € 0(1)

This definition also gives an interesting connection with a famous open problem called the
divect sum problem in [43]. In this problem, the players are requested to solve two unrelated
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communication problems on two distinct inputs. That is, Alice receives two inputs x; and x,,
Bob receives y; and yg, and they need to compute (f,g). The question is whether it would
be possible to find unrelated functions f and g for which a protocol for (f,g) would use less
communication than the sum of the complexities of the best protocols for f and for g.

Open problem 3.2.2 Let f: XXY — Zand g: X'XY' — Z' be two independent functions. Also,
let h : (XxX")X(YXY') — (ZxZ'") be the cartesian product of f and g, that is, h((x,x'),(y,y") =

(fFx,x),9(y,y").
Is it possible that D(h) < D(f)+D(g) ?

3.3 EXAMPLES

In this section, we show examples constructions of the use of communication complexity with
cellular automata.

3.3.1 An example of non-trivial input splitting

Finally, let us conclude the presentation of this problem with the example of an input splitting
problem with two maxima:

Proposition 3.3.24 There is a cellular automaton F and two indexes i < j such that cc(PREDf) =
D(PRED{oC;) = D(PRED;0C;), and for any i < k < j, D(PREDoCy) < cc(PREDy)

Proof. The first cellular automaton we build achieves only one maximum, but it demon-
strates the idea of the “guidance” system that we use in the final construction. Let Q =
{a,b,;T, Ty, L,1,2,K}, and F the automaton with alphabet Q, defined by:
F(1,2,x) = x,F(2,x,1) =1, F(x,1,2) =2
F(x,y,z) = x when yé€ {a,b} and z € {a,b}

F(X>T,U) = Tx)F(TxaU)X) =T

F(x,y,z) =K otherwise
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(1]
112|B
B|L|1|2]|B
B|L|2|B|1|2]|B
B|L|1T|2|B|1]|2]|B
BIB|TA/2|B|1]2|B|1|2|B
B|B T/1|2|B|1|2|B|1]2]|B
B|B|A|Tz|2|B|1T|2|B|1T|2|B|1|2|B
B|B|A|B 1/2(B|1|2|B|1T|2|B|1]|2
BIA|B|TA|2|A|1|2|B|1|2|/B|1]|2|B|1]|2
B BIA|T|T|2|A|1T|2|B|1[2|B|1T|2|B]|1 B
Figure 3.9

Now, let us build a symmetric version of this automaton. The easiest way to do this would
be to consider a cartesian product of F an a “reverted” version F. However, this would not prove
anything, as the communication complexity would stay high between the two maxima. Our
construction must thus ensure that we can only solve one of the two versions of the problem:
either the one with the T's shifting rightwise, or leftwise. To achieve this, we use more or less
the same guidance system as before, although with two more states to make it reversible. All
the transitions “types” (modulo A/B symmetry) not yielding K appear on figures 3.10 and 3.11.

m
1'14|B
B|L|3|4|B
B|2|L|2|3|4|B
B|2|1,/L|1|2|3]|4|B
B|2|1|L{4/B|1|2|3|4|B
B|2|1|/B|L|3|4|B|1]|2|3|4|B
B|2|1|/B|2|L|2|3|4|B|1]|2|3|4|B
B(2|1|B{2|1|L|12|3|4|B|1[2|3|4|B
B|2|1|B|2|1|TA/4/B|1]|2|3|4|B|1|2|3|4|B
2/1/B|2|1T|]A|T|3|/4|/B|1|2|3|4|B|1]2|3 |4
B 1/B|2|1T|A|2|T|2(3|/4|B|1|2|3|4|B|1|2|3
B Bi|2|1T|/A|2|1|T|1]2|3|4|B|1|23|4|B|1|2 B
Figure 3.10

Now, the interesting part of this rule is that, contrarily to the one on figure 3.9, we can make
it symmetric. Moreover, the two sets of configurations, those with the T's shifting to the right,
and those with the Ts shifting to the left, and where K never appears, are disjoint. If we try to

make the two sides progress at the same speed, then a K appears, erasing all the configuration.
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The analysis of the communication complexity is simple: if no K appears, then there must be
at most one of { T, Tx,Tg, L} (let us call them the test states from now on), at any step. If it
is not at position 3(n-1)/8 or 5(n—1)/8, for a configuration of size n, then the dynamics is
essentially a shift, and either Alice or Bob can predict it with no more communications. Else,
the problem of predicting whether the final state will be in {T, T4,T}, or in {_L, '} amounts
to computing an instance of EQ on alphabet {A,B}, and has thus communication complexity
Qm).

[ 1]
B|4 |1
B|4|3|L|B
B|4[3|2|L|2|B
Bl4(3/2/1|L|1|2|B
Bl|4[3|2/1T|A|4]L]1]2|B
Bl4[3|2|1T|A|4|3|L|A|1|2|B
Bl 43 |/2|1T|A|4]|3]|2|L|2|A|1|2|B
B|4|3 /2|1 /A 4|3 |2|1T|L|1T|2|A|1|2]|B
B4 |3 /2|1 /A[4|3|2|1T|A|4|Tg|1[2|A]1]|2]|B
413 12|T|A[4 3|21 |A|4|3|T|B|1T|[2]A|12
312|1T|A[ 4|32 |1T|A|4|32|T|2/B|1T|2|A]|]1
B 21T /A4 |3 (2|1 [A43|2|1T|T|1|2/B|1|2|A B
Figure 3.11

Since we can describe all the sets of configurations by regular expressions, knowing in
which case we are can be done in O(1) bits of communication by Lemma 3.1.6. O

3.4 THE CLASSICAL COMPLEXITY OF OUR PROBLEMS

We now show how our approach may allow for a finer analysis of cellular automata than
classical complexity, by constructing example automata with a quite low communication com-
plexity (and therefore non-universal), but a maximal classical complexity in their respective
classes.

3.4.1 PRED is pP-complete
It is a well-known result that any intrinsically universal cellular automaton is p-complete
for PRED. In this section, we prove a somewhat stronger result, by constructing a cellular

automaton that, while remaining p-complete, has a communication complexity in O(n’*), with
k arbitrarily large.
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Proposition 3.4.25 Let k be an integer, then there is a cellular automaton F such that the
language of configurations x on which PREDg(x) =1 is P-complete, and cc(PREDy) € O(nV 9.

Proof. Let M be a Turing machine. We construct a cellular automaton F simulating M slowly
but still in polynomial time: it takes n steps of F to simulate n steps of M. Choosing a
p-complete M in the first place yields the p-completeness of PREDs.

First, it is easy to construct a cellular automaton simulationg M in real time. We encode
each symbol of the tape alphabet of the Turing machine by a state of the cellular automaton,
and add a “layer” for the head, with alphabet {—,«}UQ,, if Q¢ was the set of states of the
Turing machine. The rules are easy to infer from the transitions of M, with the addition that
we need to add a spreading state, erasing all the configuration whenever a — is found next to
a «, without a head cell between them.

We then add a new layer to slow down the simulation: it consists of a single particle,
moving left and right inside a marked region of the configuration. More precisely, it goes right
until it reaches the end of the marked region, then adds a marked cell at the end, starts to move
left to reach the other end, adds a marked cell, goes right again, etc. Also, to ensure that there
is always one particle, we use the same construction with states — and . Clearly, for any cell
in finite marked region, seeing n traversals of the particle takes Q(n’) steps. Then, the idea
is to authorize the Turing head to move only when it sees the particle in its neighborhood.
This ensures that n steps of the Turing machine take n’ steps of the cellular automaton to
simulate.

We can iterate this construction by adding another layer with a second particle controlling
the moves of the first one, etc. Finally, after adding k particles, the automaton simulates M,
slowed down by a factor n*. We can thus give a protocol in O(n’*) bits for PRED:

- Either the configuration is improperly encoded (i.e. there is a — next to a «— on any of the
layers, or several heads), and then the automaton will generate a spreading state at some
point; Alice and Bob can simply answer that, and this is always easy for them to detect, no
matter how the splitting of the input is.

- Or there is a layer without particle, or no initial “marked zone”, then nothing can happen.
Alice and Bob know the answer in constant time.

~ Or the configuration is well-formed, and then the result of PRED; only depends on 2n’*

cells around the central cell. Alice can thus simply communicate these cells to Bob, who
outputs the answer. O

This proposition poses a natural open problem: how simple can a p-complete cellular
automaton be ? Is the bound of proposition 3.4.25 tight ?

Open problem 3.4.3 Is there a P-complete cellular automaton F with cc(PRED;) € om”™) for
any integer k ? and in O(logn) ?
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3.4.2 The invasion problems are TT;-complete

Proposition 3.4.26

1. For any cellular automaton F and any word u, SINV} € .

2. There is a cellular automaton F and a word u such that SINV} is TT, complete, and yet
CC(SINV}I:l) € O(logn)

Proof.

1. Let F and u as in the proposition, and consider problem SINV. For an input x;...X,, we use
the notations 8,(t) and 4,(t) for the leftmost and rightmost differences at time t between the
orbit of p,, and the orbit of p,(x;...x,,) (see definition 3.2.8).

We need to prove the following lemma:

Lemma 3.4.27 There is a recursive function 3 such that for any n, any input x,...x, and any
A>0:
It, 5,(H) -8(t) = A & Tt, t KPANS(H) -8(t) = A

Proof. First, the orbit of p,, is ultimately periodic: there are t, and p, such that for any
t > t,, it holds that F'(p,,) = F*"™(p,,). Given an input x;...x,, for the problem, let us write
w(t) the word of length 5,(t) — 8,(t) starting at position 8,(t) in configuration F'(p,(xX;...x,, ).
Assume that |w(t)| is bounded, then it is ultimately periodic; let us call its period p;. But
now, 8,(t) mod |u| is also ultimately periodic, since the orbit of p,, is, and |w(t)| is bounded.
If we call its period p,, then the system is ultimately ppcm(py,ps,p2)-periodic.

But if we assume Vt, |[w(t)] < A, simulating the evolution for IQllw(t)| |u|py steps is
enough to pass through all the possible states of the system before returning to a state
already seen. O

Now, by this lemma, the predicate 3 t < (A), 8.(t) -0, (t) > A is recursive, and thus
this point follows from the following characterization of SINV:

SINVE = = t< t)-d(t) =
P =VA>0, 3 B(A), d.() -8, (t) = A

2. Itis sufficient to simulate a two-counters machine, according to a classical result by Minsky
[50]. Here is how to do it: our alphabet is {A,M,B,0,@x(QU{—,«,d,«}), where « is a
spreading state and @ is quiescent. We say that a portion of the configuration is valid when
it is of the form 0’A"MB™0" on the first layer of the cartesian product, and —"q« on the
second one.

The dynamics of the automaton is as follows:
- Whenever the configuration is invalid, which can clearly be checked within O(1) bits
of communication (thanks to Lemma 3.1.6), a k state is generated and spreads.
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- Else, on each coding segment, the (necessarily unique) head goes repeatedly from one

end of the segment to the other end, and extends the segment at each pass by adding a

— on its left, a +— on its right, and a 0 on the data layer. If the extension step is blocked

by another segment, then the state k is generated and spreads.

- Moreover, at each pass on the segment, the head executes one of the basic instruction of

the underlying two-counters machine:

Testing if a counter is empty, which, in can be done by checking if there is a 0 on the
right, or on the left of the M state.

Decrementing can be done by replacing the leftmost A, or the rightmost B, by a 0.
Incrementing can be done by replacing a 0 by A on the left of the leftmost A, or a 0
by B on the right of the rightmost B.

The head can also stop.

Moreover, if any behavior of the head leads to an incoherence (decrementing an empty

counter, writing a B instead of an A...), state Kk appears and erases all the configuration.

With this definition, and if u = @, the halting problem for the two-counters machine

encoded in F reduces to SINV}:

SINVF(x) = 0 & M loops or halts

Therefore, by a suitable choice of the machine M simulated by F, we can make SINVy

T -complete.

To conclude the proof, we show that cc(SINV?) € O(logn). For a given input w, split

between Alice and Bob, the following protocol runs in O(logn) bits and determines SINV:

- First, Alice and Bob can check locally whether the configuration is correct. If it is, then

they know there is only one head. Then Alice can send the state of the counters of her

rightmost segment encoding a machine, along with the number of (s between this

segment and Bob's part. If this part collides with Bob's leftmost simulated machine,

then the configuration is invaded by ks.y This can clearly be done in O(logn) bits

of communication.

- If there are several heads, and they do not halt, then the heads extending the — and

« on the second layer will collide, generating a , and thus invading the configuration.

- If the configuration is invalid, or if one of the machines does not loop or halt for itself,

then the result is known in O(1) bits. O

We can use the same construction to prove that there is an F and a u for which TINV} is

ﬂlo—complete, while remaining of quite low communication complexity:

Proposition 3.4.28

1. For any cellular automaton F and any word u, TINV} € TT,.

2. There is a cellular automaton F and a word u such that TINv{ is TTy-complete, and yet
CC(TINV}I:L) € O(logn)
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Proof. This proof is relatively simpler than the proof of proposition 3.4.26.

1. First, for any cellular automaton F of radius r, and any word u, there is a simple ﬂ10 formula
corresponding to this problem:

vt, 3 1 <rt, Fi(pu)Iil # Fi(p,)lil

. Now, we can use almost the same construction, also with u = @ with an additional “clean-
er” state, launched by the head upon halting, and replacing all the As and Bs, on both
sides of the head, by @ on both components, then stopping at the end of the parts of the
configuration used by the simulation of the machine.

This way, on any u not completely blank, if the input contains a head, a k state
will appear, invading the configuration. If the input has no head, the dynamics is triv-
ial. Now, if all the two-counters machines simulated by the input halt, the configura-
tion will become all blank again after they have all halted. Else, it will continue to run

forever. O

3.4.3 Cycle is PSPACE-complete

We show a somewhat weaker result for this problem, than for the three previous problems;

although there is an F an a k for which CycLEf is indeed PspaCE-complete, we do not know of an
automaton achieving this with CC(CYCLEE) € o(n):
Proposition 3.4.29

1. For any cellular automaton F and any k >1, CYCLEE € PSPACE

2. There is a cellular automaton F and a integer k such that CYCLEf is PSPACE-complete.

Proof.

. Let Fand k >1 be fixed. The length of the cycle reached by iterating F on a periodic initial
configuration c can be determined in polynomial space with the algorithm described below.
Let n be the period of c. Starting from c, the cycle is reached in less than |Q|", where Q is

F's alphabet:

1.

Compute ¢y = F* (¢). This can be operated directly on the configuration, without recording
the intermediate steps.

. Save a copy of configuration c, (still of size n), and start to simulate the automaton

for k steps on the working copy. At each step, verify if the current configuration
is equal to c,. If so, output 1 and exit. Else, at the end of the k steps, output 0O
and exit.

2. To show this, we embed a Turing machine M, deciding a PsPACE-complete problem, into

a cyclic configuration for a cellular automaton. M works in polynomial space, meaning

that there is a polynomial P € N[X] such that for any x € I'*, it will never use more than
P(|x]|) cells.
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This embedding is very similar to the Turing computations that we performed with
cellular automata in the proof of proposition 3.4.25, without the moving particle. Then, if
we make the accepting state spreading, the configuration will be erased completely upon
acception of the input by M, and the cycle length will be 0. Moreover, the accepting state
launches a particle, erasing everything behind itself, while rotating. This proves than on
valid configurations, CYCLE'E((X)) =1 if and only if M accepts x, where (x) means “an
encoding of x into a configuration for the cellular automaton”.

Now, a polynomial time transducer can easily output a configuration of F. It first
outputs a translation of the initial configuration, and then P(|x|) blank states. O

3.5 EXPERIMENTAL THEORETICAL COMPUTER SCIENCE

A particularly interesting part of the study of cellular automata is the experiments it allows for.
In this section, we show we took advantage of the ease of enumerating and simulating entire
classes of cellular automata, to prove real theorems. This approach, to our knowledge, has not
been so widely used yet to prove things, but rather to produce images of space-time diagrams.

Moreover, many theoretical results about communication complexity are based on provable
properties of function matrices, but are not aware of a general study on concrete matrices
generated by complex functions. This situation is not extremely different in the Turing world,
but this ability has not been largely used yet; to our knowledge, one of the most notable
publications in this field has been [51].

The beginning of this research direction was also motivated by Neary and Woods' result
about the p-completeness of rule 110. The common belief before this result was that simulating
Turing machines with this rule could only be done with an exponential overhead. Since, as we
have shown in section 3.4.1, the prediction problem of a universal cellular automaton must
be p-complete, this new result could possibly mean that an elementary cellular automaton
is universal.

In this section, we have used experiments on the communication complexity of elementary
cellular automata to pre-classify them according to their one-way communication complexity.
This restriction is justified by the following theorem:

Theorem 3.5.30 Let P be a protocol computing a function f of XxXY — Z, in which all the nodes
are labeled by a;s (that is, only Alice speaks). Then the monochromatic rectangles P induces on
matrix f are of the form Xyx{y € Y | f(x,y) = z}, for some X, C X and z € Z.

Proof. This is shown with an even simpler induction than in the proof of theorem 3.1.1:
- For a protocol when there is no need for communication, it is obviously true.

- With more communication rounds, the first bit Alice says induces a partition of her inputs

into two sets X,, X; C X. By induction hypothesis, the end of the protocol partitions each

of these two sets again, so that X, gets partitioned into a family (XO,i)i’ and X; into a family
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(Xhi)i- In the end, the union of these families defines a partition of XXY into sets of the form
X<{y € Y [ f(x,y) = z}. O

The basic way of using this theorem is the following: we compute the exact one-way
communication complexity for small classes of cellular automata by counting, for each input
size n, the number of different lines in matrices of My(Z,). This restriction is obviously
justified by complexity constraints: we could have as well assumed the log-rank conjecture
(open problem 3.1.2, but, while it is quite easy to devise an algorithm to count the number
of different lines in a matrix, in linear time, this is not the case for matrix rank algorithms

(which are all at least quadratic in 2.
3.5.1 The elementary cellular automata

In this section, we present a collection of protocols built with the following methodology:
we classified the cellular automata according to their complexity for problem PRED (our only
problem with a reasonable computation time). Then, we tried to build a small protocol for those
cellular automata with low complexity. For some of them, such as rule 94 or 218, the complexity
of PRED was high, but there were “walls” in the rule, which made their SINV problem trivial.

Proposition 3.5.31 Rules 15, 51, 60, 90, 105, 108, 128, 136, 150, 160, 170 and 204 are linear, and
thus have a prediction protocol in O(1).

Proposition 3.5.32 Rule 76 has a protocol in O(1) for PRED.

Proof. On all configurations after one step, rule 76 behaves like rule 204, because the only dif-
ference is on 111, which has no antecedent. Therefore, Alice and Bob need to communicate one
bit to compute the first step, and then follow the protocol for rule 204. O

Proposition 3.5.33 Rules 0, 1, 2, 4, 8, 10, 12, 19, 24, 34, 36, 38, 42, 46, 72, 76, 108, 127, 138, 200
have a constant number of dependencies, and thus have a protocol in O(1) for PRED.

Proof.

- Rule o is nilpotent.

- Any configuration of the form 0001000 is stable under F;, and neither 1001 nor 101 have
antecedents by F,, thus F; at most depends on the seven center cells.

- In rule 2, after one step, there can never be two 1s separated by less than two 0s. And, on
these configurations, rule 2 is a shift.

- In rule 4, after one step, the 1s are all separated by at least one 0, and on these configura-
tions, the rule is the identity.

- Rule 8 is nilpotent.
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- Rule 10 is a left shift on all the configurations with no three consecutive 1s. Fortunately,
these configurations never appear after one step.

- For rule 12, the only configurations after one step have only isolated 1s, on which this rule
is the identity.

- In rule 19, after two steps, there are no isolated Os or 1s, and on these configurations, F]Zg is
the identity.

- The only difference between rule 24 and the symmetric of rule 2 is on transition 011, which
has no antecedent. The same protocol (reverting the roles of Alice and Bob) can be used,
after simulating one step of the rule.

- Rule 34 is a left shift on the configurations with no block of two consecutive Os, and these
blocks do not have antecedents.

- For rule 36, we find out by exhaustive search that the only stable pattern is 00100, and all
other patterns of length five become 0 after two steps.

- For rule 38, another exhaustive search shows that on F38({0,1}Z), Fis = 0°.

- For rule 42, after one step, there are no three consecutive 1s in the configuration, and the
rule is a left shift on these configurations.

- Rule 46 is a left shift except on 010, which has no antecedent, and 111, whose antecedents
have 010s. Therefore, after two steps, this rule is actually a left shift.

- In rule 72, for any a and b, F;,(a0110b) = 0110. But 111 does not have antecedents by F,,
and 010 does not have antecedents by FZ,. Therefore, the only configurations of F%z({OJ}Z)
are of the form ({(0110)0;0°})".

- Any block of three cells, except 111, is stable under rule 72. Therefore, this block disappears
after one step.

~ An exhaustive search on all the blocks of length 7 of rule 108 show that Fis is the identity on
Flos((0,11°).

- Rule 138 is a left shift, except on 101, which has no antecedent and thus disappears after
one iteration.

- In rule 200, any 0 is stable (for any a and b, F,5,(a0b) = 0), and so are the blocks of at
least two 1s. Moreover, isolated 1s do not have antecedents. Therefore, the rule depends
only on the three central cells. O

Proposition 3.5.34 Rule 5 has a protocol for SINV in O(1) bits.

Proof. For any value of a and b, F5(a010b) = 010, and for any a,b,c,d, F2(ab000cd) €
{000,010}. Therefore, for the configuration to be invaded, u should neither contain more than
three consecutive Os, nor less than two consecutive 1s. This is not possible after one iteration of

the rule since F5(11011) = 000, and F5(110011) = 0000. O

Proposition 3.5.35 Rule 7 has a protocol for SINV in O(1) bits.
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Proof. First notice that for any values of w, x, y and z, F5(w11xyz) =11. Since F,(0000) =
11 and F;(0001) =11, a periodic word u that would be invaded should have neither blocks of
more than two Os, nor blocks of more than one 1. Thus, it should be described by the regular
expression ({0,00}1)". But since F,(0010) =11, this leaves only one possibility : the pattern
should be 01". Thus, any perturbation of size n stays at most n bits wide, and no invasion can

ever occur. U
Proposition 3.5.36 Rule 13 and 29 have a protocol for SINV in O(1) bits.

Proof. Let us remark that for any values of a and b, F(@a01b) = 01, for both rules. Thus, if the
input is different from the periodic background, and it is to be invaded, then the background
has only 1s. But then the last cell that is different from the background in the input is a 0, and
this forms a wall. Thus, no invasion can ever occur. O

Proposition 3.5.37 Rule 28 has a protocol for SINV in O(1) bits.

Proof.  First remark that since for any values of a and b, F,3(a01b) = 01. Hence, any periodic
background that would be invaded should be uniform (i.e. only Os or only 1s). But then
the left of the configuration is necessarily invaded, and the first 01 or 10 creates a wall.

0

Proposition 3.5.38 Rule 78 has a protocol for SINv in O(1) bits.

Proof. It is not hard to see that the configurations where all the Os are separated, and with
no three consecutive 1s are stable under this rule. Now, 111 has no antecedent by rule 78.
Thus on the configurations without this pattern, for any value of a and n > 2, F54(a10"1) =
10™'1. Then, it is not hard to check that on the configurations with no block of more than
one consecutive 0 or more than two consecutive 1, rule 78 is the identity. O

Proposition 3.5.39 Rule 140 has a protocol for SINV in O(1) bits.

Proof. For any values of a and b, Fy4,(a0b) = 0. O
Proposition 3.5.40 Rule 172 has a constant protocol for invasion

Proof. For an invasion to occur, there should be no two consecutive Os in the background, since
for any values of a and b, F;,3(a00b) = 00. Also remark that 010 has only two antecedents, and
they both contain a 00, and also that the only antecedents of 00 contain 00s.

So let us suppose that the background has no couple of 0Os. Since no 010 can occur in the
configuration after one step of evolution, then either the input does not contain a couple of
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Os, and thus the rule behaves like a left shift — there is no invasion, or it has a couple of Os
—and a discussion is needed. We consider the leftmost 00 appearing in the configuration. It is
clear that it forms a wall. We shall prove that it invades the configuration rightwise. We only
need to check that for all values of a, b and ¢ such that abcO does not contain a wall, we
have:

Fi72(abc00) = x00 O

Proposition 3.5.41 Rule 32 has a protocol for SINV in O(1) bits.

Proof. 1f u is not of the form (01)", then F;, is uniformly O after n steps, with n the input
length. Else, if u = (01)", and p,(x) # p., then the configuration gets invaded with Os. O

Proposition 3.5.42 Rule 156 has a protocol for SINV in O(1).

Proof.  First notice that if the period u is not uniform, then there are walls (01) around the
input x and then x does not invade p,. Else, if u is uniform, then p,, is invaded, either to the left
if uw e 1%, or to the right if u € 0". O

Proposition 3.5.43 There is a protocol in O(1) for PRED and SINV for rule 27.

Proof.  First notice that FX#111%%%) =111, and F(x000%) =111. Thus, if the orbit of P. con-
tains a block of three 1s or three 0s, then no invasion can occur. Else, an exhaustive exploration
of all configurations of size 6 shows that the only possible configurations that do not generate
111 or 000 are described by the following regular expression :

A = (0114 001)*

Moreover, it is easy to notice that this set of configurations is stable under F, and that Fz(w1w2w3w4w5) =
ws for w any subword of a word in A. Thus, if p,(x) is still in A, no invasion can occur, since F
is a left shift. Else, p,,(x) is not in A. In this case at least one block of three 1s occurs somewhere
in p,(x), F(p,(x)) or Fz(pu(x)), propagating to the right of the configuration. There are two
cases :
1. Alice has the leftmost one (or Alice and Bob share it, which can be determined within con-
stant communication). In this case, since the rightmost wall shifts to the right at the same
speed than the leftmost one, Alice can simply assume that Bob has got any configuration :
since the chunks after his rightmost wall only consist of periodic background pattern, only
shifting right, it does not change the result.
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2. If Bob has it, and p,(x) # p. in Alice’s part, then Alice’s part is shifted to the left, and
Bob’s leftmost “wall” (blocks of 111) to the right. The background is always invaded here.
Else, Bob knows Alice’s configuration, since it is the same as in pu : he can still predict
everything. O

Proposition 3.5.44 Rule 44 has a protocol for SINV in O(1) bits.

Proof.  First remark that V a,b € {0,1}, F4(@00b) = 00: 00 is a “wall”. Thus, among the eight
possible groups of three states, 000, 001, 100 are walls. Now for the remaining blocks:

-V ae{0,1}, Bu(111a) = 00.

- YV a,b€{0,1}, Fy(010ab) =111, and thus yields a wall.

The only remaining blocks are W = {011,101,110}. If the orbit of p, has no wall, then p, €
{011}". Else, no invasion is possible. Thus, we can simply remark that for all rotations of 011
(i.e. all words w € W), we have: F424(w00) = 0. Since 00 is a wall, this means that any x such
that p,(x) # p, will invade the configuration, erasing all the left part of it, from the wall on.

Since the condition p,(x) # p, can be checked locally, two bits of communication are
enough to decide INV . O

Proposition 3.5.45 Rules 23, 50, 77, 178 and 232 have a protocol for PRED in O(logn) bits.

Proof. They all leave stable either {00,11} or {01,10}, where a “stable” set S means that for any
s € S, there is an s' € S such that for all wy,w, €{0,1}, F(w;sw,) =s'.

In this case, since the part before the first block has to be either uniform or alternate
between Os and 1s, a protocol for PRED can simply send the length of this part. Since no
information can pass through the stable subwords, this is enough to predict the evolution of
the configuration. O

Proposition 3.5.46 Rules 40, 130, 162 and 168 have a protocol for SINV in O(1) bits.

Proof.  First notice that in all four rules, for any a,b € {0,1}, f(ab0) = 0. This if a word u has at

least one O, then no word x can invade p,,. Else, the perturbation stays at most w+1 bits wide,

with w the distance between the leftmost 0 of x and its rightmost one. O
The few next lemmas and definitions study the case of rule 94, which maybe our most

complicated example of an elementary cellular automaton simple for SINv. This proof was

published in [36]

Definition 3.5.12 We call the configurations of rule 94 additive if their language is included
in (00)"(11)")".
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Now, for additive configurations, it is clear that the behavior of rule 94 is exactly the
same as the behavior of rule 90, which is bi-permutative. This is because of the following
lemma:

Lemma 3.5.47 If x is an additive configuration, then so is Fo,(x). Moreover, Fo, is bipermutative

on these configurations.

Proof. This is because Foy(00(11)"00) :11(00)“411 and Foy(11(00)"117) :11(00)71411 for all
n >1. But Fy only differs from rule 90 on transition 010, which never appears here; hence

the bipermutativity. O

Lemma 3.5.48 If ¢ is a non-additive configuration which does not contain 010, then 101 appears
after a finite time and it is a wall. More precisely, a wall appears after t+1 steps at the middle
of any occurrence of 10211 or 017730, for t > 0.

Proof. 101 is a wall because for all a,b, Fo,(al01b) =101. Moreover, Fo,(10™1) =10""1 for
n>2. 0

Lemma 3.5.49 The orbit of a configuration c contains a wall if and only if Fy,(c) is not additive.

Proof. From lemma 3.5.48, it is enough to show that if ¢ is a configuration where 101 does not
appear, then 010 does not appear either in Fo,(c). To see this, it is enough to check that any word
u such that Fyy(uw) = 010 must contain 101. O

We can now conclude by giving a protocol for SINV:
Proposition 3.5.50 For any u € {O,1}§‘CC(SINV$Z) € O(logn).

Proof. Ifuis such that the orbit of p,, contains a wall, then invasion never occurs. Thus, for the
problem to be difficult, from lemma 3.5.49, Foy(p,,) must be additive. In this situation, two cases
are to be considered, depending on the input x;...x;:

- Either Foy(pu(x;...x,,)) is also additive, and then, by lemma 3.5.47, the configuration is
invaded if and only if Fo(p,) = Fos(pu(X;...x,1)). This can be decided with a finite number
of communications.

- Or Foy(pu(x4...x4,)) is not additive. Then it must contain 1021 or 01770 as a subword, for
some t > 0, because, as in the proof of lemma 3.5.49, if the image of a configuration con-
tains a 010, then it must also contain 101. Consider the leftmost and the rightmost occur-
rences of this kind of words. Since walls appear above the middle of these two occurrences
after a time equal to half their lengths (by lemma 3.5.48, the invasion does not depend on the
contents of the part of the configuration between the two occurrences. It takes O(logn) bits
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of communication for Alice to know the position of these two occurrences, and the exact
words present at their positions (of type 10°"'1 and 01°*"%0). Moreover, as soon as Alice
knows this, she also knows that on the left of the leftmost occurrence, and on the right of
the rightmost occurrence, the configuration is additive. If there is no difference with p,, in
these additive parts, then there is no invasion. Else, then Alice has got enough information
to decide the problem alone. Deciding in which case we are can be done within constant
communication. O

Proposition 3.5.51 There is a protocol in O(1) for SINV for rule 104.

Proof. Let us first notice that rule 104 is symmetric, and that for any value of a and b,
F104(@00b) = 00. Thus, we need to find the configurations on which this wall does not appear.
Looking at all the configurations of size 4, we find the following:

1. 0110: the only possible way to avoid walls is to have a 1 on each side of it, that is, 101101, but

then Fiy(101101) = 00.

2. 0101 and 1010

3. 1011 and 1101

4. 0111 and 1110
Thus, the only possible repetitions of 1s can be three 1s or one 1. Let us look at the word of
length four that can occur after 0111, without creating a wall. We first notice that this word
cannot begin with a 1T without creating a wall. Two possibilities are left:

1. 0111

2. 0101: this case creates a wall after three steps.

Since rule 104 is symmetric, this shows that the only configurations on which there is no 00 wall
are (01)" and (0111)". Thus, only these configurations may be invaded. These two configurations
are each stable under rule 104. To see that they actually are when the configuration is finitely
changed, it is sufficient to simulate what happens by creating a wall at 1,i+1,1+2,i+3 for
some position i, because they are both 4-periodic, and the content of the configuration after the
wall does not matter. O

Proposition 3.5.52 There is a protocol in O(logn) for PRED of rule 132.

Proof. For any a,b € {0,1}, f(@0b) = 0. Thus, Alice only needs to send the length of the longest
string of 1s she has from the center. O

Proposition 3.5.53 There is a protocol in O(1) for SINV for rule 152.
Proof. Let us first remark that no finite group of at least two 1s can be in the orbit of rule 152.

This comes from the three following subrules of rule 152:
1. for a € {0,1}, f(@011) = 01
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2. f(111) =1
3. f(110) =0

Henceforth, if all the 1-blocks are finite (there is at least one 0 in the periodic pattern), then
no invasion can occur, since after a finite number of steps, the rule behaves like rule 32; that
is, a right shift.

Else, the periodic pattern has only 1s, thus any O in the input word invades the con-
figuration: towards its left because of subrule 3, and upright because of subrule 1. The fact
that Alice and Bob have only 1s in their respective inputs can be checked with only one bit
of communication. O

Proposition 3.5.54 Rule 156 has a protocol in O(1) for SINv.
Proof. Let us first notice that 01 is a wall in rule 156: for any a,b € {0,1}, Fi54(@01b) = 01. Thus,
the only case where invasion could occur would be when the background pattern has only Os or
only 1s (else, a wall appears on both sides). If there are only Os, the first 1 creates a wall, and
since fj55(100) =1, the right of the configuration get invaded by the last 1. Since f(110) = 0, the
same happens when the background pattern has only 1s. O
Proposition 3.5.55 Rule 184 has a protocol in O(logn) for PRED, and this protocol is optimal.
Proof. Let us see what happens to the blocks of two cells in rule 184. Let A = 00, B=01, C =
10 and D =11. Then, for all n > 0:
Fiss(A{B,CI") = A
Fis({B,CI"D) =D
Fisu(AD) =B
Fiyu(DA) =B
Thus, let #A 4. be the number of A Alice has, §D,j;.. her number of Ds, § Az, the number
of A Bob has, and §Dy,, his number of Ds.
Moreover, we say that position 1 is free if:
ﬂD(Wo...Wi) Z ﬁA(Wo...Wi)

D (Wi pgen) = AW 0y)

Then, the following is a valid protocol for F;gs:
- Alice sends Ny = max(0, #A sjice— §Dajice) to Bob.
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- If Ng > N, then Bob knows the answer (if he has a C particle in a free zone, the result is
C, else it is B).

- Else, if Ny < Nj, then Alice knows the answer: if she has a C particle in a free zone, then the
result is C, else it is B.
The following fooling set shows that this protocol is optimal:

S={AB'B*'D'|1€{l..n}} 0
With a slight modification, the protocol we had for rule 184 can also predict rule 56:
Proposition 3.5.56 There is a protocol in O(1) for PREDy,_.
Proof. Using the same bulking parameters, there are only two differences:
F(DD)=A and F(BD)=C

But fortunately, none of these two problems have any antecedent, thus they disappear after
one step, which requires only two bits of communication to be simulated. O

3.5.2 The last candidates to universality

In last section, we have shown simple protocols for a large number of elementary cellular
automata, and essentially problems PRED and SINv. The following elementary automata remain
without proof of simplicity nor of universality:
We do not know simple protocols for the following 33 automata: 3, 6, 9, 11, 14, 18, 22, 25, 26,
30, 33, 35, 37, 41, 43, 45, 54, 57, 58, 62, 73, 74, 106, 110, 122, 126, 134, 142, 146, 152, 154, 164, 204.
The main open problem of this section on experiments remains:

Open problem 3.5.4 Is there an intrinsically universal cellular automaton among the elementary
cellular automata ?

The smallest known intrinsically universal cellular automaton is the one of Ollinger and
Richard (see [19]), with radius one and four states. Our conjecture is that no elementary cellular
automaton is intrinsically universal. In chapter 4, we will see extensions of the experimental
approach presented here, that seem promising to the study of this conjecture.

3.6 TWO-DIMENSIONAL EXTENSIONS

In the beginning of this chapter, we did most of our definitions, problems and theorems in
the context of one-dimensional cellular automata. This degree of generality is far from being
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satisfying, as many definitions, well understood in the one-dimensional case, lose their sense,
or become undecidable in two dimensions. We will see a few examples below. Therefore, as
we will see, the generalization of our problems to two dimensions is quite non-trivial.

The first thing that we will need to generalize is the way of cutting the inputs. In one
dimension, this was not quite a problem, since once we had defined that the cut should cut at
most one bulking block, there was not a large choice of cuts; the notion of border was obvious. In
two dimensions, this is one more thing we need to redefine:

Definition 3.6.13 Let S = {0...n—1}* be a square of Z%. A simple path is a finite sequence (uy), of
points of S such that: luna—uall, =1 and Vi, j, u; # u;.
We call a border on S a minimal simple path dividing S into two connected components.

With this definition, it is not hard to see why all our problems are still valid here. We
define them below, but we will begin with a general idea to adapt the results.

First, the exact same proofs apply for relation C: it is still true that if F C G, then cc(Pp) <
cc(P;). However, the bulking relation is a little more complicated to define. What we need to

m,t,z
b2 and

do is to show how to use a protocol for some automaton F using a protocol for F¢
vice-versa. When we have the protocol for F, the adaptation is trivial. In the other case, in one
dimension, we needed to communicate a constant number of bits, in order for one player to
know the bulked state around the border. We can do the same here, but for one player to know
all the states around the border, they need to communicate QO(m) bits, where m is the length
of the border. This cost is significantly higher than in the one-dimensional case, as it may be in
Q(n). However, for an automaton to be intrinsically universal, the same condition clearly holds:
its communication complexity must not be in o(n).

In the adaptations we define below, we can always construct a cellular automaton in
Q(n?): assume there is a one-dimensional cellular automaton F, of communication complexity
Q(n) for problem P. If the problem of simulating n instances of F together has communi-
cation complexity in Q(n’), then we can build a two-dimensional cellular automaton with
maximal complexity. Indeed, we can simply simulate F on each row separately to get the
result.

Now, for all the hard problems we have constructed in section 3.2, we were largely reducing
problems EQ or D1sj, for which computing two independent instances is the same as computing
instances twice larger. Hence, our hypothesis that computing n independent instances at once
is no easier than computing them n times separately always holds for our problems.

We can now define the generalizations of our problems:

- The prediction problem does not really need to be generalized, as definition 3.2.5 is defined
in terms of F*, which is valid in any dimension.

- The temporal invasion problem does not need to be generalized either, since definition 3.2.7
is formulated in terms of periodic configurations (which still exist in two dimensions), and
differences between configurations.
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- The spatial invasion problem can be generalized by replacing &, and 9, by the following
definitions:

§(t) = max{[[i - Il | F(pu0)Ii] # F'(pu)[i] and  F(puGlj] # F'(pu)lj]]

And SINV} is the problem of deciding if §*(t) — oc.
- The cycle length problem could well be defined in any dimension with the same definition

as definition 3.2.9

The two-dimensional case is thus an easy generalization of our one-dimensional problems.
However, they make up an interesting source of open problems, in particular to study special
cases of long-standing open problems such as the direct sum problem, that we have already
defined (open problem 3.2.23).

Moreover, several results in two dimensions let us think that this extension of our approach
may be interesting. In particular, Applebaum, Ishai and Kushilevitz in [52], show how to use a
special kind of two-dimensional cellular automata, namely cellular automata in which the rule is
allowed to change at each step. Our approach here with communication complexity may enable
us to prove (or disprove) the stronger result that their cryptographic primitives are also imple-

mentable in plain cellular automata with a uniform rule.
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4 EXTENSIONS TO OTHER SIMULATIONS
4.1 COMMUNICATION IDEALS

In definition 1.2.8, we required our simulation relation to be preorders. In fact, this hypothesis
allows for a nice formalism of simulations in cellular automata, already defined in [10], using
order theory. It is quite easy to see that the set of automata simulated by some automaton A
with relation < is an ideal, in the sense of order theory, that is:

Definition 4.1.1 Let S be a set, < be a quasiorder relation on SxS. An ideal for < is a subset J of
S such that:
1. If beJand F,<F, then F, € J.
2. For any F,F, € J, there is some F; € J such that F;<F; and F, < F;.
A principal ideal J is an ideal with a maximal element, that is, there is an 1 € J such that ¥
xed, x <1

Several results have been proved by Delorme et al. in [10] about this formalism. The
following proposition summarizes the results useful for us:

Proposition 4.1.1 (from [10]) J is an ideal for <_ (respectively <_) if:
LVmteNzeZ Fel s FmMh2cyg

2. heJ A FKHCF (resp. F9F) = Fed

3. heIJ AReI=FxRhel

We can reconsider, with this definition, all the results of section 3.2. Indeed, since both
simulation relations E and < are preorders, we can summarize these results as:

Proposition 4.1.2 Let (Xp); a family of communication problems, defined for each cellular
automaton F, of complexity increasing with respect to simulation < (that is, if @ <1, then
cc(X,) < cc(Xy)). Let f be a non-decreasing function from N — N, then the following set is an
ideal for <:

7= o] ce(X,) < f)

Proof. This is a direct consequence of the definition of <. O

In the literature about simulation ideals in cellular automata and symbolic dynamics, the
two most studied relations are the ones that we have defined in chapter 1: <_ and <_. However,
until now, we have mostly restricted our study to the first one, namely, subsystem simulation. In
this chapter, we generalize our approach to the other simulation. We begin with a presentation
of the tools we are going to use: non-determinism and randomization. Then, the main result of
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this chapter, in section 4.3, shows an example of an automaton universal for <., while in a quite
small ideal for <_.

4.2 DETERMINISM AND SUB-SYSTEM SIMULATION

As we said in chapter 1, it is not known whether there is a universal cellular automaton for the
coloring simulation relation. In this part, we present an interesting link between this problem,
and two different generalizations of communication complexity, namely non-deterministic com-
plexity, and randomized complexity.

4.2.1 The limit set

The problem we are going to define is the problem of deciding if a given pattern can appear
arbitrarily late in the evolution of the automaton. We first need to give the following classical
definition:

Definition 4.2.2 Let F be a cellular automaton. The limit set of F is defined by:
Qr = {x € Q¥ | vt, 3ye QR Fi(y) = ¥

This set is obviously a subshift, and it is not difficult to see why its language is co-recursively
enumerable. Several examples of automata with non-recursive limit sets are shown in [53] or
[30].

Based on this definition, we can now ask Alice and Bob to compute if a given word can
appear in a configuration of the limit set, that is, if the input is in the language of the limit
set. This is precisely the LimIT; problem:

Definition 4.2.3 Let F be a cellular automaton on alphabet Q, and x a word of Q. The problem
LimIT; is defined by:

LIMITE(X) = X £(0,)(X)
Where for any set S, X is its characteristic function.
As we proved in [54], it is quite easy to see why this problem is compatible with <. We

first need to show that the property of “being in the language of the limit set” is conserved by
<:

Proposition 4.2.3 If ® is a color map of (X,F) onto (Y,G), then Qg5 = O(Qy).

Proof. The proof is two-fold:
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- ®©(Qp) € Q. Indeed:
®(@Qp) = o1 FX) € No(F(X) =6(X)

- Now, lety € ﬂteN G'(Y), and, forte N, X, = CD_](y)ﬁFt(X). Note that X, is closed, since
® and F are continuous, and X is compact. Moreover, X, is nonempty, for ® is onto. By
Cantor's intersection theorem, ﬂteNxt = (lf](y)ﬂQF is nonempty, and thus y € ®(Qy).

]

Next, we only need to find a way to use a protocol for LIMIT; to solve LIMITg where
G is a coloring of F. Unfortunately, the simple method we used in section 3.2.2.1 does not
work anymore, since proposition 4.2.3 only proves the existence of one antecedent of the
input, by the induced map ®, that is in the limit language of F. See for instance the following
construction:

Proposition 4.2.4 For any cellular automaton F, there is a cellular automaton F' such that F <
F' and for each x € Qy, there is a y € QF\ Qp such that ®(y) = x, where ® is the map induced
by <.

Proof. The idea of the proof is to duplicate the alphabet to artificially construct configurations
not in the limit set of F'. Concretely, for each q € Qy, F' has two corresponding states q and ¢/,
and F'(a,b,c) = Fx(a), x(b), x(c)), where & : Qr — Qf “removes the prime”, in the sense that V
q€Qr, a(q) = g, and Vq'€ Qr\Qr, x(q') = q.

No configuration with a state in Q¢\Qp can ever be in the limit set, since these configu-
rations have no antecedent by F'. Yet, the colorings of F are actually colorings of F'. O

However, if x is a configuration of Qy, then its image by the color map induced by the
relation G < F, y = ®(x), is in Qg, since F_t(CD_] (y)) is nonempty.

4.2.2. Non-deterministic protocols

One possible generalization of the deterministic framework introduced in section 3.1 is adding
non-determinism. In the original definition, given by Lipton and Sedgewick [44], this corre-
sponds to the scenario where, “an all powerful prover, who sees x and vy, is trying to convince
Alice and Bob that f(x,y) = z” (this description comes from [43]). If it is actually the case that
f(x,y) = z, then Alice and Bob must agree, else they must be able to detect it, whatever the
prover says. In this case, the complexity of the protocol is the total speaking time of the prover,
Alice, and Bob.

The example given in [43] is a protocol for the non-equality function, hereafter written
NEQ, which is the negation of function EQ that we defined in section 3.1.1. In this problem,
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if x # y, the prover can simply give Alice and Bob an index where their inputs differ. The
hint given by the prover is seen by both players; it is public. In the case of NEQ, it takes
at most O(log(n)) bits for the prover to transmit a position, then Alice and Bob can verify
it by sending each other their bit at this position in O(1). The cost of this protocol is thus
O(logn).

In our definition, however, we allow the prover to give a “hint” for free to each player. But
contrarily to the classical definition, this information is private; the players do not know each
other's hint. It is clear that any function, within this framework, is going to be no harder
than in the previous definition: if there is a protocol of cost n for some function f, for the
definition of [44], then there is a protocol with at most n bits with our definition: the prover just
gives the same hint, for free but privately, to Alice, who then transmits it to Bob. Conversely,
if there is a private protocol for f, then Alice and Bob can simulate it using a public protocol.
At each round of the private protocol where a private hint is useful, the prover gives the
outcome of the round. Since this information is public, Alice and Bob can skip the round:
they both know what to do next. Formally, the definition of a non-deterministic protocol goes
like this:

Definition 4.2.4 Let f: XxY — {0,1}. A non-deterministic communication protocol P for f is
a deterministic protocol for a completion of f, that is, for a function f': (XxX")x(YXY') —
{0,1}, such that:

vxeX,y ey, fx,y) =1= IxeXiy €Y' f'(x,x),y,y)) =1
vxeX,y ey, fix,y) =0 = vx'eXiy €Y, f'((x,x)(y,y) =0

A non-deterministic protocol P is said to compute f if:
- for all (x,y) such that f(x,y) =1, it answers 1 on input ((x,x'),(y,y")) for at least one value
of (xyy').
- for all (x,y) such that f(x,y) =0, there is no value of (x,y') for which it answers 1 on
input ((x,x"),(y,y")).

We also need a definition of non-deterministic communication complexity:
Definition 4.2.5 For z € {0,1}, we say that f has z-non-deterministic communication complexity
n, and we write N*(f) = n, if there is a non-deterministic protocol P for f, such that the paths
leading to a z are of length at most n.

Now, how can we lower-bound the non-deterministic complexity of a function? If we

represent our protocols also by trees, where each node is labeled by a function depending on
the input, and also on the private hint, then each leaf is again a monochromatic rectangle. The
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difference is that the same input may lead to different leaves, because there may be several hints
for it. The following proposition proves by a combinatorial argument the equivalence between
the two definitions of non-deterministic communication complexity:

Proposition 4.2.5 Let f be a function of XxY — {0,1}, and N'(f) its private or public com-
munication complexity, and C'(f) the size of a minimal cover of the 1-inputs of f's matrix by
rectangles. Then:
N'(f) = [logo(C' ()] +1
Proof.

- For public protocols, any cover of f's matrix induces a proof system, in which the prover
gives the name of a 1-rectangle in exactly |-log2(C1(f))-| bits, where C'(f) is the number of
1-rectangles in f's matrix.

- For private protocols, the prover can give Alice the same hint as in the public protocol
(the name of a rectangle), and she transmits it to Bob. This also costs exactly |-log2(C] (f ))-|

- Conversely, for public protocols, we can reuse the proof of Theorem 3.1.1, since at each step
of the protocol, whoever speaks splits the inputs into two parts. The same induction works
to prove that each leaf corresponds to a monochromatic rectangle in the matrix. Now, since
several proofs might be used on the same inputs, the rectangles may overlap.

- For private protocols, once Alice and Bob know their respective hints, their behavior is
essentially the same as in a deterministic protocol; the proof of Theorem 3.1.1 works without
any tweak: a leaf always corresponds to a monochromatic rectangle. And, again, different
hints on the same input might lead to different (overlapping) monochromatic rectangles.

0

Almost the same fooling set technique allows to prove the same lower bounds for EQ and
Disy:

Proposition 4.2.6 Let z € {0,1}. If there is a 1-fooling set of size n for f, then the non-deterministic
communication complexity of f is at least logn.

Proof. A 1-fooling set S is a fooling set for the T-inputs of f: V(s,s') €S, f(s,s') =1, and for
any (sy,81) €S, (s2,87) € S, either f(sy,s,) = 0 or f(s,,s;) = 0. The same proof is still valid, as a
fooling set only proves that no two elements of it can be in the same rectangle. O

An example 1-fooling set for EQ is the same as in the deterministic case (S; = {(x,x) | x € {0,1]"}).
To lower-bound the 0-non-deterministic complexity of EQ, however, we need other arguments.
For instance, Exercise 2.6 of [43] uses the fact that a cover of size n of the z-inputs of the matrix
gives a deterministic protocol: Alice can tell Bob all the O-rectangles her input is in; at round i,
she says 1 if and only if her input is in rectangle R;. At the end, Bob has enough information
to answer. This proves that n < D(f) < C%f)+1, and thus logn < NO(F).
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Remark here that in our definitions of non-determinism, we only define protocols for one
result of the function: either O or 1. In reality, this does not really matter; we could as well have
defined N’ in a completely symmetric way, and have chosen the maximum of N° and N' (let us
call it N) as the definition of non-deterministic complexity. The proofs of hardness would have
had the same difficulty, since proving that ncc' € Q(n) implies N € Q(n). But the proofs of low
complexity would have been harder, and this definition would make fewer functions simple.
Since we are mainly interested in finding simple protocols for cellular automata, it would be a
less powerful tool for our purpose.

Before applying it to cellular automata, we need to cope again with the problem of input
splitting. Remember the i-concatenation function C; defined in section 3.1.3. We can define
the non-deterministic communication complexity as before:

Definition 4.2.6 Let @, be an application of Q" — {0,1}. The 1-non-deterministic communica-
tion complexity of ¢, hereafter denoted as ncc(p), is defined by:

1 1
nee (@y) = max; <xN(¢roC;)

Finally, the definition of private protocols is justified by their use in coloring simulations:
indeed, assume that F < G, and that we have a non-deterministic private protocol for some
problem P; on G. When solving the corresponding problem on F, the non-determinism gives
Alice and Bob a way to choose a right configuration for G:

Lemma 4.2.7 Let f be a function of X — {0,1}, and g : Y — {0,1} be a coloring of this function,
that is, a function such that there is an onto function ¢ : X — Y such that forally €Y, g(y) =
1& (EixE(p_](y), f(x) =1). Then ncc(g) < nce(f).

Proof. We use the private formulation of non-deterministic communication protocols. Since
@ is an onto application of X — Y, then when on input (y,,y;), if there is an element (x,,x,) €
cp_1({yo})><(p_] ({ys}) such that Pr(x,,x;) =1, then the prover gives x, to Alice, x; to Bob, and they
can use the protocol for Pr, which proves the result. Remark that we implicitly use the fact that
the input for the protocol is already split, that is, the input for P; is from XxX, if f is from
X =X O

A direct application is this is problem LIMIT: by proposition 4.2.3, the hypotheses are
clearly verified:

Proposition 4.2.8 Let F and G two cellular automata such that F < G. Then:

nCC](LIMIT}:) < nCC](LIMITG)
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Proof. This is only a matter of verifying that all the basic ingredients of < are compatible with
the protocols:

- It is clear that F™"® and F have the same protocol for LIMIT, since temporal and spatial
rescaling are both bijective operations and do not change the complexity of the limit
language.

- Then, Lemma 4.2.7 finishes the proof by showing that:

l’lCC1 (LIMITF<vavalF>) < ncc] (LIMITGWGJG»Z(;)) O

Finally, we must show that there is a cellular automaton F such that LimIiT; has max-
imal non-deterministic communication complexity. We proved this in [48], with the following
automaton:

Proposition 4.2.9 There is a cellular automaton F such that:
nCC1(LIMITF) € Qn)

Proof. Automaton F is a product of three layers:
1. A shift to the left on alphabet {0,1}.
2. A shift to the right on alphabet {0,1}.
3. A test layer with alphabet {®,T, L}. This is a cellular automaton of radius 0, with the
rule that:
— The blank state ¢ remains blank
- State | remains L.
- Whenever a T sees a 1s on both layers, it becomes a L. Otherwise, it remains T.
The problem of deciding if an input of the following form:

(be])@)"-(xn)yn) @)(Xnﬂ)yn+1>—|—)(xn+2)yn+2) @)"-(XZn)QZn) @)

is in F's limit set amounts to deciding if Xy...X;, = Ypn--Yniz, a0d Yq.olYyy = Xop.o-X o, SINCE
it is the only way to preserve a T state on the third layer. This is another variant of the Disj
problem. According to the lower bound we showed above, we can still use the fooling set
technique. Therefore, ncc1(DISJ) € Q(n), and thus ncc1(LIM1TF) € QMm). O

4.2.3 Randomized protocols
In the model of deterministic communication complexity, the communications at each stage
of the protocols are completely determined by deterministic functions of the input, and of

the communications that have happened until the current stage. On the contrary, randomized
communication complexity allows the players to use random bits in their communications.
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There are several variants defined in the literature; in the one we will use, Alice and Bob have
access to a common random string of arbitrary length, and they are allowed to make errors with
constant probability (over the random string).

To formalize this framework, we set up the same context as with deterministic protocols; a
protocol tree, with the nodes labeled by functions, this time depending on the inputs, but also
on the random string, and the leaves labeled by results:

Definition 4.2.7 Let f be a function of XxXY — Z. A randomized public coin protocol P com-
puting f is a tree, where the internal nodes are labeled either by a; : Xx{0,1}* — {0,1} (for the
rounds where Alice speaks), or by b; : Yx{0,1}" — {0,1}, and the leaves are labeled by values
of Z.

For an input (x,y) and a random string r € {0,1}", we write P(x,y,r) the deterministic
protocol over (x,y) where each node 1i is labeled by a; , : (x,y) — ai(x,y,r).

Since we want to allow errors in the computations, we need a notion of computation
with errors. Let f be a function of XXY — Z, and € > 0. We say that P computes f with error
probability € if for any input (x,y), the probability (over the random string r € {0,1}") that
P(x,y,r) # f(x,y) is bounded by e.

Definition 4.2.8 For € > 0, the randomized communication complexity of f, denoted as R.(f),
is the complexity of the best randomized protocol achieving error probability €.

Before defining this model in our context with cellular automata, we shall note that the
randomized communication complexity only defines a probability distribution p over deter-
ministic protocols, over which the probability of error is defined. For each input, at least a
fraction 1-e€ (weighted by u) of the protocols must give a correct answer.

Again, the input splitting issue is resolved by considering the cut maximizing the random-
ized communication complexity:

Definition 4.2.9 Let @, be an application of Q" — {0,1}, and 0 < e < 1. The randomized
communication complexity of ¢, hereafter denoted as rcc(ep), is defined by:

rCCL((pn) = maxignRe((pnoei)

To use it on cellular automata, we need to prove that it is increasing with coloring, and
that there are hard problems for it. The first result comes from a theorem by Yao [55], relating
distributional complexity to randomized complexity. In the model that we have just described, a
randomized protocol is a probability distribution over the protocols; that is, the probability we
consider is a probability on the coins tossed by the players. On the contrary, in distributional
complexity, we consider a distribution probability w over the inputs, and a fixed deterministic
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protocol, whose probability of error, when the inputs are chosen according to distribution , is
no greater than e. Formally:

Definition 4.2.10 The p-distributional complexity of f, denoted as D{(f), is the least complexity
a deterministic protocol such that Pr,(P(x,y) # f(x,y)) <e.

Now, we need to prove that this notion of communication complexity is useful to our
approach, that is, it is compatible with simulation by coloring. We first need the following
result by Yao, whose proof is to be found in [43].

Theorem 4.2.10 (from [55])R.(f) = maxD{(f)
The following lemma is the equivalent of Lemma 4.2.7 for public coin randomized complexity.

Lemma 4.2.11 Let f be a function of X — {0,1}, and g : Y — {0,1} be a coloring of this function,
that is, a function such that there is an onto function ¢ : X — Y such that for ally €Y, g(y) =
1& Elxe(pfl(y), f(x) =1. Then rch(g) < reck(f).

Proof. Let w be a probability distribution on Y. Then we can transform it into a distribution p'
on X, in the following way: for each x € X, let S, = @' (@(x) N7 ({1}). Then:

- If S, # @, we set 1'(x) = u(p(x)) if x = minS,, and 0O else.

~ Else, we set p'(x) = p(@(x)) if x = min(p ' (@({x}))), and 0 else.

We use min here to choose a unique element of each S,. This choice is not relevant, and, on
finite sets like X or Y, it is a correct choice function.

Now, by Theorem 4.2.10, we know that there is a p'-distributional protocol P' for f,
operating in at most R (f) bits, with error €. Transforming it into a p-distributional protocol
P for g is quite easy: we keep the same protocol tree, and only turn the labels of P', at
each node i, from a{ or b; into a; and b;, as follows: At each node where Alice speaks,
and for all y€Y, set ay(y) =1 if and only if, for x € ¢'({y}) such that p'(x) > 0 (there is
only one such x, by construction of p'), ai(x) =1. We convert Bob's nodes (those labeled by
a b{) similarly.

For the inputs such that f(x,y) = 0, the protocol does not change: that is, the same bits
are exchanged for x in P' and @(x) in P, considering an adequate splitting of x and ¢(x). This
is because we have not changed the nodes' labels for these inputs. Else, for v such that f(v) =
0, there is only one element of u € @' (v) such that p'(v) > 0, thus the protocol is still correct
with probability e with distribution p'. If there is set of weight more than e with distribution
u, on which the protocol P we have just built makes errors, then we can transform it into a set
of weight more than e for p' on which P' is incorrect, which contradicts the definition
of P O
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Like in the case of non-deterministic communication complexity, we can also apply this
definition to the case of the LIMIT problem, exactly with the same proof as for proposition 4.2.8:

Proposition 4.2.12 Let F and G two cellular automata such that F<_ G, and € > 0. Then:
rcc (LIMITE) < rec (LIMITG)
4.2.4 Applications to natural examples

The two new definitions of communication complexity we have given in this section offer a new
playground for experiments on natural examples, such as the elementary cellular automata.
Let us recall our goal of section 3.5, that was: showing that no elementary cellular automaton is
intrinsically universal. Covering the matrices is a much easier problem than finding a parti-
tion for them; indeed, it is an instance of SET- COVER problem, that has a polynomial time
O(logn)-approximation (see [56]).

It is not hard to see that these two definitions are compatible with sub-automata:

Proposition 4.2.13 Let P; be a problem on cellular automata, F be a cellular automaton on
alphabet Qy, and € > 0. Then, for any G <_F:

nec'(P;) < nec' (Py)
rec.(Pg) < ree(Py)

However, as in the case of the logrank conjecture (open problem 3.1.2), we do not know of
any natural example on which this approach really helps:

Open problem 4.2.1 What is the minimal number of states such that there is a radius one
cellular automaton F for which ncc (PRED) € o(cc(PRED}))?

4.3 SEPARATING COLORING AND SUB-SYSTEM

The result we are going to show now is a separation result, that we published in [54], between
the simulations < and C. We show the existence of a C-universal cellular automaton with
a limit language in NL, thus, according to Juraj Hromkovi¢'s theorem (theorem 3.1.4), with
communication complexity in O(log®n). This is actually far from our lower bound on the
complexity of the limit set of a universal cellular automaton: indeed, the following result shows
that for if that if the limit set of a cellular automaton F is an SFT (that is, by definition 1.1.6, if
its language is finite), then F is stable, that is, it reaches its limit set after only a finite number of

steps:

96



Definition 4.3.11 Let F be a cellular automaton over some alphabet Q. We say that F is stable if
there is a step ty such that FtF(QZ) = Q.

Lemma 4.3.14 Let F be a cellular automaton. If Q; is an SFT, then F is stable.

Proof. An SFT subshift, as defined in Definition 1.1.6, is characterized by a finite set of for-
bidden patterns S. For each w € S, by compactness, there is a first time step t,, such that for
all t > t,,, w does not appear anymore in Ft“'(QZ). Taking t* = max,, cst,,, we have:

Q:=F'Q") O
For those automata with an SFT limit set, the problem TINV is easy to solve:

Proposition 4.3.15 Let F be a cellular automaton with an SFT limit set. Then, for all u €
Q":
cc(TINVF) € 0(1)

Proof. A protocol for TINV; iterates F t* times over p,(x), to reach the limit set. This can be
done in O(t") bits of communication, which is O(1) here. Alice and Bob now need only check
if there is a difference between Ft'(pu(x)) and Ft*(pu). A classical result of symbolic dynamics
(see [57]) shows that F is preinjective on an irreducible subshift, which means that it preserves
finite differences.

This means that the differences will remain forever between the orbits of p, and p,(x)
if and only if F*(p.(x)) # F' (p,). This completes the proof, and shows that there cannot be
C-intrinsically universal stable cellular automata. O

Returning to our goal of separating coloring and subsystem simulations, the construction is
based on the existence of a firing-squad cellular automaton S, due to Kari in [58]. This cellular
automaton has a so-called firing state v, and a spreading state k. We call its radius s, its alphabet
Q, and Q' the set Q\{k,y}. Furthermore, we define the set X5 of the configurations with an
infinite history avoiding k and vy, i.e. Xg = Qg¢N Q'Z.

Lemma 4.3.16 S is such that:

1. For any j € N, there is a z such that S(2) e (v}, and Vi<ij, S'(z) € Q'
2. VieZ, Qsn[yl, C fk,v}

3. Xs is recognizable in NL.

Proof. Properties (1) and (2) are proved in [58]. We prove property (3) in section 4.3.1 below.
J
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We now prove the following theorem:

Theorem 4.3.17 Any cellular automaton is a sub-automaton of a cellular automaton whose limit
set is recognizable in NL.

Proof. The idea of the proof is to add an extra component to a given cellular automaton F over
alphabet A, which delays the apparition of any configuration of A” to a time arbitrarily late in
the future. The limit set is thus completely flooded with configurations of A”. The technical dif-
ficulty is to control the contribution of the additional component to the complexity of the final
limit set.

Let F be a cellular automaton of radius 1, local rule f, and alphabet A, with a spreading
state 0 € A. We define cellular automaton A, of local rule &r, on alphabet C = AU(AXQ),
with radius r = max(rg,1s), by:

1 Spg(c) = f(c) if c € A

2. 8gs(0) = ag if ¢ = (@yY)--(a;,Y)

3. Brs(0) = (@0, 8(byerby)) 1 € = (@b, (), by) € (AXQ)™™
4. drs(c) = 0 otherwise

Intuitively, this cellular automaton freezes its first component, while applying the firing
squad on the second component, until the firing state appears somewhere. Only then, it starts
the evolution of F on the first component. When the configuration is not consistent, or when «
appears, spreading state 0 is generated. It is not hard to see why F is a sub-automaton of A .
The structure of Arg is described by the following lemma:

Lemma 4.318 A" C Qp,

Proof Let x € A” and j € N. From point 1 of lemma 4.3.16, there is a configuration z € Q”
such that F/”' (z) € {y}Z, and for any t < j—1 and any i € Z, F'(2)[i] ¢ {,«}. Consider now the
configuration y = (x4, zi),_, By an easy induction on t < j, we can see that for any cell i € Z,
only case (3) of the local rule is used, and AtF,S(y)[i] = (X-L, St(z)[i]). At time j, since Sj_i(y)[i] =
v, part (2) of the rule is applied, and AjF’S(y)[i] = x[i]. As a result, x € ﬂjeNAjFYS(CZ). O

Lemma 4.3.19 Let x € Q, , 1 <j two integers. If x[i] = (a[i],y) and x[j] = (a[j],b[j]), then
b[j] € {v,}.

Proof. Assume, on the contrary, that b[j] £ {v,«}. Let (xt)teZ be a biorbit of x = x°, that is, a

bisequence of configurations such that VteZ, AFys(xt) =X, By an easy recurrence, and the
fact that states of AxQ are obtained only by case (3) of the rule, we see that:

X[i-rt.itrt]e(AxQ) ™"
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~ Similarly, X[j-rt.j+rt]e (A><Q)1+2Tt and st(b_t[j—rst...j +T5t]) =b;. Then, for any t >
%, X'[i-2rt..j+2rt]isin (AxQ) """ and the image s'(x'[i - rst...j+ rst]) contains b; and
b;. In other words, the cylinder [bin_Hbj]i intersects S'(Q”) for any t, and by compactness,
intersects Qg, which contradicts point 2 of lemma 4.3.16. O

If £ C A” is a subshift and 0 € A, then we consider the set 0oZo0 of configurations or
pieces of configurations of X surrounded by O:

00500 = U {x e A | x[l.m] € £(Z) and Vig{l..m}, x[i] = o}

—co<l<m<o

Lemma 4.3.20 Q, \A” C 00(AxQ)"%0.
Proof. By shift-invariance, it is sufficient to prove that:
Qa, N[AXQ], € 0o(AxQ)%0

Let us prove by induction on n that the patterns of (AXQ)(Azm\{Ozm}) are forbidden in
Qp, e The base case is trivial, since there are no such patterns. Now, assume it holds for n € N,
and there exists a configuration x € [(AxQ)Oerk(A\{O})]OO Qp, with 1< k < 2r. Consider a
preimage i € Q,,  of x.

On the one hand, in cell 0 of y, we must have applied case (3) of the rule, so that
y[-r..+71] € (AXQ)ZM, and this word does not involve .

On the other hand, if we have applied case (1) in cell 2nr+k+1 of y, then:

yl2n-Nr +k+1...2n+1)r +k +1] € (A\fop)**

but the space between these two neighborhoods is 2n-1)r+k+1-r-1< 2nr-1, which con-
tradicts the induction hypothesis.

The other possibility was that we had applied case (2) in cell 2nr+k+1, which involves a
state 'y among cells of y[(2n-1)r+k +1...2n+1)r +k +1], which contradicts lemma 4.3.19. In
the limit, and with a symmetric argument on the left, we obtain that all the configurations of
Qa\ A” are in 00Z00. O

Lemma 4.3.21 Let us write A“xXgs = {(a-l,si .7 € (A><Q)Z | (Si)iez € XS}. Then:
Qp,, = A"U00(A"xX;)00
Proof. Letx € C%and —0o <1 <m < oo such that x[l..m] € (AXQ)Z, and for any i ¢ [L...m],

x[i] = 0. First assume that x € Q,_, i.e. for any t € Z, there exists x e AtF)S(x). By recurrence,
we can see that X [i] € AxQ' for all i € {l-rt..m -7t} and t > 1 since states from AxQ only
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come from case (3) of the rule. Let w'e Q™ """ be the projection of (x")[1-rt..m+rt]
on its second component. Clearly, w® is in the language of Xs. We deduce that x = x°€ 0o
(A%xXs)o0.

Conversely, assume that x € A”xXg, that is, there are | < m two integers, and a sequence
(y') with, for t>1, y'€ Q7 and y' = S(ym) and, for any t € N and any i€ {l..m}, x =
(@[i], S'(yH)[i]) for some a[i] € A. Now, take the configuration ye C” such that for any i ¢
{l-rt..m+rt}, y'[i] =0, and for any i € {l-rt.m+rt}, y'li] = (bi,yti) with b; € A and
b; = a; if i € {1,m}. By a direct recurrence, for any j < t and any i ¢ {l-rt+rj.m+rt-rj},
we have AjF)S(g") =0 and for any i € {l-rt..m+rt-rj}, we have Aijs(gj)[i] = (bi,Sj(yj)[i])
(since y; € Q', case (3) of the definition of Ars applies at position i of y’). This proves that
Ag s(y) = x. Thus:

Q4,,N00(AxQ) 0

We can conclude thanks to lemmas 4.3.20 and 4.3.18. O
Corollary 4.3.22 L(QAF,S) is NL-recognizable.

Proof. From lemma 4.3.21 and point 2 of definition 4.3.16, the limit language is a finite boolean
formula of finite concatenation of NL-recognizable languages. O

Let F be a cellular automaton on some alphabet A. We can artificially add some spreading
state 0 ¢ A to build a cellular automaton F' on alphabet A U{0} which admits F as a sub-
automaton. Now, we have seen that F' is a sub-automaton of Ar.s. From corollary 4.3.22, its limit
set has an NL-recognizable language. O

4.3.1 A firing squad cellular automaton

Let S be the firing squad cellular automaton defined in [58]. Its radius is 1. Let us call its
alphabet Q. It has size 16, with a killer state k. The complete rule is given in Kari's article [58],
and figure 4.12 shows an example of each neighborhood on which the rule does not yield k.

The analysis of S's limit set goes by finding the form of the configurations that can be in the
limit set. For this purpose, we will use arguments about distances ran by signals. However, since
cellular automata are by essence discrete objects, it will often be convenient to use a continuous
version of signals, made possible by the following lemma:

We call a euclidean history diagram a set of labeled points, lines, segments and half-lines of
R% Two lines cannot cross; instead, they are transformed into a number of other lines (possibly
null). The lines are labeled by symbols among {L,,h,lz,ﬂ',rz,n,R]}, and the points by the same
symbols, X, Y, Z or #. The rules are the same as in the local rule of the automaton. We only
need to take care of possible “rounding problems”:
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Lemma 4.3.23 To each history diagram D, we can associate a valid euclidean history diagram E
such that, at any integer coordinate of E containing a point or a single signal, the label gives the
state of the corresponding position in D.

Proof. There is no rounding problem for signals of slope -1, 0 and 1, since the coordinates on
both axes are always either both integers or both non-integers. For slopes 1/2 and -1/2, when-
ever two points p, and p; with integer coordinates are connected by a vector with that slope, it
is easy to see that the cells at positions {py+(1,21) | 0 <i < n} (or {po+(-i,2i) |0 <i<n}in
the case of slope —1/2), that is, the cells with integer coordinates on this segment, are in state 1,
(respectively 1,). O

We prove now that the limit language of S is recognizable in logarithmic space by a non-
deterministic Turing machine (that is, £(Qs) € NL).
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i-l-'-l-i-l-'-l-i-l- -I-I-I-

Figure 4.12 - The firing squad automaton of [58]

4.3.1.1 Synchronization of the fs.

The first four lemmas show that if there is both a § and a #' in a word, without k between
them, then this word is not in the limit language.

Lemma 4.3.24 Consider a history diagram containing a word w € §Qf' at time t,. Let z; be the
position of w's first cell, and z, the position of w's last cell. If the § at z; was created by an 1, sig-
nal, then there is a time step t;, before t,, in which cell z; was in state f}, and a time step t,, also
before t,, in which z, was in state §.

Proof. First let us prove the existence of t;. Assume that there is no # in the past of cell z;.
The only possible post of this cell, in this case, is necessarily an infinite column of #'s. But
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we assumed that the left § was created by an 1, signal, which necessarily either crossed this
column, or was generated by it. In both cases, it is a contradiction.

Now that we know this, we prove the existence of t,. Assume that cell z; has only #' in
its past. Since the § in the right column was necessarily created by a signal coming from the
left, be it 1, or 1, this means that the signal should also have crossed the left column, which
is impossible. Thus, there is at least one #§ in this column, that generated the 1, signal. O

Now, this lemma allows us to prove that there is actually no configuration of this form in
the limit set of S. Let us call Z = Q"\{#,4'}.

Lemma 4.3.25 There is no history diagram containing a word w of the form §Xf', where the
left §f was created by a 7/1; pair of signals.

Proof.
Let us call Z the 1, signal that created the left §f of w at t,. According to lemma 4.3.24, there
is some time step t; in which a § appears in the past of the right #' (we call this column C).
Moreover, let t, be the most recent step in which a §f appears in the past of the right § at t,; we
call this column B. There are two cases:
~ This § in column € was created by an 1, signal Z,. In this case, this # is necessarily the same
as the one that generated Z. Else, applying the same argument as in lemma 4.3.24, there
would be another § between Z, and the # at t;, and then Z; would have crossed both Z
and the L; signal emitted by this intermediate §.

Ay

# I
d T Z
2d,

Figure 4.13
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We now have two subcases:

- The § at time t; in column B was created by signals 1, and 1. Thus, the § on column
C, at time t;, was created by signals 1, and 1, for otherwise, we would have an 1, /1,
intersection between the two columns, which is would create a column of #§s between
the two columns, that would still exist at time t,. Thus:

1. Column C had fs or #'s before t;, and we can thus consider the first f on it before t;.
This is the § which emitted the 1, signal creating the # on column B at t,, otherwise
an 1y or 1, signal emitted by this § would intersect column B between t, and t,,
which is impossible by minimality of t,.

2. The r, signal arriving on the #§ of column B at time t, and the 1} arriving on the # of
column € at time t; meet in the past on some #. This allows to infer the existence of
a third column A on the left of B and C.
We can summarize this situation on figure 4.13.
We have the following equations on the distances:

di+d, = 2d,+d'- d, )
2d,=d,+d’

d,+d, = 2d,+d-d, @)
2d, = d,+d’

Equation 1 comes from the 1, signal from the leftmost bottom §, and equation 2
comes from the rightmost bottom one. From this, we can conclude that d,=d, =d/,
and that the R;/r; signal emitted at time t, by the # in column B reaches the right
column at time t,, contradicting the fact that the state at time t, in this right column
is §'.

- It was created by an 1,/7; intersection, and so was the right § at t;. In this case, one of
them has to have another § in its past, by lemma 4.3.24. Thus, this new § sends an r, or
1, signal (depending on which one we consider), that necessarily collides either with the
other column of #'s, or with the L; or R; signals represented in thick on the following
figure 4.14:
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Figure 4.14

Since this L; signal creates the top left #}, this collision should occur necessarily
before time t, and would create a k, which is forbidden by hypothesis.

- Or it was created by an 1, /7, collision. In this case, the only possible option for the 4§ at t,
on the left column is a 1,/ry, else there would be another §/sharp' column between the § and
the §' at time t,, contrarily to our hypothesis.

Therefore, we are in the exact symmetric of the case studied above, where we supposed
that the #f at t, was created by an 1, /1, and the left § at t; by 1,/r;. For the same reason, this
is a contradiction. O

The other case of creation of a § is the collision between signals 1, and 1. But then again,
this kind of word is not in the limit language:

Lemma 4.3.26 There is no history diagram containing a word w of the form §Z§', where the
left § was created by a signal pair 1, /7.

Proof. We use lemma 4.3.25 above to prove this one. To do this, we need to prove the existence
of a configuration of the form 4" or #§'L#}, with in any case the f§ created by an 1,/ pair of sig-
nals, in the past of our current configuration.

We begin by proving the existence of another column of i, on the left of the left §. Since the
right column of §' collides with signal Z (the 1, signal creating the left ), there is necessarily a #
in the past of this f§, say at time t;. But then, this § is the one which emitted Z, for else it would
have been formed by an 1, /1, pair of signals colliding with Z, thus forming another #§ between
the §f and the §' of our hypothesis. This shows that Z was originated by a § in the same column
as the right §".

But then, this § must also have emitted an L, signal, that cannot collide with the 1, signal (let
us call it Z), colliding with Z to form the left #. Thus, this signal must be converted into an 1,
before meeting the 1, of the hypothesis; more precisely, it must collide with an R; signal. But this
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one necessarily has a finite origin, since it could not have crossed Z'. This shows the existence of
another column of ﬂ() at t, (see figure 4.15):

ﬁ()%ﬁ#}ﬁ'

A |

# |

| z

t, 4

t 4
Figure 4.15 0

Lemma 4.3.27 Any configuration of £(Qg) with at least two #§s is of the following form, for

some value of n: “(4B")".

Proof. We first need to show that in a configuration x € £(Q;) containing fs, there is no
history diagram yielding x in which two consecutive f§s of x were both created by an 1, /1, pair,
or both by an 1,/r; pair. This is the case, since:
- If two consecutive f§s were created by an 1, /7, pair, these signals would have collided before,
yielding another # between them.
- If two consecutive §s were created by an 1,/r pair, the right r; would originate in the left
column, and vice-versa (see figure 4.16).

e e = =1

f
:

Figure 4.16

These signals would then have been created by fs, which also would have emitted s

and 1,s, intersecting between the two #is in question, thus creating another §.
Now, if we have two consecutive fs in a configuration, we can infer the position of the
third one from the signals having created them, since they have different speeds, and thus
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must intersect. Then, we can reproduce this argument at the step where these signals were
created.

The only problem with this is that the inferred # could be lay on the same side at each step of
the argument, thus yielding a configuration with a rightmost § or a leftmost §. Without loss of
generality, let us assume there is a rightmost § or a leftmost §. Then, the past of this cell would
be an infinite column of #s and §#'s, with infinitely many fs.

Then, it is easy to see that there can be no signal between two consecutive ffs, for they
would come from a desynchronized step in a history diagram of the configuration. O

4.3.1.2 Complexity of the limit set

Lemma 4.3.28 Let L be the language of configurations of Qg admitting a history diagram
where two #§s occur at some time t in the past. Then L € NL.

Proof. Applying lemma 4.3.27 at time t, we know that the configuration at time t is of the
form “(#B")". Moreover, using again the argumentation of lemma 4.3.27, we know that there is
some time t' before t in the history, where the configuration is of the form w(jiB“‘)w, with n' >
n. Hence, L is exactly the language of forward orbits of periodic configurations of the form
“(4B™”. It is straightforward to check from the definition of S (see figure 4.12) that the language
of periods of such forward orbits is a finite union of languages of the form:

#'BYA,..BYA,

Where 1 < 4 (since there are no more than four different signals and points at any time
between two #is), A; € X and where the x; satisfy simple linear equations. The lemma follows.
0

Lemma 4.3.29 The language of configurations from g which contain only one state from
{#,4'} is also in NL.

Proof. Let ¢ be the column containing the state from {#,4'}. There are several possibilities for
the number of fis in its past. There may be at most two, for else, two of them would have been
created by 1, signals crossing the R;/r; emitted by the third §, and that intersection, circled in
the following picture, can occur only once:
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Figure 4.17

Thus, we are left with the following cases:

- Two fs in the past: in this case, the 1, emitted allows to guess the whole column. After the
last 1, signal, there may be signals in the opposite direction, that cannot collide in the past,
that is, first 1,s, then L;s and 1;s. Such configurations are described by the following regular

expression, with x = 2z +y:
w{ Ry, B}{my, BIL, Bxlsz L lezBZ{ﬁv ﬂ'}BZrzBZR1 ByTszﬁ {LiyLy B}w

- With only one 4 in the past, there may still be some 1, signal somewhere, such as in the

following figure 4.18:

!

f

&‘
o
N

Figure 4.18

Thus, the configurations are of the following form:
w{RhT]»B}L]BleBZ{ﬁ)ﬁ'}BZTzBZRﬂthhB}w

With possibly a 1 replacing some state on the left, and an 1; on the right, like on

the figure.
- With no # in the past, we have an infinite column of §', thus no signal can come from it.
These configurations are of the form:

w{thbB}{TZ)B}ﬂ'{IZ»B}{thbB}w
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The lemma easily follows from the characterization of the different possible forms of
configurations discussed above. O

Lemma 4.3.30 Let L be the language of configurations from Qg which two or more §', and
having a history diagram with no . Then L is regular.

Proof. In a history diagram satisfying the hypothesis, there can be no collision generating a
#, and even no signal crossing, because this would mean that two signal are going in opposite
directions, in the same of a configuration. Thus, at least one would meet a §' in the past, which
is forbidden by hypothesis. Therefore, we have:

L = (B"(Ry,LuJ) (B12) (B™#)(B 1) (B"{Ly, L)’ O
Lemma 4.3.31 The language of configurations from Qg without any # nor §' is also regular.
Proof. Without any § nor §f', we are left with blank states and signals. The configurations of the
limit set are those configurations in which the possible signals do not have to collide in the past,
thus they fall into one of these three possibilities:
w{lhrZ)B}w
w{ThlZ»B}w

w{TthB}{rZ)B}{lZ)B}{thhB}w U

Finally, we can state the following proposition, which does the disjunction of all the cases
we have seen until now:

Proposition 4.3.32 The language of the limit set of S is recognizable in logarithmic space on a
non-deterministic Turing machine, that is, £(Qs) € NL

Proof. There are several cases, and the disjunction on the form of the configurations allows
to express the language of (g as a union of “simple” NL languages:
- Configurations with #§'s or fs. We can describe the set of these configurations by the
following expression:
“Ly,1, BH{1,, BJA {1y, B}{Ry, 1y, B}"

Where A is one of the following (possibly infinite) configurations:
1. A has exactly one state from {f,'}. We conclude, in this case, with lemma 4.3.29.
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2. A has one §§, and at least one other # or ff'. Lemmas 4.3.25, 4.3.26 and 4.3.27 show that
the configuration satisfy the hypothesis of Lemma 4.3.28, which allows us to conclude.

3. A has at least two §f', but does not contain any signal. This case is treated by lemma
4.3.30.

4. A has at least two #f', along with some signal(s) between two of them. Denote by c the
global configuration in this case. We can simply go back a few steps in the past to find a
configuration c' of case 1.2. We can therefore apply lemma 4.3.28 to c.

— The configurations with no s nor #'s are treated by lemma 4.3.31
The end of the proof goes by constructing a machine making a non-deterministic choice
between all these cases, then doing the computation of the chosen one. By this case analysis,
the global machine runs in logarithmic space. O

Simulation < is far from being really understood, but this result gives a strong insight on

the difference between the two simulations, by showing the long-term behaviors they imply on
universal cellular automata.
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FUTURE WORK

This work asks many more questions than it gives answers. Some of the ideas and open
problems presented here were already present in the literature, and we only gave a new light
on them. This is the case of open problem 1.2.1, asking if there could exist an automaton
intrinsically universal for relation <? Others are relatively new, like the problematic developed
in chapter 2, where we ask what algorithmic complexity implies on the dynamics of cellular
automata. We conclude this manuscript by giving research directions that seem interesting
continuations of the results presented so far, as well as possible generalizations and extensions
of this work.

IN CIRCUITS

The two main open problems that we studied in Chapter 2 are related to the implications of
hypotheses on the algorithmic complexity of predicting a cellular automaton on its dynamics.
The first question that remains open is whether cellular automata predictable by circuits of
constant depth have all their dependencies at a bounded distance of lines. This question can be
asked for any complexity class: do the modulo gates of Ac circuits help to predict the evolution
of cellular automata? The reverse question also holds: Neary and Woods proved in [33] that a
particular automaton (elementary rule 110) has a P-complete prediction problem. The question
is open for any other class than p-complete problems: what automata simulate circuits of a
given depth and size? This seems a really promising research direction, as it gives a dynamical
vision to computation, and replaces two obstacles in the way of understanding circuit families
and Turing machines; namely, reductions and uniformity, by the elegant notion of simulation, and
spatial and temporal identity, respectively.

Our second question was about the simulation power reachable by cellular automata with
constraints similar to hypotheses of classical theorems in the theory of circuits. The example we
studied first was monotonic cellular automata, which are only one level of Post's classification of
boolean functions. Post's lattice is a classification of n-ary boolean functions, according to what
basic bricks are needed to write them. More precisely, we call a clone a set of boolean functions,
closed by composition. Post's result gives a classification of all boolean n-ary functions into a
countable number of clones, which is a wide extension of Proposition 2.1.1. Applying this to our
work, we could ask, for instance, what are the automata with a local rule writable as a composi-
tion of max and @ gates, which is just one level above the monotone functions in Post's lattice?
What about the lower levels of the hierarchy, such as compositions of threshold functions and
simple logical operators of fan-in three? Moreover, results in clone theory show that the general-
ization of Post's classification to sets of more than two elements is much more complicated, and
has an uncountable number of classes (see [59] for an introduction). But cellular automata are
not arbitrary compositions of functions: the way they are composed is much more constrained.
Can the circuits needed to predict them be decomposed into a countable number of clones?
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IN SYMBOLIC DYNAMICS

The generalization of our deterministic approach, that we presented in chapter 4, asks an
interesting question: are these all-powerful complicated communication models with non-
determinism and randomization really needed? The answer is that we do not know, and
it would be really interesting to prove that deterministic communication complexity cannot
be applied to relation <. This would give a useful insight on the differences between the
two models of simulation we have presented in this thesis: coloring and sub-automata, and
would allow to understand why we fail to find an intrinsically universal cellular automaton for
relation <.

In chapter 3, we quickly showed how our approach could be generalized to two dimensions.
Classically, the favored non-deterministic two-dimensional objects are tilings. What do our
results mean for tilings? Are they amenable to the same kind of analysis? The first basic
extension that we can envision in this direction is to find a method to show that a given tileset
cannot generate arbitrarily complicated tilings.

Another possible extension would be to bound the difficulty of computing a tiling in parallel,
before assembling all the parts. For instance, if the communication complexity of a certain
tileset is bounded by a constant d, then tiling an arbitrarily large rectangle could be done
by computing the parts in parallel: each processor could compute its part for all the possible
executions of the protocol, since there are at most 2° of them.

IN SMALL MACHINES AND EXPERIMENTS

The field of experimental theoretical computer science is quite new, but seems really promising.
Its goals can be to disprove, by experimental evidence, conjectures about large sets of data;
this is similar to the role of experiments in physics. Or to suggest unexpected behaviors. The
importance of this idea is also justified by results such as natural proofs, predicting that proofs of
complexity must be complicated or applicable to a very small number of functions.

A natural extension to our work would be to find an algorithm to compute an optimal,
or approximately optimal, partition of the matrices given by protocols for relations. This is a
variant of communication complexity, in which Alice is given an element of f'({0}), Bob
is given an element of fﬁl(ﬂ}), for some f:{0,1" — {0,1}. They are asked to compute an
index where their configurations differ. If they have a circuit C computing f, they can use
it to find a protocol of cost the depth of C. And the correspondence between monochro-
matic rectangles and communication complexity still holds. Hence, if we can compute such
a partition experimentally, this would give a lower bound for the small input sizes. Natural
examples that seem interesting, for this approach, include the two elementary rules 30 and
110.
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IN COMMUNICATION COMPLEXITY OF CELLULAR AUTOMATA

Several questions are asked by our work on the communication complexity of cellular automata.
First, we have not managed to find any lower bound for a natural example. We highly suspect
that automata such as elementary rule 30 do not have protocols of less than maximal complex-
ity, but they resisted to all our proof attempts. The result of Neary and Woods [33] might make

it possible to construct a fooling set of size 2" with P(n) > n*

for some integer k, for rule
110, but a general method is yet to be found.

Then, our results using distributional communication complexity (Proposition 4.2.12) open
the way to a study of statistical properties on the inputs of cellular automata, in relation
with their simulation power. This would be complement elegantly the approach of [60] about
stochastic cellular automata.

Also, studying the converse of Proposition 4.1.2 could be interesting. Our conjecture is
that, to any simulation ideal without intrinsically universal cellular automaton, corresponds
a communication problem easy for all the automata of the ideal, and hard for at least one

cellular automaton.
IN GENERAL

Finally, we believe that our approach is applicable to from other theories than the theory of
computation. The most tempting extension would be algorithmic game theory, and economics,
to show for instance that a certain type of behavior is impossible in a game, or on the contrary
that given such and such a law, another type of behavior is frequently observed in a model of
economics. The study of information transmission is by the way one of the key elements of
today's economic science, as the works of Stiglitz [42] show.
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