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Abstract

Subshifts are sets of configurations over an infinite grid defined by a set of
forbidden patterns. In this thesis, we study two-dimensional subshifts of
finite type (2D SFTs), where the underlying grid is Z? and the set of for-
bidden patterns is finite. We are mainly interested in the interplay between
the computational power of 2D SFTs and their geometry, examined through
the concept of expansive subdynamics. 2D SFTs with expansive directions
form an interesting and natural class of subshifts that lie between dimen-
sions 1 and 2. An SFT that has only one non-expansive direction is called
extremely expansive. We prove that in many aspects, extremely expansive
2D SFTs display the totality of behaviours of general 2D SFTs.

For example, we construct an aperiodic extremely expansive 2D SF'T and
we prove that the emptiness problem is undecidable even when restricted
to the class of extremely expansive 2D SFTs. We also prove that every
Medvedev class contains an extremely expansive 2D SF'T and we provide a
characterization of the sets of directions that can be the set of non-expansive
directions of a 2D SF'T. Finally, we prove that for every computable sequence
of 2D SFTs with an expansive direction, there exists a universal object
that simulates all of the elements of the sequence. We use the so called
hierarchical, self-simulating or fixed-point method for constructing 2D SFTs
which has been previously used by Géacs, Durand, Romashchenko and Shen.
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Chapter 1

Historical overview

This thesis is about two-dimensional subshifts of finite type (2D SFTs), and
more specifically, the behaviour of 2D SFTs with respect to a dynamical-
geometrical notion called expansive subdynamics.

The mathematical study of 2D SFTs began with the paper of Wang [40].
A Wang tile set consists of a finite number of unit squares with coloured
edges, which are called tiles. A valid tiling is a way to fill the entire plane
with tiles such that the squares are edge-to-edge and such that the colors of
abutting edges are the same. Wang asked the following question about Wang
tile sets, which is called the tiling problem: Does there exist an algorithm
that takes as input an arbitrary Wang tile set and decides whether it admits
a valid tiling? He conjectured that the answer to this question is positive
and proved that the problem is strongly correlated to the problem of the
existence of an aperiodic tile set, that is a tile set that admits some valid
tiling but no periodic valid tiling.

However, Berger [4] proved that this is not the case. In fact, he proved
that the tiling problem is undecidable. In addition, his proof contained an
explicit construction of an aperiodic tile set. Later, several authors have
given alternative constructions of aperiodic tile sets and proofs of the unde-
cidability of the tiling problem [37, 25, 26].

There is an alternative way of looking at and talking about the same
problem. Let A be a finite set, called the alphabet. A (two-dimensional,
or 2D) configuration is a map c: Z? — A. The set of all configurations
AZ* ig called the full shift. A pattern is a map p: D — A, where D C Z?
is a finite set. Let F be a set of forbidden patterns. The corresponding
(2D) subshift X r is the set of all configurations that avoid the patterns of
F: for all finite D C Z? and ¢ € X, ¢p ¢ F. If X = Xr for some finite set
of forbidden patterns, then it is called a 2D subshift of finite type (SFT). In
this thesis, we will only talk about 2D subshifts and SFTs, so that we will
usually omit the dimension, except in statements of theorems.

1



It is not difficult to see that the set of valid tilings of a Wang tile set
is an SFT. In addition, for every SFT, we can construct a Wang tile set
whose set of valid tilings is, in some sense, equivalent to the given SFT.
The tiling problem can thus be rephrased as the emptiness problem for
SFTs: Given a finite set of forbidden patterns, can we algorithmically decide
whether Xz # ()7 The undecidability of the tiling problem then is then
immediately translated to the undecidability of the emptiness problem of
SETs.

Wang tiles and forbidden patterns give a geometrical definition of SFT’s,
but there also exists an equivalent dynamical definition. First of all, the
full shift can be endowed with the product topology of the discrete topology
on A. This gives rise to a compact, metrizable topological space. The
horizontal and vertical shifts, which consist in moving a configuration
one step to the left and up, respectively, are continuous with respect to this
topology and obviously commute. This defines a Z? action over the full shift
and we can study it using the usual tools of topological dynamics.

For example, one can prove that subshifts are exactly the closed, shift-
invariant subsets of the full shift, or, equivalently the subsystems of the full
shift. SFTs correspond to the chain-mixing subsystems of the full shift.
More importantly, for the purposes of this thesis, we can study 2D SFTs
from the point of view of their expansive subdynamics. This notion
was defined by Boyle and Lind [6] as a tool for studying multidimensional
dynamical systems by looking at the (lower-dimensional) actions induced by
the subgroups of the original action. Intuitively, this is the same as when we
look at the lower-dimensional projections of a surface in order to understand
some of its properties.

The general definition of expansive subdynamics and the main results of
[6] fall out of the scope of this thesis. However, for 2D subshifts there exists
an equivalent, natural geometrical definition. Let X C A% be a subshift,
l € P :=RU/{oo} aslope and 1 C R? the corresponding line that passes
through the origin. We say that [ is an expansive direction of X if there
exists a finite shape V' C R? such that, for all 2,y € X,

T)1+v)nz2 = Yja+v)nz2 = T =Y .

In other words, there exists a fixed width b > 0 such that every config-
uration of X is uniquely defined by its restriction to the strip of slope [
and width b that goes through the origin (in fact, by shift invariance, by
any strip). Geometrically, this means that in X the (2D) information of
the configuration is “packed” inside the one-dimensional strip of slope [. In
some sense, even though X is a two-dimensional object, it is determined by
a one-dimensional strip, so that subshifts with directions of expansiveness
are somewhere between dimensions 1 and 2.



A direction that is not expansive is called non-expansive. Let N'(X) be
the set of non-expansive directions of X. Boyle and Lind proved that N (X)
is closed in the one-point compactification topology of P and that N'(X) # )
if and only if X is infinite. Since finite subshifts are rather trivial, the most
restricted non-trivial case with respect to non-expansive directions is the
case when X has a unique direction of non-expansiveness. We call such a
subshift extremely expansive. Extremely expansive SFTs form the main
object of interest in this thesis. We prove that in many aspects, extremely
expansive SF'Ts are computationally as powerful as general SFTs.

Before stating the results, we find it useful to talk about another class
of SFTs with many directions of non-expansiveness, namely those that arise
from deterministic tile set. A tile set is called NW-deterministic (the
initials stand for North and West) if every tile is uniquely determined by
the colors of its top and left sides[23]. Similarly, we can define SW, SE and
NE deterministic tile sets (S and E stand for South and East, respectively).
A tile set is called 4-way deterministic if it is SW,NW,SE and NE de-
terministic [22]. One can easily see that for the SFT associated to a 4-way
deterministic tile set and for every direction [ that is not the vertical or
the horizontal one (slopes oo and 0, respectively), [ is an expansive direc-
tion. Guillon, Kari and Zinoviadis recently proved [13] that the vertical and
the horizontal direction must indeed be non-expansive unless the associated
SFT is in some sense trivial, namely vertically or horizontally periodic.

We can now start stating the results of the thesis. The first result con-
cerns the existence of an aperiodic extremely expansive SF'T. As mentioned
earlier, for the unrestricted case, there exist various constructions of aperi-
odic SFTs. Kari and Papasoglou [22] have constructed an aperiodic 4-way
deterministic tile set. According to what was said in the previous paragraph,
the SF'T associated to this tile set has exactly two non-expansive directions,
the vertical and the horizontal one. We prove that

Theorem 1. There exists an aperiodic extremely expansive 2D SFT.

Of course, our construction does not use a 4-way deterministic tile set.
It might seem that this result is strictly better than the one using 4-way
deterministic tile sets, since we have one non-expansive direction less. How-
ever, there exists a small nuance here: 4-way deterministic tile sets give rise
to SFTs with so-called bounded radii of expansiveness, while our con-
struction does not have this property. In addition, in [13] it is also proved
that every aperiodic SFT with bounded radii of expansiveness must have
at least two non-expansive directions. Therefore, the 4-way deterministic
construction is also optimal, in the class of SFTs with bounded radii of ex-
pansiveness, and it might be more precise to say that the two results are
incomparable.



As mentioned already, the existence of an aperiodic tile set was originally
constructed in order to prove that the tiling problem is undecidable. Kari
[23] prove that the tiling problem for NW-deterministic tile sets is undecid-
able. In addition, Lukkarila [31] used the 4-way deterministic tile set of Kari
and Papazoglou in order to prove that the tiling problem is undecidable for
4-way deterministic tile sets as well. As the reader has probably guessed
already, we prove that

Theorem 2. The emptiness problem of extremely expansive 2D SFTs is
undecidable. More precisely, the emptiness problem is undecidable for 2D
SFTs such that the vertical direction is the only non-expansive direction.

One should understand the previous statement in the following sense:
even if one is given an SFT X (as a finite set of forbidden patterns) and
is given the additional information that X is either empty or extremely-
expansive (and in this case N (X) = {oo}), even then it is not possible to
decide whether X = (). In other words, it is not possible to algorithmically
separate the sets of forbidden patterns that define empty SFTs from those
that define extremely expansive non-empty SFTs.

The third result can be considered a stronger version of the undecidabil-
ity of the emptiness problem. We prove that there exist extremely expansive
SFT whose configurations are computationally as complicated as possible.

In order to describe this result, we need to introduce some classical
notions of computation theory. For the purposes of this introduction, a
computable function will mean a function f: AN — AN such that there
exists a Turing Machine that outputs f(c) when originally its reading tape
contains ¢ (i.e., it outputs f(c) with oracle ¢). Using an effective enumeration
of 72, it is possible to talk about computable functions with domain or range
AZ2, and in general AM, where M is any effectively enumerable set.

We say that d € A is reducible to ¢ € AM' if there exists a computable
function f such that f(c) = d. This means that ¢ is computationally at least
as complicated as d, since it is possible to obtain d using ¢ and a computable
function. A subset Y C AM is called Medvedev reducible to AM if every
point of Y is reducible to some point of X. Intuitively, we can compute any
point of Y with the help of a suitable point of X and a computable function.
The relation of Medvedev reducibility is a pre-order on subsets.

Two sets are called Medvedev equivalent if they are Medvedev reducible
to each other. This is an equivalence relation, whose equivalence classes
are called Medvedev degrees. There exists a partial order on the set of
Medvedev degrees given by the natural lift of the Medvedev reducibility pre-
order. Computable sets are the least element of this order and, in a certain
sense, the higher a set is in this hierarchy, the more difficult it is to compute
a point of this set relative to the sets that lie lower in the hierarchy. The
survey [16] contains a thorough study of Medvedev degrees.

4



A set X C AM is called effectively closed if its complement is semi-
decidable. Effectively closed sets form the so-called H(l) sets and they play a
very important role in computation theory. It is easy to see that SFTs are
effectively closed, even though there exist many effectively closed sets (and
even effectively closed subshifts) that are not SFTs. However, Simpson [3§]
proved that every effective Medvedev degree (i.e., the Medvedev degree of
an effectively closed set) contains a 2D SEFT. Therefore, in some sense, not
only is the emptiness problem undecidable for 2D SFTs, but their points
can be as difficult to compute as possible. We improve this result to the
extremely expansive case:

Theorem 3. Every effective Medvedev degree contains an extremely expan-
sive 2D SF'T. In other words, for every effectively closed set Z C AM, there
exists an extremely expansive 2D SFT'Y that is Medvedev equivalent to Z.

In fact, we prove something stronger, giving a complete characterization
of the so-called Turing degrees of Y relative to those of Z, but it is not
necessary to go into these details here.

The next result is of a dynamical flavour and it does not concern ex-
tremely expansive SFTs, but sequences of SFTs with a common rational
direction of expansiveness. It also uses the notion of simulation, which is of
central importance in the proofs of the previous results and, in general, for
the whole thesis, even though it wasn’t mentioned until now.

We say that subshift X C AZ* simulates subshift Y C BZ* with param-
eters (S,T) if there exists a B-colouring of the S x T blocks of X with the
following property: Every configuration of X can be partitioned in a unique
way into S x T rectangles such that when we color these rectangles with the
B-colouring we obtain a configuration of Y. Inversely, every configuration
of Y can be obtained in this way.

This is weaker than the notion of simulation that we actually use, but
it follows from it, is enough to describe the result and is much easier to
describe. It corresponds to the definitions in [8].

It was proved in [28] that for every computable sequence of SFTs, there
exists an SF'T that simulates all of them. This is a surprising and really
strong result. We prove a version of it in the case where all the SF'Ts of the
sequence have a common, rational expansive direction (which without loss
of generality we assume to be the horizontal one):

Theorem 4. Let Xy, X1,... be a computable sequence of 2D SFTs such
that 0 € N (X;), for all i € N. Then, there exists a 2D SFT X such that X
simulates X; for alli € N and 0 € N (X).

We note that there cannot exist a 2D SFT with an expansive direc-
tion that simulates all 2D SF'Ts with the same expansive direction, because
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this would imply the decidability of the emptiness problem for extremely
expansive SFTs, according to an argument of Hochman [17].

The final result of the thesis answers a natural question which arises
immediately after the construction of an extremely expansive SFT. As stated
already, the unique non-expansive direction of the SFT that we construct
is the vertical one. Which other directions can be the unique direction of
non-expansiveness for 2D SFTs? Obviously, we can achieve any rational
direction with the help of an affine transformation, but can we do more?
More generally, what are the sets of directions that can be the set of non-
expansive directions of a 2D SFT?

Hochman [19] proved that for general 2D subshifts (not necessarily of
finite type, or even effective), any closed set of directions can be the set of
non-expansive directions, while any direction can be the unique direction
of non-expansiveness. Recall that Boyle and Lind proved that the sets of
non-expansive directions must be closed, so it turns out that in the case of
general subshifts this necessary topological condition is also sufficient.

In the case of SF'Ts, there is an additional necessary condition, namely
that the set of non-expansive directions be effectively closed, which is
equivalent to saying that its complement is the union of an increasing, com-
putable sequence of open intervals. It turns out that this condition is nec-
essary and sufficient for 2D SFTs:

Theorem 5. A set of directions N is the set of non-expansive directions of
a 2D SFT if and only if it is effectively closed. More precisely, a direction
l is the unique direction of non-expansiveness of a 2D SFT if and only if it
1s computable.

This answers Question 11.2 in Boyle’s Open Problems for Symbolic Dy-
namics [5].

Using our methods, we could easily prove Theorems 1-3 for SFTs whose
unique direction of non-expansiveness is [, where [ is any computable direc-
tion. This is a stronger version of the results, which we do not prove for
lack of space. In any case, once one has mastered our method, it is possible
to prove various new results and variants of already proved ones. Since this
method is as important (if not more) as some of our results, it is probably
worth saying some words about its history, too.

It is the so-called fixed-point tile or self-simulating method for con-
structing 2D SFTs. It was firstly described by Kurdyumov [27] in order to
give a counterexample to the Positive Rates conjecture, even though only a
sketch of a proof was included in this paper. It was Gécs [9] who elaborated
Kurdyumov’s idea into a full proof of the positive rates conjecture and for-
malized the notion of a hierarchy of simulating SFTs (he talks about 1D
cellular automata, but this does not make a big difference). Later, he sig-
nificantly improved his construction and the result in a notoriously lengthy
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and difficult paper [10]. Gray’s reader guide to that paper [12] and the de-
scription therein of self-simulation and the problems one encounters when
trying to construct a self-simulating SE'T are also a very useful exposition of
the ideas of Gacs and Kurdymov. It was not until the work of Durand, Ro-
mashchenko and Shen [8] that the method became accessible to a broader
mathematical audience. They work in the framework of 2D SFTs, which
allows for a more clear, geometrical description of the basic ideas.

Gacs’ construction did not have any direction of expansiveness, because
it was a non-reversible cellular automaton. Nonetheless, it had the horizon-
tal direction as a direction of “semi-expansiveness”. On the other hand, the
construction of Durand, Romashchenko and Shen did not have neither direc-
tions of expansiveness neither directions of “semi-expansiveness”. A large
part of this thesis consists in making their construction expansive in the hor-
izontal direction. We need to introduce some tricks in order to do this, but
once we achieve it, then self-simulation and a previous result of Hochman
immediately give an extremely expansive aperiodic SFT. Something similar
was also done in [14], but the construction of that paper was significantly
easier because we dealt with non-reversible cellular automata, so that we
only needed a direction of “semi-expansiveness”. Our current construction
can be seen as an improvement of the construction of that paper, and using
it we can easily retrieve its main result, which was a characterization of the
numbers that can appear as the topological entropy of a (not necessarily
reversible) CA.

One thing that all the constructions have in common, including ours,
is that they are complicated and rather difficult to explain (for the writer)
and understand (for the reader). This is unavoidable, in some degree, and
the author’s personal opinion is that there does not exist a “perfect” way
to write them. Either the exposition is very formal, covering all details
and defining every little thing, which is the road that we have chosen, or
the construction is informal, in which case it is not clear what exactly the
constructed SF'T is, over which alphabet it is defined etc., which is the choice
made by Durand, Romashchenko and Shen. Taking the middle road, as was
more or less done by Gacs, does not help very much, either.

Our opinion is that the best thing is to be familiar with all the con-
structions and use them accordingly. On the one hand, the constructions
of Durand, Romashchenko and Shen are convincing for someone already fa-
miliar with the technique and they allow to explain a new idea concisely
and efficiently, as was recently done in [7], while on the other hand our
more formal presentation can be used to acquire mastery with the tech-
nique by dealing with all the unexpected little problems that arise during
the construction and to convince those people who want to understand all
the details.

Let us now describe the structure of the thesis:



In Chapter 2, we give the basic definition that we will need throughout
the paper. In Chapter 3, we define the precise notion of simulation that we
will use and give some of its properties. We believe that some of the results
of this chapter are of independent interest. In Chapter 4, we describe a
pseudo-programming language that will be used to describe 2D SFTs in a
concise way. In Chapter 5, we construct a family of SFT (which depend on
the parameters S,T") with 0 as a direction of expansiveness which are, in
some sense, universal: They can simulate every SFT with 0 as a direction
of expansiveness, provided that its alphabet size is small compared to S, T
and it can be computed fast compared to S,T. This family of SFTs is
of great importance for all subsequent constructions. This is the part of
the thesis where we modify the construction of Durand, Romashchenko and
Shen so as to make it reversible. In Chapter 6, we prove Theorems 1 - 4.
The constructions and the proofs all follow the same pattern, but we give as
many details as possible for all of them for reasons of completeness. Finally,
in Chapter 7, we prove Theorem 5. This proof is a modification of the proof
of the result in [19]. We try to explain what are the differences between that
construction and ours and why the changes that we make are necessary.

Finally, let us mention that all of the aforementioned results have been
obtain in collaboration with Pierre Guillon during various visits by him in
Turku as well as of the author in Marseille. Currently, a series of joint
papers is under construction that will contain even more applications of our
method. Theorem 1 has also appeared in [41], even though because of lack
of space, most of the details of the construction do not appear in that paper.



Chapter 2

Preliminaries

2.1 Basic definitions

We will denote by Z, N, N, Q and R the sets of integers, non-negative
integers, positive integers, rational and real numbers, respectively, by [, j[
and [7, j] the integer intervals {7,...,j—1} and {4, ..., j}, respectively, while
[e,0] will denote an interval of real numbers. If f,g: N — N, then we will
use the classical f € O(g) notation to denote that f(n) < cg(n), for some
constant ¢ and all n € N.

If f: X - Y is a partial function, then its domain D(f) C X is the set
of elements of X whose image through f is defined. Two partial functions
are equal when they have the same domain and they agree on their common
domain. If f: X -» Y and ¢g: Y - Z are partial functions, then go f: X —-»
Z is the partial function defined in the usual way (i.e., g(f(w)) does not
exist if either w ¢ D(f) or f(w) ¢ D(g)). A partial permutation is a
bijection over its domain onto its range, i.e., an injective partial map. In
the following, when defining a partial function, it will be implicit that any
non-treated argument has an undefined image, and that saying that two
partial functions are equal means in particular that their domains are the
same. If Z C X and f: X » Y, we may abusively consider f|z as a partial
map from X to Y whose domain is Z N D(f).

For m > n, T := (T;)o<i<m and t := (t;)o<i<n such that for all 7, 0 <
ti < T,, we note & := > o<i<n ti[lo<j<; Tj the numeric value represented
by the adic representation t in base T. In general, T; and ¢; can belong
in R, not necessarily in N. By convention, if t has length 0, then th =0

T
=t >l For a sequence

Similarly, for a sequence T := (T;);en, We note T
t := (t;)ien, wWe note = limmTﬂo’”ﬂ, when this limit exists.

An alphabet is any finite set, whose elements are often called symbols.
If A is an alphabet, A* := (J, A" denotes the set of finite words over

A, and A™ = o (A*)™ the set of finite tuples of words. (Notice that
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the notation A** is a little ambiguous as it could also stand for the set
Upmen (A™)*. Obviously, the two interpretations are isomorphic, but they
are different objects.) The empty word is denoted by € € A*.

If w e A", we write w = wy - - - wy—1, and call |w| := n the length of w.
If u e (A)™, we write u = (ug,...,um—1), and |u| := (Juol, ..., |um-1])-
For every ¢ € N, we define the projection ; as a partial function m;: A** -
A" () = u; if u € (A*)™ with m > ¢ (and 7;(u) is undefined otherwise).
A field is a projection m; together with a label Field, written in type-writer
form. The notion of fields is simply a convenient way of talking about tuples
of words. The names of the fields will be chosen so as to reflect the role that
the field plays in the construction.

We note N* := (J,,cy N the set of integer tuples of any dimension,
where m is the dimension of the tuple k := (ko,...,kn—1) € N™. Let
Ak = Ako x . x AFm-1: any subalphabet of A¥ is said to have constant
lengths.

We will mainly use the special alphabets F,, := {0,...,n — 1}, for n €
{2,3,4,5}. Of course, instead of I'5 we could use any alphabet with n letters.
However, since some letters will have a fixed role throughout the thesis, it
is better to fix the notation and get used to these roles.

The non-negative integers can be easily embedded into I} thanks to the
injection n — m which gives the shortest binary representation of n > 1.
|n|| := |n| = [logyn] + 1 is the length of n. By definition, 0 := € and
llell :== 0. Inversely, if u € F3, then u is the number represented by u in
the binary representation system: for all v € 5, u is the suffix of u that is
obtained after removing the initial 0s. (The “lower bar” is applied before
the “top bar”.)

We will also need to embed some finite sets in 5. For instance, we will
say that {—1,+1} is Fy by identifying —1 with 0 and +1 with 1. Finite
alphabets of bigger cardinality can be embedded into F%, for some suitable
k.

Now, in the perspective of computing functions with many arguments,
we are going to use symbol 2 to encode tuples into words. If u € (IF§)™ for
some m € N, then y (u) is defined as the concatenation

X (uo) X (u1) ... X (um-1) € I3,

where x (v) := 20'5, and v + D' is some monoid injection (i.e., code)
from IFf to IF5. In this paper, we will use the code defined by 0" = 000,
1% .= 001, 2°° := 010, 3" .= 011, 4"° := 100. Note that the structure
of the encoding of word tuples depends only on |u|. We can also define
x (1) :== x (ug) x (w1) ... € FY for u e FY.

Let us now prove a basic fact about x (-). Namely, for every k € N*,
there exists an easily computable function that gives the positions of the 2s
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in encodings of F¥ and the positions of the encodings of the components of
a letter.

Fact 6. Let M € N and k € NM. For all 0 < i < M, let us define
lxi:=3 Z;;%) kj +1i. Then, for allu € FX:

L lx ()| = hear,

—
2. X (u) [I:lk,ialk,i+1|1 = 27‘(‘1'(11) 5

These statements correspond to what Durand, Romashchenko and Shen
refer to as “the TM know the place where such and such information is held
in the encoding”.

Symbol 3 will be used in Subsection 2.2.1 to encode the start and the
end of the tape of a Turing machine.

Symbol 4 will be used in order to construct alphabets with constant
lengths. In the computation, we indeed want words of various lengths to
be able to represent the same objects. For this, we define (u), := gl=luly,
for every [ € N and v € F} with |u| < ((u); is undefined otherwise). For
instance, (n),, = 7 for any integer n € N, and the encoding (), = 4t of
the empty word is a sequence of 4s. It is clear that the partial function

NxF; » 4°F;
(lvu) = <u>l
is injective (over its domain) and surjective; let us write )w( € I} for the

longest suffix in [} of a word w € 4*IF}, in such a way that )(u);( = u for
any | > |u| and u € ;. These two maps can be adapted to vectors in the

obvious way: (u)y := ((u0)y,,- - -, (Um-1), _,) for any k € N, m € N and
u = (ug,...,uUm—1) € F3™. Note that this is defined if and only if k >
lu|. Similarly, Yw( := Qwo(,...,)wmn—1() for any w := (wo,...,wWn_1) €
(4 ;).

If o : Fy* - )" is a partial permutation that preserves the number
of fields (i.e., a(F%)! C (F%)! for all [ € N), we can transform it into an
equivalent permutation that also preserves the lengths:

(a) : (4"F3)* - (@F”
W= ((W()) | -
Remark 7.

e For any k € N*, () is also a partial permutation.

e The restriction of o to any subalphabet is implemented by that of ()
to large enough words:

Vu € Fy, vk > max{|ul, [a(u)[}, (@) ((w)y) = (a(u))y -
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Proof. For the first part, assume that (o)(w) =
that |w| = |w'|. In addition, a()w() = ){a)(w)(
Since « is a partial permutation, this implies that
W= (W)W = OW(w) =W

For the second part, let u € IF}* and k > max{|u/, |a(u)|}. Then, (u)
and (o(u)), exist and |[(u),| = |(a(u),)| = |k|. Therefore, (a)((u),)

(@) () )y = (a(w))y

(ay(w'). This implies

= )a)(W){ = a()w’().
yw({ = )w'(. Therefore,

=~

Ol

In the rest of the paper, we will often implicitly use Remark 7 both to
construct partial permutations that preserve the lengths of the fields, as
well as to state and prove things about them. It allows us to describe the
behaviour of a partial permutation «, and then translate this result into
the behaviour of («), provided that the lengths of the fields are sufficiently
large, thus omitting the (confusing) )-( and (-) symbols.

Let i1,...,4; be a set of fields, and w € IFf. Then,

S'Ll)

1150452

= {u e Fy)my, (u)(=w, for k=1,...,1}

is the set of all symbols that have fields ij,...,4; equal to w (up to the
application of )-(). If n € N, let

Shoi = {u € F;*‘ )T (w)(=mn, for k=1,... ,l}
be the set of all symbols who have the values n (in binary form) in the fields
Uy eyl

2.2 Computation

2.2.1 Turing machines

The reader is assumed to be familiar with classical concepts in computability
theory. We just fix some terminology and give a variant of a definition
of Turing machines, imposing some additional technical restrictions which,
however, do not restrict the computational power.

A Turing machine (TM) is a partial (“global”) map M from F% xQ xZ
into itself, where () C IF5 is a finite set of states containing the initial state
0 and the accepting state ¢, and depending on a partial transition map
Im:Fy x Q\ {e} » Fq x Q x {—1,+1} such that:

(2,4,5) ifg=e
M(z,q,5) = | (¢,q,j') otherwise, where (2},¢', 7" — j) = dm(zj,q)
and z, = z;,Vi # j ,

12



for any (2,q,7) € F§ x Q x Z, which will sometimes be called a machine
configuration, the first component being the tape content, the second
the (head) internal state, the third the head position.

The model of TM that we use satisfies the following assumptions, which,
as can be easily seen, do not restrict the computational power of TM.

e There is only one tape, from which the TM reads the input and on
which it writes the output.

e The internal states are words of '} (this is just a semantic restriction).

e All machines have the same initial and accepting states 0 and e, re-
spectively.

e The global map is still defined after having accepted, and is then equal
to the identity.

e There is no precise rejecting state (instead, we use undefined transi-
tions over non-accepting states).

e In every accepting transition, the head (which disappears) moves to the
right. This is a technical assumption which simplifies the construction
of an TPPA that simulates M in Section 5.2.

If ME(>3.x (u)3%,0,0) = (*3.x (u')3%,¢,7), for some t € N,j € Z,
then we say that M halts over (or accepts) input u € F*, and outputs
u’ € F£*, and we define fy((u) := u’ and tp((u) as the minimal ¢ for which
this holds (if this never holds, or if *°3.x (u) 3*° is rejected, then tr(u) is
undefined).

Notice that faq(u) is well-defined, since when the accepting state € ap-
pears, the machine configuration is no more modified.

We say that M computes the partial map faq : F5* - F;*, with time
complexity

tmy: N —- N
N MaX|y(u)|=n tm (U_) ,

where, by definition, the max is taken only over accepted inputs. tq
is well-defined since there are only finitely many accepted inputs of each
length.

2.2.2 Computability

A partial function f : Fz* - F:* is called computable if there exists
a TM M such that f = fa. Recall that integers (and finite sets) can
be identified to words, hence allowing us to talk about computable maps
between Cartesian products involving N and finite sets. We also say that a
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set X C IF}* is computable if its characteristic function ¢x: F3* — Fo is
computable, and that it is computably enumerable if it is the domain of
a computable function. We will say that a partial function f : X —» Ft*,
with X C [Ff* is computable if both X and the extension of f to F;* (by
not defining images outside of X') are computable.

A partial function @ : IE‘IQ\I > ]FgI is called computable if there exists
a TM M such that z € D(®) if and only if for all n € N, there exists
m € N such that fa((2[,m[,7) is defined, in which case it is equal to ®(z)p.
Finally, by parametrizing Z with N, we can talk about computable functions
® : FZ - F%Z. An equivalent definition is that ® : FZ —» F% is computable
if there exists a TM M such that x € D(®) if and only if for all n € N, there
exists m € N’ such that faq(2[_m,m[,n) is defined, in which case it is equal
to ®(x)s,.

Since R can be identified with FY, we can also talk about computable
functions of real numbers. A partial function ¥ : R - R is computable
if there exists a computable function f: R x N — Q with the following
property: |¥(z) — f(z,n)| < 27™. This is the classical definition of com-
putability for real functions and it says that we can compute better and
better approximations of x.

If Misa TM, let

3Im = {z € FI;]) Vt € N, M1 (3%.2,0,0) exists and is not in F5 x {e} x Z}

be the set of one-sided binary sequences over which M runs for an infinite
amount of time. We say that a subset X C FY} is effectively closed (or I1))
if x (X) = 3 for some TM M, or equivalently if the set of words that do not
prefix any sequence in it is computably enumerable. This can be extended
to sets of sequences that can be encoded with words, in particular over finite
alphabets: a subset X C [[,cy A¢, where Ay is a finite subalphabet of Iy, is
effectively closed if y (X) = 3¢ for some program M (we encode every
finite alphabet with IF’QC, for some suitable & which depends on t € N).

M is called polynomial if tyq € O(P), for some polynomial P. A par-
tial function f is called polynomially computable if fos = f for some
polynomial TM M. It is easy to see that the class of (polynomially) com-
putable functions with this version of TM corresponds to the classical one.
Analogously, X is a polynomially computable set if its characteristic func-
tion tx is polynomially computable. We say that a function (or sequence) f
is polynomially checkable if it can be computed in time O(P(log f)), for
some polynomial P. The terminology comes from the fact that even though
f might not be polynomially computable, its graph (i.e., the set of pairs
element-image) is a polynomially computable set. For example f(n) = 22"
is a polynomially checkable sequence even though it is not polynomially
computable.

14



Instead of a universal TM, we use the following essentially equivalent:

Fact 8. There exists an injection that associates to each TM M a program
pm € ) such that if we denote by Q, the state set of the TM corresponding
to program p, then

o The language {pp| M is a TM} C T} is polynomially decidable.

o The characteristic function (p,q) — g, (q) that checks whether q € Q,
s polynomially computable.

o The “universal” transition rule

bu: FyxTFixFr —» FyxFjx{-1,+1}
(@.q,pm) = dmla,q)

s polynomially computable.

e In addition, |Qp| < |p|. (We can assume that p contains a list of the
states of Qp.)

We will use the following notations: If p is the program of a TM that
computes a reversible function f, then p~! will denote the program of the
inverse function f~! (it will always be computable in our constructions).
Also, t, and 3, will be used to denote tpq, and 3rq,, Where M, is the TM
that corresponds to the program p.

The first examples of polynomially computable functions, which will be
most useful in the sequel, are the encodings presented in Subsection 2.1.
Clearly, (-). and its (right) inverse )-( are polynomially computable. More-
over, the projections m; : Fz* — IF, for i € N, are polynomially computable
and so are the functions (k, i) — lx; (as defined in Fact 6) and x (-).

2.2.3 Degrees

In the following, M and M’ can stand for either N or Z.

Two sets X,Y € F)! are computably homeomorphic if there exists
a computable bijection between them.

We say that d € F)' is Turing-reducible to ¢ € Fy if d = ®(c),
for some computable function ®. This yields a preorder over configura-
tions, whose equivalence classes are called Turing degrees. If d is Turing-
reducible to ¢, then in a computational sense, ¢ is more complicated than d.
A cone over degree d is the set of Turing degrees that are higher than d.

Moreover, we say that subset ¥ C F3' is Medvedev-reducible to
subset X C T3 if there is a computable partial function ® : F3l - F
such that D(®) O X and ®(X) C Y. This also yields a pre-order over sets,
whose equivalence classes are called Medvedev degrees. Finally, we say
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that subset ¥ C ]FIQW is Muénik-reducible to subset X C TFb! if every
point of X is Turing-reducible to some point of Y (but not in a uniform
way, as in Medvedev-reducibility). This again yields a pre-order over sets,
whose equivalence classes are called Muénik degrees.

Medvedev and Mucnik degrees of a set are an attempt to formalize the
notion of how computationally difficult it is to compute a point of the set.
Of course, computable homeomorphism implies having the same Turing de-
grees, which implies Medvedev-equivalence, which in turns implies Muénik-
equivalence.

We do not get too much into details, but the notion holds in the large
setting of effective topological spaces (see for instance [11]).

2.3 Symbolic dynamics

AZ* s the set of d-dimensional configurations, endowed with the product
of the discrete topology, and with the shift dynamical system o, defined
as the action of Z¢ by (o);cz4, where o'(z)y = zi;y for any configuration
z € AL and any i,k € Z,

A pattern over a (usually finite) support D C Z% is a map p € AP.

Two patterns u1: D1 — A and us: Dy — A are called disjoint if D,
and Dy are disjoint shapes of 7. If uy, ug are disjoint, let u; V us be the
pattern over shape DDy defined by (u; Vug)(i) = u;(i), ifi € Dj, j =1,2.
Inductively, we can define \/, ;- u;, when wuy, ..., u; are mutually disjoint
pattens. o

Let E,D C Z? be two shapes, and v € AP be a 2D pattern. We denote
up the restriction of w to D N E (this is a pattern with support D N E).

If I CZ and (¢;)ier is a family of configurations of A%, |(¢;);e; denotes
the (possibly infinite) pattern u: Z x I — A such that uzy; = ¢;, for all
i eI 1If I = [0,n[, then |(cg,...,cn—1) is the horizontal strip of width
n obtained by putting co,...,c,—1 on top of each other (in this order). If
I =7, then we obtain a configuration in AL

Let z € AZ and S := (S,...,S4_1) € N%. The S-bulking (or higher-
power representation) of z is the configuration xg € (AS0x--5a-1)2% guch
that for any i = (ig,...,iq_1) € Z,

L1S]; *= TligSo,(i0+1)So[X..-X [tg—1Sa—1,(ta—1+1)Sa—1["
A (d-dimensional) subshift is a closed set X C A% such that oi(X) = X

for all i € Z¢. Equivalently, X is a subshift if and only if there exists a family
of patterns F C Upc, 74 AP such that

X = {x S .AZd‘Vl S Zd,VD Cfinite Zdvo—i<x)\D ¢ ‘7:} :
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If F can be chosen finite, we say that X is a subshift of finite type (SFT).

If F can be chosen computably enumerable, then X is called an effective
subshift.

A map ® from subshift X to subshift ¥ is a morphism if & = ¢9.
If it is surjective, then it is a factor map, and Y is a factor of X (this
defines a preorder); if it is bijective, then it is a conjugacy, and X and Y
are conjugate (this defines an equivalence relation). A subshift ¥ C A
is called sofic if it is a factor of some SF'T, which is then called a cover for
Y.

A configuration = € AZ* s called periodic with period j # 0 € Z¢
if 0J(z) = 2. A subshift X is called aperiodic if it does not contain any
periodic configurations.

Abusing notation, we use the notations S}/ , and &} , (where w €

i
F:* and n € N) also for configurations. For example, if ¢ € (F£*)Z, we will
say that ¢ € §}) , if ¢ € S, forall i € Z. Finally, for N € N and
n € [0, N[, let

Pl ={ce (F5 ) : )m (c)j{=j+n mod N, forall j€Z,1<k<l}

B1yeeesl

'7il

be the set of all configurations such that

mi(¢)=.C(n...(N=1)01...(n— 1)), for 1 <k <.

2.4 Cellular automata

A (1D) partial cellular automaton (PCA) is a partial (“global”) con-
tinuous function F : A% -+ A% whose domain is an SFT, and such that
Fo = oF. Equivalently by some extension of the so-called Curtis-Lyndon-
Hedlund theorem, there exist a neighbourhood V Cguite Z and a partial
local rule f : AV - A such that for all z € A%, F(z) is defined if and
only if f(z);4+1 ) is defined for all i € Z, in which case F(2); := f(24v ). If
V C [—r,r], then r is called a radius of the PCA. The radius of a PCA is
not uniquely determined.

A PCA is called reversible (RPCA) if it is injective. In this case,
it is known that there exists another RPCA, denoted by F~!, such that
FF~' and F~'F are restrictions of the identity, and D(F~!) = F(A%) (the
argument for this is similar to the one in [15]). In particular, there exist
so-called inverse radius and inverse local rule. If r is both a radius and
an inverse radius for an RPCA F, we call it a bi-radius for F. In the
rest of the paper, we only consider RPCA with bi-radius 1. This is not a
significant restriction, since these PCA and RPCA exhibit the whole range
of computational and dynamical properties of general PCA and RPCA.

For t € N, the t''—order range of F is the (sofic) subshift Q% :=
FYA%) N F7Y(A%) and its limit set is the (effective) subshift Qp 1= Q5 :=
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Nicz Q%., containing all the configurations that are not ultimately re-
jected (either in the past or the future). There is a canonical way to
associate a 2D SFT Op to an RPCA F': it consists of the infinite space-
time diagrams of the configurations that are not ultimately rejected. For-
mally, Op := {Op(z)|z € Qr}, where Op(x) := |(F'(x))tez € A7 for any
x € Qp. One can see that Op is conjugate to the Z2-action of (F,c) over
Qp. Note nevertheless that the same SFT may correspond to distinct RPCA
(if they have different transient phases).

A pattern w € AP, with D C Z?2, is locally valid for f if for any
(4,t) € D such that C':= (i+[—1,1]) x {t—=1} C D, we have p; ;) = f(pc)-
Note that, in general, this notion depends on the local rule and not only on
the RPCA. By compactness, if there exist locally valid square patterns of
arbitrarily large height and width, then Op # (), i.e., there are configurations
which are never rejected. If x € F~%(A%), then |(z, F(z),...,F!(z)) is a
locally valid horizontal strip of height t + 1. The notion of a locally-
valid horizontal strip depends only on the RPCA and not on the local rule,
i.e., it is a ”global “ notion.

For every m € N, 6 = (do,...,0m—1) € {—1,0,1}", we define the shift
product 09 = 6% x ... x om-1. A partial partition (cellular) automaton
(PPA)isaPCA F = o9 o over some alphabet A = Ay X ... x Ap_1, where
a is (the parallel synchronous application of) a partial permutation of A.
—0; is called the direction of field i. The (counter-intuitive) “—” is due to
the fact that the normal definition of o shifts everything to the left, while
we are used to thinking of the positive direction as going to the right. So, if
we want to have a field with speed +1, then we should apply o' to it.

Every PPA is a RPCA with bi-radius 1 and conversely every RPCA is
essentially a PPA (see for instance [24, Proposition 53]). Note, however,
that the inverse of a PPA is not, formally, exactly a PPA: the permutation
is performed after the shifts, in the form a~! o 679, Nevertheless, it is
conjugate, via «, to the corresponding PPA.

In order to define families of PPA that are somehow uniform, we consider
the corresponding objects acting on infinite alphabets. A partial partition
automaton with infinite alphabet (IPPA) is a partial map F : (Fz™)% -
(F™)2, where m € N, F = (6% x ... x g%n-1) o o, the 0% are shifts
over infinite T} (that is o(y); = yit1 for any y € (F%)% and i € Z), and
a: Ff™ — F™ is a partial (infinite) permutation. By restricting the
domain and the co-domain of an IPPA to finite subsets of IFf"*, we obtain
normal (finite) PPA. In our constructions, the permutation « will always be
length-preserving and the restriction will be taken over an alphabet of the
form IE‘E‘

If F: A2 - A% and G: BZ — BZ? are PCA, then we say that G is
a factor of F if there exists a continuous map H: A% — B%Z such that
GH = HF. If F and G are RPCA and F' factors onto G, then it is easy to
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see that OF factors onto O¢ through the map that sends O, to Oy, for
all = € A%Z. However, the notion of factoring for RPCA is stronger, since
it also takes into account the transient times of the RPCA (which are not
relevant in the corresponding 2D SFTs).

Let Fy,...,F,—1 be RPCA such that D(F;) N D(F;) = 0, for all ¢ #
j- Then, | |;cpo,q Fi denotes the map with domain | |, ,; P(F7) and that
agrees with Fj on D(F;), for all i € [0,n[. [lcfo,p£7 is not always an
RPCA, since there might be a configuration that is not in any D(F;) but
that is locally everywhere in the domains (which are SFTs). However, and
this will always be the case in this paper, uie[[o,nﬂ F; is also an RPCA if D(F;)
and D(F}) are over disjoint alphabets, for i # j. In this case,

I_lie[[O,n[[ Qp, and Ouie[[oyn[[Fi = Llie[[O,n[[ OF,.

e[[o,n[[Fi =

2.4.1 Expansiveness

The projective line P := RLI{oco} is seen as the set of slopes to the vertical
direction. Here, quite unconventionally, the horizontal direction is repre-
sented by oo and the vertical one by 0. The relevance of this choice will ap-
pear later, but in any case it does not affect any set-theoretical, topological
or computable property because the inversion map over P is a computable
homeomorphism.

The projective line P admits a natural effective topology if seen as the
quotient of the circle by central symmetry: a subset is effectively closed
if the corresponding subset of the circle is effectively closed as a subset of
[0,1)2. This topology is equivalent to the one-point compactification of the
R and renders P a compact, metric space.

Let X be a 2D subshift, I € P a slope and 1 C R? the corresponding
vectorial line. We say that direction [ is expansive for X if there exists a
bounded shape V' C R? such that, for all =,y € X,

T)1+v)nz2 = Yja+v)nz2 = T =Y -

We denote by N (X) the set of non-expansive directions (i.e., the set of
directions that are not expansive). The terminology comes from the fact
that if | = p/q is rational (or infinite), then [ is expansive for X if and
only if the dynamical system (X ,a(p’q)) is expansive, in the classical sense
of expansive dynamical systems.

Expansive directions were first introduced by Boyle and Lind [6] in a
more general setting. The following fact is a particular case of [6, Theo-
rem 3.7].

Proposition 9. Let X be a 2D subshift. Then, N (X) is closed. In addition,
N(X) is empty if and only if X is finite.
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We say that X is extremely expansive if |[NV(X)| = 1, which is, ac-
cording to Proposition 9, the most constrained non-trivial case.

In the case of SFTs (actually, of all effective subshifts), we have an
additional restriction on the set of non-expansive directions that comes from
computation theory, as is usually the case, see [18, 20].

A direction [ € P can be represented as the pair of coordinates of the
intersection of the line 1 with the unit circle. This gives two (symmetric
with respect to the origin) representations for each direction which are com-
putably equivalent. Computability questions about expansive directions can
then be transferred to computability questions about pairs of real numbers,
which we already know how to deal with.

It can be noted that effectively closed subsets that do not contain {co}
are exactly the effectively closed subsets of R. The restriction map from P
(with the above-defined effective topology) onto R is actually computable,
and it can be noted that the pre-image of an effectively closed set by a
computable function is effectively closed.

Lemma 10. Let X be a 2D SFT. Then, N (X) is effectively closed.

In particular, if an SFT X has a unique direction of non-expansiveness,
then this direction must be computable.

Proof. The statement follows from the following two facts: First, it is semi-
decidable whether a direction is expansive, i.e., there exists a TM that
takes as input a (rational direction) and halts if the direction is expansive.
This follows from [6, Lemma 3.2]. Secondly, it is semi-decidable whether
two ezpansive directions belong in the same expansive component. (The
expansive component of an expansive direction is the largest connected set
that includes the direction and is included in the set of expansive directions.
One can see that it is always an open interval.) This follows from [34], as
described in [5, Appendix CJ.

Having these two facts in mind, it is not difficult to see that the following
algorithm enumerates a sequence of intervals whose union is the complement
of N(X): For each rational direction, check whether it is expansive. Every
time you find an expansive direction, check whether it is in the same com-
ponent with one of the expansive directions that you have already found.
Every time this is the case, output the whole interval of directions that is
between them.

O]

A subshift Y is called extremely-expansively sofic if there exists an
extremely expansive SF'T that factors onto Y. Since expansive directions
are not preserved through block maps, an extremely-expansively sofic sub-
shift need not be extremely expansive itself. In fact, as we will see, there
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exist extremely-expansively sofic subshifts that do not have any direction of
expansiveness.

Lemma 11. Let Xo, X1,... be 2D subshifts over the same alphabet A.
(] [fX() g Xl, then N(Xo) Q N(Xl)
o IfN(Xo)NN(Xy) =0, then Xo N Xy is a finite subshift.

o If| ], Xw is a closed disjoint (possibly uncountable) union, then

N Uy Xuw) = Uy N (Xuw).

Proof. The first claim follows immediately from the definitions.

For the proof of the second claim, we have that N'(XoNX;) C N (Xp) N
N(X;) = 0 according to the first claim. Therefore, N'(Xo N X1) = (), and
since Xg N X7 is a subshift, Proposition 9 gives that it is finite.

Finally, for the last claim, the inclusion NV'(X,) € N (|, Xw) comes
from the first point.

For the other inclusion, assume [ € N(| |, Xw) Then, there exist z,y €
|],, Xw which coincide over an open half-plane H; C R? of slope ! and
disagree somewhere outside it. The orbits of x and y under the shift action
have a common limit point z. Then, z is in the intersection X, N X, of the
subshifts that contain z and y, respectively. By disjointness, we get that
X, = X, = Xy, for some w', which means that [ € N'(X,).

O

If F is an RPCA, then we denote N'(F) := N (Op). It is straightforward
that the horizontal direction (which according to our definition is oo) is
expansive for F'. It is not much more complicated to see that, if the bi-radius
is 1, N(F) C [-1,1] (directions around the horizontal are expansive).

Conversely, it can be shown that, up to a recoding, every 2D SFT for

which the horizontal direction is expansive is equal to Op, for some RPCA
F.
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Chapter 3

Simulation

3.1 Simulation

If $,T € N; and Q € Z, we say that RPCA F : AZ » A’ (S,T,Q)-
simulates RPCA G : BZ - BZ if there is a partial continuous decoding
surjection ® : AZ - BZ such that oc® = 0%, G® = Po?FT, G~ 1 =

®o~QF T and the simulating subshift D(®) := | Jo<i<7 o*F{(D(®)) is a
0<s<S
disjoint union.In other words, 1 step of GG is encoded into T steps of F', up

to some shift by @), and the intermediary steps used are not valid encodings.
We note I = G, or when some parameters are clear from the context

S,T,Q,®
or not so important, ¥ > G, F » ,F > G, or F = G (each time this
S,T,® ST,Q ST
symbol will be used, F' and G are meant to be RPCA).
We remind the reader that according to our notations, ¢® = ®o°

and G® = Po?FT and G~'® = &~ 9F-T imply that the domains of
the two partial functions are identical. This is in fact crucial for under-
standing the notion of simulation and it will be used extensively in the
proofs and constructions to come. For example, this means that the equal-
ity G® = ®c?FT does not immediately imply G71® = ®oc 9F~T, be-
cause the domains of G™'® and ®o~“F~T might be different (if we only
had the equality G® = ®c?FT, it could happen that 2 € D(G~'®) but
G 1®(2) ¢ ®(A7)).

In fact, one can see that the couple of conditions G® = ®c?FT and
G 1® = do9F~T is equivalent to the triple of conditions G& = o9 FT,
D(G®) = D(®o~9F~T) and D(G~1®) = D(®FTo9).

I exactly simulates G if ® is actually bijective. In other words, there
exists a well-defined encoding function ®~! : B2 — D(®). F completely
simulates G if, besides, Qr C D(®). In other words, every bi-infinite orbit
of F' will eventually encode some orbit of G. Actually, in our constructions
we will even have the stronger D(F*') C D(®), for some t' € Z.
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Remark 12.
1. D(®) = o%(D(®)).

2. F = Gifandonlyif F = oPG.
S, T,.DS S, 1,0

3. For any s € [0,S[,t € [0,T[, o F"(D(®))s) is an SFT.

4. Since the union f)g(l)) is disjoint, there exists a shape U Cfpite Z such
that for any x € D(®) , x|y determines the (unique) s € [0, S and
t € [0, T such that x € o*F*(D(®)).

Proof. The first two claims follow immediately from the definitions.

For the third claim, notice that since ® is continuous and ¢® = ®o”,
this means that D(F) is the domain of a PCA over A[ZS , so it is an SFT.
Since o and F are invertible maps and the property ot1 being an SFT is
preserved under invertible maps, we have that o°F*(D(®))g] is an SFT for
all s € [0, S] and ¢ € [0, ¢].

The last claim follows easily from the disjointness using a classical com-
pactness argument. O

We can prove an analogue of Curtis-Lyndon-Hedlund theorem for de-
coding and encoding functions.

Remark 13. The decoding function ® admits a neighbourhood V' Cfpite Z
and a partial bulked local rule ¢ : AV - B such that for all x € A%, ®(x)
is defined if and only if ¢(x;54v ) is defined for any i € Z, in which case
the latter is equal to ®(z);.

If the simulation is exact, the encoding function ®~1 admits a neighbourhood
V' Chinite Z and a partial unbulked local rule, abusively noted o1 BY »
A5 such that for all y € B%, ®'(y) is defined if and only if ¢*1(y|i+v) is
defined for any i € Z, in which case the latter is equal to (I)_l(y)[[is’(i+1)s[[.

Exact complete vertical (i.e., @ = 0) simulation is stronger than most
notions found in the literature. In particular:

e O simulates O in the sense of [8].

e The Z?-action (F,o) over the limit set Qp (or the 2D SFT Op) is
conjugate to a suspension of 2 in the sense of a homeomorphism

U: QF — Qgx [[O,S[[ X [[O,T[[
r — (®F to%(z),s,t), where F~to%(z) € D(®)

e The Z?-action (G, o) over the limit set Qg (or the 2D SFT Og) is
conjugate to the Z2-action (FT, o) restricted to D(®)NQp (see [10]);
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e (G is a sub-automaton of a rescaling of F', so that F' simulates G ac-
cording to the definition of simulation given in [35]. While it is not
necessary to formally define this notion of simulation, we can intu-
itively say that rescaling corresponds to the role of parameters S and
T in our definition, while the sub-automaton condition corresponds to
the decoding function ®. We notice, however, that Ollinger’s defini-
tion is more general than ours, since it does not require D(®) to be a
disjoint union, while the simulated can also be rescaled.

But the definition above also involves the transient part: every locally
valid horizontal strip of height ¢ + 1 for G gives a locally valid horizontal
strip of height Tt + 1 for F.

Each kind of simulation is a conjugacy invariant. If F' simulates G (resp.
exactly), then it simulates (resp. exactly) any of its subsystems (but clearly,
completeness is not preserved). Complete simulation clearly includes factor;

for instance F' x G > F completely if G does not have empty domain.
1,1,0

Also F' x G = F exactly if G includes a singleton subsystem. The simu-
1,1,0

lation is simultaneously exact and complete if G is a singleton system. The

surjectivity of ® implies that only systems with empty domain can be simu-

lated by systems with empty domain. We will mainly focus on non-trivial

simulations: S,T > 1 and G does not have empty domain.

Remark 14. If F »= G non-trivially, then for all j € [0,T]:
S7T7Q7®

FI(D(G®)) = o QF~T=)(D(G7'®) £ 0

More specifically, a configuration “in the middle” of the work period,
i.e., when j = |T'/2] has at least |T/2] forward and backward images, or,
in other words, it belongs to QIL;T/ 2l

The following lemma states that the limit sets correspond, in the case of
complete simulation. It is a more mathematical and detailed version of the
comment that we made earlier, that a valid strip horizontal of height ¢ + 1
in G gives a valid horizontal strip of height Tt 4+ 1 in F' (provided that the
strip is simulated).

Lemma 15. Assume ' > @.
S7T7Q7¢

1. If j e NU{oo}, then
DI(®):= | | o' Flo7H()

0<t<T
0<s<S

is a disjoint union and a subshift, included in Qg—1)~T+1.
In addition, DI(®) > DIT(®) and D™(®) = (;cy D’ (®).
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2. Qp D D>(d).
3. If the simulation is complete, then Qp = D®(®).
Proof.

1. Tt is clear that DJ(®) is a disjoint union and a subshift, each subset
in the union being (syntactically) included in one in the expression of

D(®). Assume that > G for some Q € Z. Now,
S7T7Q7®

QL) = D(G'®)NDGT D)
D(®oI?FIT)y N D(®o—IQF~IT)
c DFTYNDFET) =) .

Hence, for any s € [0, S[and any ¢t € [0, T[, gSthrl(QJé) c Q%T—TH'
The other claims follow from the definitions.

2. It is obvious from the previous point that (;cy Q%T O Njen Di(P) =
D®(P).

3. Conversely, assume x € Qp, so that clearly Vk € Z, F¥(z) € Qp. By
completeness, there exist y € D(®) and s € [0,S[,t € [0,7] such
that o*F'(y) = x. Disjointness and a direct induction give that for all
k € Z, FF(y) € FFmodToRIE/TI(D(®)). In particular, for all j € Z,
GId(y) = ®FIToI9(y) is defined. This gives that ®(y) € Qg, so
r €0 Fd7N(Qg) = o5 FTt071(Qg).

O]

The following remark links the periodic points of the simulating and
simulated systems. It is essential for proving aperiodicity of the subshifts
that we construct. The same result appears in [8, 36|, even though the argu-
ment essentially goes back to the kite-and-dart tile set of Penrose. We give a
slightly more general version of the usual result also takes into consideration
the shift by Q.

Remark 16. If ' = G completely, then Op admits a configuration with
S7T7Q

period (s —1Q,t) if and only if Og admits a configuration with period (k,1),

where s = kS and t = IT.

We will only use the case Q = 0, for which it is intuitively clear to see
that it holds true. When ¢ # 0, one has to have in mind that for every T
time steps of a configuration of F', the simulated configuration is shifted @
steps to the left.
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3.2 Nested simulations

In the sequel, we will be most interested in infinite sequences of simulations
of the form: Fy > F} = F5 = .... This looks like a formidable task, since

every RPCA of the sequence must contain the information about an infinite
number of configurations and update this information within a determined
time, but, as the results of this section will imply, an infinite sequence of
simulations gives RPCA with very useful properties. The construction of
these sequences forms the basic part of our constructions and will be done
in the following chapters.

If S = (Si)o<i<n—1 is a sequence of numbers, then 18 is the sequence
whose first element is equal to 1 with the elements of S shifted by one after
it. If S = (Si)o<i<n—1 and T = (T})o<i<n—1 are finite sequences of non-zero
numbers, then 1S/T is the sequence (S;—1/T;)o<i<n—1, where S_1 := 1. A
short calculation shows that

Q" In= > |aIls II =

0<i<n—1 0<j<i i<j<n—1

Lemma 17. Simulation (resp. exact, complete, exact and complete) is a
preorder.

More precisely, if Fy > " = > F,
50,10,Q0,%o 51,11,Q1,%1 Srn—1,Tn-1,Qn-1,Pn-1
(resp. exactly, completely) for somen € N, then Fy »= F, (resp. exactly,
S7T7Q7®
—1S/T

Completely)} where (S, Ta Qa (I)) = (H Sia H T:ia Q H Tia (I)nfl to (I)O)

The products range from 0 to n — 1. If there were no shifts in the
simulation (i.e., if @Q; = 0 for all i) the above statement would be more or
less trivial. Even in the presence of shifts, the proof is essentially a simple
verification.

Proof.

e Clearly F » F.
1,1,0,id

e Now suppose I = G - H. Then it is clear that c®'® =
S,T,Q,® SIT,Q"

5P = PSS and HI'P = &0 GT'd = &' ol +5Q pT'T,
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Moreover:

|| oo Fi(p@) > || o*Flo7'( || o G"(D(@)
0<t<T 0<t<T o<t/ <T’
0<s<S 0<s<S 0<s'<S8’

= || || o Feol(e"G"(D(@)))
0<t<T 0<t'<T"
0<s<S 0<s' < 5"

_ |_| |_| Ft+t’TUs+s’S+t’Q(D((I)/q)))

0<t<T 0<t'<T’
0<s<S <’ < 5"

= || F(D@?) =D(@).

0<t<TT"
0<s<SS’

This proves that F' > H.
SS'TT.QT'+5Q",d'd

e If ® and @’ are bijections, then ®'® is also a bijection.

e If both simulations are complete, then by Point 3 of Lemma 15,

O = || oF'o7(Q0)
0<t<T
0<s<S

c || ot F'e N (D(@)

0<t<T
0<s<S

= D(P'D).

e A direct induction gives the expected results.

O]

Similarly to simulations, which involve a decomposition of the system
in terms of how much is shifted the grid on which to read the encoding, a
sequence of simulations involves a nested decomposition, which gives a full
skeleton, inside each configuration, as expressed by the following lemma.
Here, and in the following, we use gothic letters to denote sequences, but
the corresponding normal letters to denote the elements of the sequences.
Also, if & is an infinite sequence and n € N, then &y ,,[ is the finite prefix of
length n of &. Finally, if (®;);en is a sequence of decoding functions, then
P[0, Will be the decoding function ®,_1 - - - Pp.

Lemma 18.

28



1. If Fy, = F > - F, - ...and j €

So,T0,®0 S1,T1,®1 Sn—1,Tn—1,Pn_1 ST, ®n
N U {oo}, then
DI(®) = (] D/(Ppon)
neN

—%
o 510.n S t[IO,n[[ -1 -1 J
— |_| ﬂ ool F ot ot ()
tGHiGNHO,Ti[[ neN
s€][;enl0,9:0

is a disjoint union and a subshift. )
In addition, DV (®) D> DI*H(®) and D>(®) = ;o5 D’ (D).

2. If, besides, all simulations are nontrivial, then D?*(®) = D>®(®) C Qp,
is uncountable.

3. If the simulations (in the hypothesis of Point 1) are complete, then
D>®(®) = Qp,.
4. If the sequence (®p)nen is computable, then the map x € D®(®) —
—F
(si ti)ien, where z € (), aﬁﬂo’”ﬂGFgﬂo’"[{ D(Pfo,np) is computable.
Point 2 implies nonemptiness of Qp, and OF,, and of any QF,, since all
those statements can be applied to the sequence starting from n. Point 4

states that we can always recover the skeleton from a valid configuration.
In particular the skeleton map is continuous.

Proof.

1. By Lemma 17 and compactness, it is clear that DJ(®) is a subshift.
The equality is rather easily checkable.
We can see that the union is disjoint: if (s,t) # (s/,t), say (Sm, tm #

T
6 ol ae _ TR .
Sty th), then (), oy ool F1O T @t @nil(Qh) is included in

—%
. _ j L .
o°M0,ml FO[[O’ [ Q, Lo @mal(Q%m), which is, according to Lemma 17,
——6 I T .

disjoint from oot R0 @yt @ L (€, ) which includes

o S tﬁo IIZ 1 1 .

nl g— - J

Npen o 00 FE" &g - & 7 ()

2. Since for any n € N and m > n, Fj, = F,,
S-S, TnTon 1,8 1P,
then Point 1 of Lemma 15 says that

Qan.A.Tmil-‘-l D) 152(q)[[n,m[[) :
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If the simulations are nontrivial, then 7T;, - - - T;,,_1 — 0o when n is fixed
and m — oo, and

Qp, D m QFEO"'Tmfl"'l ) m 152((1)[[71,771[[) = 152(<I>ﬂn,oo[[) :
meN meN

Injecting this inclusion in the definition of 7500(@[[0,”[[) gives that

D®(®) D (] D*(Dpo,mp) O D*(®).

m>0

The converse is trivially true, and Point 3 of Lemma 15 already tells
us that D>®(®) C Qp,.

Moreover, since F}, > Fpyo with T,,T, 41 > 4, then Remark
Snsn+17TnTn+l

14 gives that Q%n is non-empty. Therefore, each of the uncountably
many subsets in the disjoint union expressing 752(@)) is a closed non-
empty intersection.

3. If n € N is such that Fj = F,, completely, then
SO"'Sn_l,TO"'Tn_l,(bn_l"'(bo

by Point 3 of Lemma 15, Qg = D> (®q,,[)-

4. This follows from repeated application of Remark 5.4 and the fact that
P[0, is a decoding function for all n € N.

O]

The following extends Lemma 18 (which can be recovered by B; being
singletons). In this case, every RPCA simulates a disjoint union of RPCA,
each one of which simulates a disjoint union of RPCA and so on. In this way,
we obtain an “infinite tree” of simulations. Along any branch of this tree,
Lemma 18 is true, but, more importantly, something similar is true even
when we take all the (possibly uncountable) branches of this tree together.

Lemma 19.

1. Let (Bp)nen be a sequence of finite alphabets, such that for any word
u € [[;c, Bi of length n € N, there exist Sy, Ty, Qu € N, a decoding

function ®, and a RPCA F, such that F\, = | |,cp Fup-
Su)Tu7¢U "

Let DI(®) := MNyen ﬁj(CDEO np) Jor all j € NU{oo}, z € [T;en Bs-
Then, for any j € NU{oo} and any closed Y C [[;cn Bi,
D} (@) := | | Di(®)
z€Y

is a disjoint union and a subshift, and D3 (®) = DP(®) C Q..
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2. Besides, the set Z = {z € [Lien Bi‘ DX (D) # @} corresponding to
nested nontrivial, non-empty simulations is closed. If the simulations
are complete, then D%(®) = DF(®) = Q..

In the above statement, the notation @7, nl stands for the composition

P -+ ®,, ®., which is the decoding function from F, onto F.

lon] [0.n[
Proof.
1. Point 2 of Lemma 18 gives that DX°(®) # 0 if Faont = Foponpny DOD

trivially for any n € N; i.e., all these RPCA have non-empty domain.
The converse is obvious.

By the same distributivity of decreasing intersections over unions as
for Point 1 of Lemma 18, it can be easily seen that

D@ = || L] R e 0 ()
neNueL, (V) 0<t<[[;, Tu[O,iH
0<s<[T;<n Supo,qf

which is a decreasing intersection of finite unions of subshifts, and we
have D?(®) = DX°(®) C Qp, forall z € Y.

2. HF, = | aeB,, Fua completely, then Point 3 of Lemma 15 gives

QFu = |_| F’lio-s¢’l:1( |_| QFua) :
0<t<Ty, a€By,
0§S<Su

An immediate induction gives for any n € N,
O = || | ] OO 0 (D) -

u€Ln41(Z) 0<t<[[; ., Tupoq
0<s<T;<n Supg 4

Being true for any n, this gives the result.
O

Lemmas 18 and 19 can be seen as extensions of Lemma 15 in the case
of an infinite nested simulation. The following lemma can be seen as such
an extension of Remark 16.

Lemma 20. If Fy, = F; = ... = F, > ... completely, with
S0,To S1,1Th Sn—1,Tn-1 SnyTn
Sn, Ty, > 1 for any n € N, then OF, s aperiodic.
In particular, either Qp =0 (= Op,) for all n € N or, Qp, (and Op,)
is aperiodic uncountable, for all n € N.

31



Proof. From Lemma 17, Fj > F,, completely. By Remark 16,
SO"'Sn_l,TO"'Tn_l

OF, cannot have any nontrival period less than Sy - - - .S;,—1 horizontally and
less than Ty - --T},—1 vertically. If these two products go to infinity, we get
that there cannot exist any periodic points. O

In fact, it follows from the proof that it is enough that one of the products
[Licn Si and [ [,y 75 is infinite. It is well known that a non-empty, aperiodic
2D SFT is uncountable. Lemma 18 gives some additional information about
how uncountability occurs in the case of an infinite nested simulation.

3.3 Expansiveness and simulation

The following lemmas highlight the relation between the notions of simu-
lation and expansive directions. This subsection extends slightly Section 5
in [19]. The following lemmas correspond to Lemma 5.1 and Lemma 5.3 in
[19], which examine how the so-called “shape of prediction” evolves. It also
motivates the choice of considering the horizontal direction as oo, which will
make many future expressions clearer.

Lemma 21. Suppose F = G exactly. Then N(F) 2 % (Q + SN(G)).
S, T,Q

Moreover, if the simulation is complete, then N'(F) = 7 (Q + SN(G)).
In particular, N (c79G) = N(G) + Q and N (GT) = TN (G).

S Q
0 T
sider a slope [ € P, 1 C R? the corresponding vectorial line, 1’ := M1 the
vectorial line corresponding to slope %l + % Roughly, I’ for F' corresponds
to 1 for G.

Proof. Let us consider the matrix M := [ ] as acting over R2. Con-

e Consider a finite shape W’ C R?, U and f the neighbourhood and
local rule of F, V and ¢! those of ®~! as defined in Remark 13.
Without loss of generality, we can assume that U = [—uS,uS], for
some u € N.

Let W= MW’ + (T [~u,u] + V + [-Q,0[) x {0} + [-1,2[x[0, 1].
If | € N(G), then there exist configurations x # y € Qg such that
Oc(z)yw = Oc(y)p+w -

Then, Op(®~1(x)) # Or(®71(y)), but we claim that

Or(® (@) yswr = Or(@ (W) r4w -

Since W’ was an arbitrary finite shape, this implies that %l + % €
N (F), which proves that N'(F) 2 % (Q + SN(G)).
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Let us proceed with the proof of the claim. Let (p1,p2) € I + W’
and write p1 =: mS + r, po = nT + q and n := m'S + 7/, where
m,r,n,q,m’,r" € Z and 0 < r,r’ < S and 0 < g < T. Intuitively, we
can think that (p;,p2) belongs to the encoding of the m’th letter of
o™ QG () and G™(y).

More precisely, a straightforward computation shows that
M Y(p1,p2) = (m —Qm' +1r/S —+')S +q/T,n+ q/T),

so that (m — Qm/,n) € M~Y(p1,p2) + [~1,2[x[0,1[. This, in turn,
implies that (m—Qm/,n)+ (T [—u, u] +[-Q,0[+ V) x {0} is included
in 14+ W, so that

OG ()| (m—-Qm’ n) + (T[-uul +[-QO[+V)x {0} =
= O6(Y)|(m—Qm’ n)+(T[—uu]+[-Q.0[+V) x {0} -

Using the facts that V is the neighbourhood of ¢~' and that &'
“blows-up” letters into blocks of size S x T with an additional shift of
Q for every vertical time step, we deduce that

Op (D71 (@) |([(m—Qm")8,(m—Qm/+1) S[+T[-uSuS]+ [~ QS.0[+nQ) x {nT} =
= Or(®7 (V) |([(m—@m')S,(m—-Qm/+1) S|+ T~ uS,uS]+ [~ @S.0[+nQ) x {nT} -

Notice that n@Q — Qm’'S = 'Q. Now, using the fact that T [—u.S, uS]
is a neighbourhood for f? and [-QS, 0] for o~ "'?, we obtain that

—r’ -1
o @R (Or(2® (x)))|[[mS+r/Q,(m+1)S+r’Q[[><{nT} =
—7/ -1
=0 "9F1 (OF(‘I) (y)))|[[mS+r’Q,(m+1)S+r’Q[[><{nT} :

The last equality implies that C’)F(i’_l(x))Kpl pa) = C’)F(@_l(y))Kpl p2)>
because

—r! -1
i N (C (5")))\[[ms+r/Q,(m+1)s+r/Q[[x{nT}

= Op(®H(2)) s, (m+1)S[x {nT-+a}
= Op(® () s, (m+1)S[x {pa}

and p1 € [mS, (m +1)5].
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e Consider a finite shape W C R?, U the synchronizing shape as defined
in Remark 12, V and ¢ the neighbourhood and local rule of ® as
defined in Remark 13, and W/ := MW +(VUU) x {0} —[0, S[x [0, T'[.
If %l + % € N(F), then there exist configurations = # y € Qp such
that O (2) 4w = Oc(y) 4w -

By Remark 12 and completeness of the simulation, there exist com-
mon s € [0,S[ and ¢ € [0,T] such that 2/ := ¢ 5F~%(z) and y :=
o SF~!(y) are in D(®). It follows easily from the definitions that
OF (@) wymw+vxoy = Oy ) w+mw+v<{o} -

By injectivity of ®, Og(®(2')) and Og(®(y’)) are also distinct, but
we claim that they coincide in 1 4+ W. Since W is an arbitrary fi-
nite shape, this implies that | € N(G), which proves that N (F) C
1(Q + SN(G)).

Let (p1,p2) € 1+ W. Then, M(p1,p2)+V x{0} CV+ MW +V x{0};
it follows from this that

Or (&) (p1S+p2@+VipaT) = OF(Y) (p1S+p2Q@+VipaT) -

In addition, we have that

Oc(®(z')) GP®(a')p,
= PgP2Q pr2T (xl)pl
= T (@) s )

- ¢<OF($/)|(P15+V+}72Q:102T))

(p1,p2)

The same holds for 3/, and since, as we have noticed earlier, the final
expression is the same for 2’ and y', we get that Og(®(2))|p, po) =
Oc(®(Y))|(p1,po) » as claimed.

Lemmas 17 and 21 can be combined to obtain expansive directions in
nested simulations, which will be used extensively in Section 7.

Lemma 22. If Fy > Fy > > F,, com-
So,T0,D0So0 S51,11,D151 Sn—1,Tn-1,Dn—-1Sn-1

pletely exactly, and all these RPCA have bi-radius 1, then
N(Fy) cSD/™ 4 Hi [-1,1] =D%" + Hﬁ ~1,1] .
- <n ,TZ 7 <n ,TZ 7
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Proof. We already noted that the radius of a RPCA F;, with bi-radius 1

has N(F,) C [-1,1]. From Lemma 17, we know that Fy > F, exactly
S,T,Q

sp*S/T [17;) and from Lemma

completely, where (S,7,Q) = ([[S:,[[Ti, SD
21, we deduce that:

N(Fp) =SD™" 4 (H%)M F,) csD™/T (H;ﬁ) -1,1] .

<n i<n

<=1S/T

Also, by definition we have that SD - D", O

In the limit case of an infinite nested simulation, we obtain the following
proposition, which slightly extends Theorem 5.4 in [19].

Proposition 23. If F; = Fi11 completely exactly, for all i € N, then
S;,13,D;S;

N(FO)QQG/S%—( nf i)[ 1,1] .

neN
i<n

In particular, if the simulations are non-trivial and [[,_, Si/T; converges to

0, then N (Fp) = {56/3}.

<n

Proof. From Lemma 22, we know that

N(Fp) € ﬂ (H i) 1,11+ Dy, [[G[wn[[/f[wn[[

neN \i<n ~*

which gives the wanted inclusion, when n goes to co.

For the second claim, if all the simulations are non-trivial, then from
Lemma 18 we know that Op, is uncountable, hence by Proposition 9, it has
at least one non-expansive direction. In addition, by the first claim and the
assumption [[,_,, Si/T; — 0, we know that N (Fp) C {56/‘3}, and we must
actually have equality. O

3.4 Explicit simulation

In the previous sections of this chapters, we defined a notion of simulation
and then proved some facts about this notion, which suggest that it is a good
choice. However, we have not given any non-trivial example of simulation
until now, nor have we explained how this could happen. For example, the
decoding function ® could be anything.

The simulation that we construct all have the same basic “form”. We call
these simulation explcit, because the simulated configuration is explicitly

35



written letter by letter in the simulating configuration. In order to make
this more precise, we need to give some more definitions and notations.
Let us fix a some fields Addr, Addr;, Clock and Clocky; (In fact, these
are just distinct numbers that we use to project letters on). These are some-
times called coordinate fields. Let 5657 := Pﬁéinmdr“ N Stiock clock, ;- 1N

»545T the values of Addr grow by 1 modulo S from left to right and the
value of Clock is constant and equal to ¢, while the origin has Addr s. This
is the usual way to break up a configuration into blocks, with one small
difference. Normally, we only need the fields Addr and Clock to do this.
However, since we are using PPA, we need to have some right- (or left-)
moving copies of these fields in order to check the compatibility of these
fields. Having this in mind, we define ¥*%%7 in the above way, since it will

make notation a little lighter later on. The union | Jo<t<7 Yot T g disjoint.
0<s<S

In addition, let ¥55 := Pj&inAddrH. In ¥%%, we do not care about the
value of Clock (or if it is even constant). Clearly, 5457 C %5 For
c e X% and i € Z, the pattern

B} = [ syis,—st(i+1)s]

is called a colony of c. Clearly, (Bf)icz = 0~°(c)s) and in Bf, the value of
Addr (and Addry;) grows from 0 to S — 1 from left to right.

This is the natural way to break a configuration into colonies of size S.
Now, we are going to use every colony to encode one letter of the simulated
configuration. For this, we have to define the appropriate decoding function.

Let ¢: (F%)* - FE* be the following function, which is the basis of all
the decoding functions that we will use: Let w € (IFf)* be a word over the
infinite alphabet '} (we look at w as a finite part of some 1D configuration
over F%). If Yw( = x (u) 3WI=XWI where u € F* (we look at u as a tuple
of elements of F£), then we define ¢(w) = u.

Notice that x (u) € F3. In other words, w is equal to x (u) up to
appending some 3s at the end of y (u) (this gives a word in F}) and then
adding some 4s in front of every letter of x (u) 3/*I=IX(WI (which gives a word
in (F%)*). Unless w has this very specific form, ¢(w) is not defined.

¢ is well-defined because x (1) is an injection and because 3 does not
appear as a letter of x (u) € F5. A necessary condition so that d(w) =u is
that [w] > [ (u)].

Let Field be a new field and &Field: (Fg*)* - F£* be defined as <137rpie1d.
¢~>Fie1d can read words over letters with many fields by ignoring the other
fields and using ¢ on Field.

We can extend ¢ in a natural way to a map ®: (F)% - (F*)” as
follows: for all ¢ € (F%)% and i € Z, ®(c); = ¢(cps (ir1)sy). Similarly,
driera can be naturally extended to a map ®piera: (FE*)% = (FE)%,
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The idea is that every configuration will be divided into colonies using
the coordinate fields and then quield will be used on every colonies so as
to obtain a letter. Putting these letters together, we obtain the simulated
configuration.

Formally, a decoding function ® will be equal to ‘fpieldm, where ¥ C
05 for some S that is large enough. If b; = épield(Bf), then ®(c) =
épield(c) = (b;)icz. We call b; the simulated letter of the i’th colony and
the letters of ¢ are the simulating letters.

The decoding functions that we will use in our constructions will always
be of the form épield‘z , where X C .95, For such functions, we immediately
obtain two of the conditions of a decoding function of a simulation:

Remark 24. Let us fiz a field list C = [Addr, Addry1, Clock, Clock,1, Tape],
S € Ny and vectors k, k' € N* such that the following inequalities hold:

kaaar > ||S]]
kTa,pe 2 1

s )

)

Let ¥ = (FX)2N2%Sno )

rape(FY)%). Then @ := ropes : (FE)” — (F¥)”
is surjective and ®o® = o®.
In addition, for every b € (]F;*)Z, we are free to chose the values of the

anonymous fields in any way we like in a pre-image.

In the above remark, ¥ contains those configurations over ]Flg that are
well-structured (i.e., divided into colonies with the origin having address 0)
and such that in the i’th colony we have the encoding of a letter of Flg/, for
all i € Z.
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Chapter 4

The programming language

4.1 Definitions and basic permutations

In our constructions, we want to use permutations that are computed fast.
It is not possible to formally state what fast means, but polynomially com-
putable and, more generally, polynomially checkable permutations is fast
enough. This is a common feature of all self-similar and hierarchical con-
structions and the reasons why it is needed are explained very thoroughly
in [12]. For our purposes, it is enough to describe a pseudo-programming
language, with which we will write “programs” that are interpreted as per-
mutations a: F* - Fr*.

Let us start describing this programming language: It has four types,
terms (that are denoted ¢,t'...), valuations (that are denoted v,?’,...),
conditions (that are denoted ¢, ¢/, ...) and permutations (that are de-
noted «,d,...). Each type is semantically interpreted as a different kind
of mathematical object. Terms are interpreted as maps t: F;* - IF;. They
represent some word information that can be extracted from a tuple. Valua-
tions are interpreted as functions v: IF;* - N. Valuations represent numeri-
cal information that can be extracted from tuples. Conditions are predicates
over Ft*, or equivalently maps ¢: F* - {0,1}. Finally, permutations are,
rather predictably, interpreted as (partial) permutations Fi* - F£* which
will be used to define IPPA.

Let us describe each type with more details. We are not going to try
to give a formal definition of the programming language, since it is would
be unnecessarily complicated. It would involve a global induction on the
various types, starting from some basic objects and taking a closure under
some inductive operations. Instead, we will simply list the objects that we
are actually going to use in the rest of the thesis. The proofs that they are
polynomially computable are often trivial and will be omitted in most cases.

39



Terms
e Every word w € [} is a term (understood as the constant function);
e for all 7 € N, the projection 7; of the i’th field is a term:;

e if t is a term, then x (¢) is also a term (x (¢) (u) = x (t(u)), for all u
in F£*);

e if v is a valuation and ¢ is a term, then |, is also a term, where
tjp (1) := t(0)|y(u) - In other words, ¢}, uses v as a pointer for ¢ and it
gives the letter at the v(u)’th position of t(u).

Valuations
e Every natural n € N is a valuation, understood as a constant function;
e if t is a term, then |t| is a valuation;

e For all vectors k € N* and ¢ € N, the function Ik ; defined in Fact 6 is
a valuation.

e If &: N — N is a sequence of numbers and v a valuation, then S,
(where S, (u) := Sy(y)) is also a valuation. (In general, the complex-
ity of this valuation depends on the complexity of & and it is not
polynomially computable if & is not.)

e Basic arithmetical operations (addition, subtraction, multiplication
etc) of valuations are still valuations.

In fact, we will need the following, more general version of the third
bullet:

e For all valuations v, vector sequences k: N — N™ and i € N, Ik, i
(where i, ;(u) = lx,, (1)) is also a valuation. In this version, the
vector whose structure [y, ; gives depends on the input letter. Of
course, if k is not a polynomially computable sequence, then neither
is lkv,z"

A vector valuation is a collection v = (v;)o<i<pr—1 of valuations, for
some M € N. Vector valuations are used to obtain lengths of alphabets in
a polynomially computable way.
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Conditions

If v1, v9 are valuations, then v; > v9 is a condition whose interpretation
is clear;

if t1,to are terms, then ¢1 = to is a condition;

if ¢,t1 are terms and (Qu)wer: is a sequence of subsets of I, then
t1 € Q¢ is a condition. (u satisfies t; € Q; if t1(u) € Qt(u).)

if t is a term and i1, ...,1%, are fields, then Sfl B

is true for u if and only if u € Sfl(u) Z-n);

i, is a condition (that

H,(t) is a condition, where u satisfies H,(t) if and only if the TM
defined by program p does not stop within v(u) steps over term t(u);

boolean operations of conditions are also conditions.

Permutations

For every condition ¢, Check|q] is a permutation. Check[g|(u) is equal
to u if and only if u satisfies ¢ (and is undefined otherwise). This is
an involution.

For every valuation v and field 7 € N, incr[v, 7] is a permutation de-
fined in the following way: Let u € F{* and define u’ in the fol-
lowing way: wj := u; for all j # i, and uj = (7),, (w), where
v(w) := w+ 1 mod v(u) when w < v(u) (undefined otherwise); then
incr[v;i](u) := u’ if v(u) = v(u’) (undefined otherwise).

Essentially incr([v;i] adds 1 modulo v(u) to the i’th field of u. The
additional complications are due to the fact that we want this rule to
always be reversible (which would not necessarily be true if v(u’) is
not equal to v(u)) and length preserving (which is the reason that we
use the strange ~ function).

ay[t; Tape, Head_1,Head 1] is a permutation for every term ¢ and fields
Tape, Head_;, Head;;. We direct the reader to Section 5.2 for the def-
inition of this permutation, since it uses a permutation that is defined
and examined therein.

Let ¢ be a term and i be a field such that ¢t does not depend on i.
In other words, if u,u’ € Ff* and 7j(u) = m;(u’) for all j # ¢, then
t(u) = t(v).

Then, Write[t;i] is a permutation defined as follows: Let u € FE*.
Write[t; i](u) is defined if and only if Yu;{ = €. In this case, all fields

remain the same except for i which becomes equal to (t(u)),,,,-
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Essentially, we check that the field ¢ is empty and then write ¢(u) on
it, while preserving the lengths. The condition that ¢ does not depend
on ¢ is essential to ensure reversibility.

Write[t; i) ™! first checks that the i’th field is equal to t(u) and then
empties it, while preserving the lengths. This is a way to reversibly
erase some information from a letter, namely compare it with some
other place of the letter where the same information is held.

e For all fields i,7', Swapli,i'] is a permutation defined as follows: Let
u € FE*. Swapli,'|(u) is defined if and only if |u;| = |uy|. In this case,
all fields are unchanged except for 7 and i’ whose values are exchanged.

This is a length-preserving involution.

e For every condition ¢ and permutation «, if ¢ then « is a permutation.
On input u € F*, it applies « if condition g(u) is satisfied and ¢(u) =
q(a(u)). If g(u) is satisfied and ¢(u) # g(a(u)), then it is not defined
on u (this ensures reversibility). Finally, if ¢(u) is not satisfied, it is
equal to the identity.

e The composition of permutations is also a permutation. In construc-
tions, we will denote the composition as o a; by writing as below
o.

In the definition, we check that the values of the valuations, terms and
conditions that are given as parameters do not change. This is a technical
point that ensures that they are interpreted as reversible functions. In all our
constructions, these conditions will easily be satisfied because the valuations,
terms and conditions will either be constant or depend on fields that are not
modified by the rule at hand.

If we were giving a complete, formal description of a language, then
this would be the point where by a large, tedious induction we would prove
that, given some natural conditions on the parameters, every permutation of
the language is polynomially computable, or, more precisely, polynomially
computable in its parameters (this means that its complexity is a polynomial
of the complexity of its parameters) and that short programs exist for the
permutations. Namely, the size of the program is O(py,...), where ¢, v etc.
are the parameters of the permutation.

We can also prove that the size of a program of a permutation is approx-
imately the same as the size of the program of its inverse.

4.2 Conventions about defining IPPA

In the first part of this chapter, we gave a short exposition of the program-
ming language that will be used in the rest of the thesis in order to define
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permutations of IFz*. However, in order to define a PPA, the number of
fields and the directions of the fields also have to be fixed.

Recall that we want to define PPA, i.e., RPCA of the form F = o/ o a,
where § € {—1,0,+1}™ is the shift vector and « is a partial permutation
of A=Ay x ... Ap_1, for some M € N. In our case, F' will always be the
restriction of an IPPA, i.e., A will be equal to IE‘lg, for some k € NM and
o= B]Flg will be the restriction of some (infinite) permutation 8 defined in
the programming language.

We will use the following conventions when constructing such PPA:

o We first give a list of so-called explicit field labels. Such a list will
often be noted in the form C := [Field,,...,Field, ], where e, €
{=1,0,+1}. The subscripts e,...,€ correspond to the directions of
the fields (if the direction is equal to 0, then it will be omitted). The
field list is a tuple of pairwise different natural projections, that are
used by the permutation, together with their directions, that will be
used by the shift. (The labels of the fields will make the permutations
more understandable than the corresponding indices 4,4’,...). The
field list is not fixed, so in fact for every field list, we give a different
permutation, even though they only differ in the enumeration of the
fields.

The permutation is assumed to reject any element of IFz* that does
not involve all field numbers in the list, but note that it does not reject
tuples that have more fields; the so-called anonymous fields, that are
not in the list, are not modified by the permutation (but they might be
used by some other PPA with which we compose). This allows us to
define some simple PPA with few fields and then use them as “building
blocks” in order to build more complicated ones in the following sense:
the complicated PPA has more fields than the simple one, but, if it does
not “touch” any of its fields, its behaviour on those fields is described
by the corresponding behaviour of the building block.

If C and C’ are two lists of field labels, then C U C’ is the list that
contains the fields of C and C’. Usually, the lists will be disjoint, so
that we will use the notation C LI C’.

e After giving the field list, we describe an (infinite) permutation using
the programming language defined in the first part of this chapter.

e Then, we need to fix M € N and k € N™. If we do not care about the
existence of anonymous fields, then we always assume that M is some
number greater than or equal to the largest natural appearing in the
field list C. In this way, we ensure that the configurations will not be
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rejected simply because the program tries to access a field that is not
there.

When we do not want anonymous fields to exist (for example, when
we want to achieve exactness of a simulation), then we assume that
the field list C is equal to [0,..., M — 1] and we choose this M for the
number of fields.

In any case, after choosing M, we fix some vector k € NV satisfying
some appropriate conditions (which are case-specific).

Finally, we need to define the directions of the fields. However this
has already been done in the definition of the field list with the use of
the subscripts e, ¢’ etc. The directions of the anonymous fields can be
anything. In fact, our statements will be true for all directions of the
anonymous fields, since we will not refer to them.
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Chapter 5

The universal simulator

In this chapter, our aim is to construct an RPCA (a family of RPCA in
fact, depending on some parameters) that can simulate every other RPCA
that satisfies some conditions. This is done in Lemma 33. This RPCA is
extremely helpful and it will be part of all our subsequent constructions.
Since it is difficult to overstress the importance of this RPCA, we will give a
step-by-step description of its construction with as many details as possible.

In Section 5.1, we will embed a periodic rectangular grid in every con-
figuration. This is a standard procedure in hierarchical constructions and it
will allow us to partition every configuration into colonies and use the de-
coding function ®. In Section 5.2, we will make a slight digression and show
how we can simulate any TM with an RPCA in real-time. This is needed
in order to preserve the expansiveness of the horizontal direction. Then, in
Section 5.3, we construct an RPCA to simulate an RPCA whose direction
vectors are null (all its fields are still). There are some tricks involved in
this phase, mainly having to do with deleting the previous simulated letter
and synchronizing the computations. Then, in Section 5.4, we construct an
RPCA that can simulate any RPCA whose permutation is the identity i.e.,
any shift. Finally, in Section 5.5, we construct the universal IPPA Simulate
that can simulate any RPCA, when it is restricted to the appropriate alpha-
bet.

5.1 Imposing a periodic structure

Let Cgrig = [Addr, Addr 1, Clock, Clock1].

e Clock and Addr are meant to localize the cell in its macrocell, and
they correspond to the projections involved in the definition of explicit
simulation in Section 3.4.
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e Clocky and Addr,; are used to communicate with the neighbour cells,
so that consistency between the Clock and Addr fields is achieved.

Grid[vvaddr, Vvc1ock)

1: Check[mpaar,, = Tagar and Tcrock,; = Terock] {Check left-neighbour

information coherence.}

2: incrfvwagar; Addr4q] {Increment Addr; so that the right neighbour
can check coherence. }

3: incrfvyciock; Clock] {Update Clock.}

4: incr|vmeiock; Clock4] {Update Clockyq.}

By the discussion of Chapter 4, we know that Grid[vuagar, Vuciock; Carid]
is polynomially computable with respect to its parameters vypqar and vuciock-

In practice, the two valuation parameters vmpgqr and vyciock Will be con-
stant over the alphabet of the PPA, in which case the behaviour will be
described by the following:

Lemma 25. Let us fiz a field list Carig € N* and integers S, T € N;.
Let F be the IPPA defined by the permutation Grid[S,T;Cgria] and direc-
tions varia given by the label indices, and let k € N* be a vector satisfying:

{ Kagar, Kagar, > ||S]|
kCZocka kCZock+1 Z HTH .

Let ¢ € (F¥)%. Then, c € F2((FX)%) if and only if there exist s € [0, S
and t € [0, T[ such that c € 5451 In this case, F(c) € £t+1 mod TLST

In the previous statement, S and T should be understood as the width
and height of the macrocells. Notice, also, that the statement holds for all
vectors k € N* that satisfy the inequalities, which means that there can be
other fields in the alphabet. This means that if we use Grid together with
other rules that do not change the values of the fields in C¢,44, the statement
of the lemma will still be true.

The restrictions about the lengths of k ensure that fields are large enough
that we can write the binary representation of S and 7" on them.

Proof. We prove the stronger claim that if F2(c) exists, then there exist
0<s<Sand0<t<T such that for all n € Z, mpaar(cn) = Tagar,, (cn) =
s +mnmod S and Terock(Cn) = Terock, s (Cn) = t.

Suppose that 7agaar(cn) # Tadars, (¢n) OF Tciock(Cn) # Terock,, (Cn), for
some n € Z. Then, line 1 would not be defined at cell n, F(c) would not
exist, which is a contradiction.
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Suppose, then, that there exists n € Z with maaar(Cnt1) 7# Tagar(cn) +
1 mod S. Line 2 and the fact that Addr; is a right-going field imply that
Taddr 41 F(C)n+1 = Tagar(cn) +1 mod S. Then, line 1 is not defined at cell
n + 1 of F(c) since Tpgar,, F(C)nt1 = Tadar(cn) + 1 mod S # Tpaar(Cnt1)-
Therefore F(c) does not exist, which contradicts the hypothesis. Similarly,
we can prove that ¢,.Clock = ¢,41.Clock, for all n € Z. Thus, the stronger
claim we made at the beginning of the proof is true.

If mpaar(co) = s and 7erock(co) = ¢, then the previous claim implies that
for all n € Z, mpgar(¢n) = s+n mod S and 7c1ocx(cn) = t. Furthermore, since
the value of Addr is not changed by F' and the value of Clock is increased by
1 mod T every time step by line 3, we have that mpgar F'(¢), = s+ n mod S
and merock F(¢), =t + 1 mod T, for all n € Z.

O]

In general, when using IPPA, we have to use a similar rule every time we
want to impose some horizontal restriction on the configuration. Namely,
we have to use an additional right-moving (or left-moving, it does not make
a difference) field, and then we need 2 steps in order to verify that the field
is constant.

All of the rules we construct will factor onto Grid[S,T'; Cgriaql, for some
S, T € N;i. The following remark will give the disjointness condition in the
definition of simulation.

Remark 26. Assume that F: A = A% factors onto Grid[S,T;Cqrid
through the factor map H and let E‘;’t = H-Y(xst5T), Then, the union
Uo<ter 25 is disjoint and F(£5") C w3t mod T,
0<s<S
Therefore, if ®: A” —+ B% satisfies that D(®) C Z%’O, for some s,t, then

the union | |o<t<7 Fo®*(D(®)) is disjoint.
0<s<S

Z;’t implicitly depends on the factor map H. However, in applications,
H will be equal to m¢,,.,, so that no ambiguity arises by omitting it.

5.2 Simulating TM with IPPA

The IPPA Grid allows us to divide every configuration into colonies with
a periodical clock. We want to use this space-time structure in order to
do computations within the work-periods (the “time” between two subse-
quent steps where the clock is 0). We are going to introduce the elements
needed for this one by one, since, hopefully, it will make some of the ideas
more clear. First, let us show how to simulate TMs in real time with PPA.

For all programs p = pa € IF}, we construct an IPPA that simulates M
in real-time. This subsection is inspired by [32].
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Let Cyy := [Tape,Head_1,Head1].

The key item to maintaining reversibility, is to keep track of the history
of the computation. Some kind of archive of each past step is shifted in
the direction opposite to the head, in order for the head to always have
space to write the new history. Recall the definition of the function ¢ from
Subsection 2.2.1. Let vy[p]: (F%)* - (F%)? be defined by the following
transitions: (a,h_1,h4+1) is mapped to

e (d,x(a,q,9),x (a,q,0)), if (hs,h_s) = (¢,€) (Heads contains the TM
head) and U(a,q,p) = (a’,e,+1). If Heads contains a head and the
transition is an accepting one, then we write an encoding of the last
transition on the Head fields, modify Tape and the TM heads disap-
pear. Here, the assumption that the TM head (which has disappeared)
moves to the right is convenient to ensure injectivity.

i (a,’hlflvhzrl)’ where ( g/’hLé/) = (q,aX (a,q,9)) if (hs,h—s5) = (g.€)
and U(a,q,p) = (d’,€,0"). If the transition is not an accepting one,
then Tape is modified, the TM head is written on the appropriate Head
field and on the other Head field we write an encoding of the transition
and of the position of the head before the transition.

e (a,h_y,hqq)if hoq,hy1 ¢ @Qp\ {€}. If none of the Head fields contains
a TM head, then do nothing.

It is not difficult (by a tedious case enumeration) to see that ~,[p| is
a partial permutation and polynomially computable, thanks in particular to
the disjointness of @, C 3 and x (F4 x @Qp x {—1,1}) C 2F%. Basically,
~up] identifies the accepting state € with the absence of state (for which it
just performs identity). In other cases, it prevents from having two (non-
accepting) head states at the same cell; then it applies the transition rule
and sends the new state to the correct direction (depending on ¢), while
sending an archive of the last performed operation in the opposite direction.
At the moment that the accepting state appears, it just sends two (identical)
archives in opposite directions (there is no new state to send).

We say that ¢ € (IF}*)? represents (z,q,j) € F% x Q x Z of the machine
M corresponding to program p if:

e For all i € Z, Trape(ci) = 23

® (Thead_ (€)), Thead; (¢5)) € {q} x {e} U{e} x {q};

e For all i # j and ¢ € {—1,+1}, Teaa, (¢i) & @p \ {€}

e Foralli # j and § € {—1,+1}, if Theaq, (¢;) # € then § has the sign of
j—i
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Intuitively, this means that in ¢ there is at most one (non-accepting) head
at position j, no head elsewhere, and nothing (represented by e, like the
accepting state) in Head 1 on its right nor in Head ;; on its left. The possible
archives go away from the head position. We can thus see that the head
will never move into a cell where there is an archive, so that one of the
transitions of 7y[p] will always be applicable.

Formally, we have the following lemma about the behaviour of ~y[p].

Lemma 27. Let us fiz a field list Cyy € N® and a program p = pp € Fi.
Consider the IPPA F' defined by permutation (v,[p]) and directions vy given
by the label indices.

Let k € N* be a vector satisfying:

{ kHea,d,p kHead+1 > ||X (]F4 X Qp X {_11 +1})”
kTape > 1.

Let ¢ € (F¥)% and suppose that )c{ represents configuration (z,q,j) € F% x
Q X Z of M.
Then, for all t € N, >Ft(c)< represents Mt(z, q, j).

As in Lemma 25, the inequalities about the lengths of k simply state
that the fields are long enough. Using Lemma 7, we will omit the (-) and
)-( from (yy[p]) and )c( in the following proof, since they are only used to
make F' have constant lengths.

Proof. We will prove the claim for ¢ = 1; the general claim then follows by
induction.

Suppose, first, that M(z, ¢, j) does not exist. This means that (25, q)
does not exist, or equivalently, that U(z;,q,p) = U(c;.Tape, q,p) does not
exist. From the definition of 4/[p] and the fact that ¢ represents (z, ¢q, ), we
have that ~z/[p](c;j) does not exist, which implies that F'(c) does not exist.

Suppose, then, that M(z,q,7) = (2/,¢',j’) exists. This means that
U(zj,q,p) = (25,45 — J), and z{ = 2 for any i # j. By assumption,
for any i € Z, (WTape(Ci)’ 71-Head_l(ci)y THead 41 (Cz)) = (Zia h—l,i7 h+1,i) for some
ho1i by € QpUX (Fa x Qp x {—1,+1}) U {e}.

Moreover, for any i # j, and § € {—1,+1}, hs; ¢ Qp, so the identity
rule is applied. After applying the shifts, it gives that for any ¢ < j — 1,

(WTapeF(Ci)yWHeadle(Ci)y7rHead+1F(Ci)) = (Zia h—l,i+17 h—l—l,i—l)

= (227 h*171+17 6)

with h_1 41 ¢ @Qp, and for any i > j + 1,

(WTapeF(C’i)aWHead,lF(Ci%7rHead+1F(Ci)) = (Zi> h*l,i+17 h+1,i71)

= (2,6, hy1i-1)

49



with h+17i_1 ¢ Q

Now, assume (h—_1,,h41:) = (g,€) and that U(zj,q,p) = (z},q',—l)
(the other cases can be dealt with in a similar way). Then the transition
(2j,4,€) = (2j,4'sx (25,9, —1)) is applied by yy[p]. After the application of
~ulp] and the shifts, we obtain

(WTapeF<Cj)7 THead _1 F(Cj)7 THead 11 Fy [p] (Cj)) = (2’;, €, 6)7
(WTapeF(cj—l)y 71'HeacLlJ{T(Cj—l)7 7THead+1F(Cj—l)) = (Z;,l, qlv 6) and7
(FTapeF<cj+l)7 7THead,1F<cj+1)7 7THead+1F(cj+1>) - (Z§‘+17 € X (zja q, _1)>

All conditions are hence satisfied for F'(c) to represent M(z,q,5). O

Note that due to the parallel nature of IPPA, some configurations may
involve several machine heads, and valid simulations may take place in par-
allel, provided that there is enough space between them so that the archive
and the heads do not collide. For this reason, we need to give a “finite
version” of the previous lemma.

Lemma 28. Let us fix a field list Cyy € N* and a program p = pp € Fj.
Consider the IPPA F defined by permutation (yy,[p]) and directions vy given
by the label indices. Let k € N* be a vector satisfying:

kHead,pkHeadH > HX (F4 X Qp X {_17 +1})H
kTa,pe > 1.

Let c € (FX¥)%, ¢ = )e( and assume that there exists n € N such that the
set

J = {] c Z‘ (WHeadil(C;),WHead+1 (C;>) 7é (6, 6)}

satisfies that for any j # j' € J, we have |7’ — j| > 2n, and that for all
j € J, (cj.Head_1,c}.Head11) € Qp x {e} U {e} x Qp. For j € J, let
qj := ¢j.Head_; if (cj.Head_1,c}.Head 1) € Q, % {€} and g; := cj.Heady1 if
(cj.Head_1,cj.Headt1) € {e} X Qp.

Then, F"(c) exists if and only if (2, q,3'") == M"(c'.Tape, q;, j) exists,
for all 3 € J. In addition:

° WTapan(C)[[j_n,j+n]] = Zﬁj—n,j+nﬂ’ forall j € J;

o TrapeF"(¢)i = ¢ if i ¢ J+ [—n,n];

® (Theaa_, F"(C)j; Theaa, F(€);1) € {(q), )} U{(e, qj}, for all j € J;

® (Theaa , F" ()i, Theaa F" (c)i) & Qp x {e} U{e} x Qp, if i ¢ {J'] € J}
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Proof. First note that the identity is always applied when the head is absent;
in particular it is applied outside J + [—t,t] at time ¢t € N (because F' has
radius 1) and initially the heads are only in the positions in J.

According to the assumptions, for all j € J, the configuration ¢’ ob-
tained by turning all (¢;.Head_i,c;.Head;1) to (€,€) except at position j
represents (¢’.Tape, ¢;,7). Thanks to Lemma 27, for all 0 < t < n, Ft(7)
exists if and only if M™ (¢ .Tape, ¢;, j) exists.

In that case, since ¢’/ coincides with ¢ over interval [j — 2n, j + 2n] and

since the radius is 1, a simple induction can show that F(c¢?) coincides with
F'(') over interval [j — 2n + ¢, j + 2n — t]. Lemma 27 hence gives the main
claim.

Conversely, suppose that Ft(c’j ) is undefined for some j € J with ¢t <n
minimal. Then, F*~!(c¢?) exists, and by Lemma 27 involves a unique (non-
accepting) head, in some cell j/ € [j —t,j + t]. Therefore, v [p](F'~*(c”);
is defined for any i # j’. This means that ~,[p](F*~'(¢?);/) is undefined;
we have already noted that this is equal to y[p](F*~(c/);7), which proves
that F'(c') is undefined. O

Lemma 28 will be used in the following way: Every configuration will
be divided into colonies by Grid. Initially (when the clock is equal to 0),
inside every colony there will be exactly one TM head at the leftmost cell of
the colony. These TM will perform some computation for a small amount
of time compared to the the width of the colonies (the S of Lemma 25) so
that the heads will not meet. Lemma 28 will immediately imply that at the
end of the computation, in every colony, Tape contains the output of the
computation. Finally, the output of the computation will be copied onto
some new field and then the computation will be run backwards (remember
that 7[p] is a permutation).

We are now ready to give the details of the definition of the permutation
ay[t; Tape,Head_1,Head1]: Let u € F* and define u’ in the following way:

(u'.Tape, v Head 1, Head 1) = (yy[t(u)]) (u.Tape, u.Head 1, u.Head 1),

and uj; := uj for all j ¢ {Tape, Head_1,Head;}. Then,

ay[t; Tape,Head 1,Head 1](u) := u/,

if t(u) = ¢t(u’) (and it is undefined otherwise.).
Again, the definition gets a little more complicated due to the need
to preserve the lengths, to have arbitrarily many fields and to ensure re-

versibility. When ¢ = mprog, where Prog is a new field, then the condition
t(u) = t(u') is always satisfied.
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5.3 Computing the simulated permutation
Let Ccompute = Cy L [NTape].

e Head_1,Head,; are used by to simulate a TM with the rule of Subsec-
tion 5.2.

e The output of this computation is written on NTape and then the
computation is reversed (the Bennett trick, see [3]).

Compute[vpgar, Vclocks Ualarm, tProgs tRProg)

1: if ve10cxk = 0 and vpg4r = 0 then

2:  Write[0; Head_1] {Write the machine initial state in the left head
field.}

3: end if

4: if 0 < ve1ocx < Vplarm then

5: <'yu[tprog;Tape,Head,l,Head+1]> {Run the machine in order to
compute the permutation.}

6: else if vc1ock = Vatarm then

7. Check|THead_,» Thead 1 & Qtprog \1€}] {Check that the computation
halted.}
Write[Tape; NTape| {Copy the output onto a different tape.}
Swap[Head_1,Head 1] {The directions of the fields of Fy;[p]~! are
opposite to those of Fy[p].}

10: else if vp1arm < Uclock < 2Up1arm then

11: <’yu [tprog; Tape, Head 1, Head_l]*1> {Unwind the computation in
order to delete the archive.}

12: end if

13: if 2UAlarm < Vclock < 3rUAlarm then

14: <fyu[tRprog;NTape,Head,l,HeadHD {Compute the inverse of the
permutation, in order to recover Tape.}

15: else if vci1ock = 3Up1arm then

16:  Check[Thead 1> THeady; & Qtaprog \ 1€)] {Check that the computa-
tion halted.}

17:  Write[Tape; NTape] ! {Empty NTape.}

18:  Swap[Head_;,Head ;] {Reverse the directions again.}

19: else if 3vp1arm < Uclock < 4Up1arm then

20: <'yu [trprog; Tape, Head 1, Head_l]_1> {Unwind the second compu-
tation, too.}

21: end if

22: if Vo10ck = 4Va1arm and vygqr = 0 then

23:  Write[0;Head_1]~! {Erase the machine initial state.}
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24: end if

CompUte[vAddn UClock, UAlarm, UProg, URProg; CCompute] is polynomially com-
putable with respect to its parameters.

Note that, depending on the value of vpg4r, only a small amount of these
permutation are applied.

In applications, the three parameters va1arm, tprog, trprog Will be constant.
Uplarm CONtains a natural number that controls how long the computation
lasts. tprog and tgprog are interpreted as the program and the reverse program
(i.e., the program of the inverse IPPA) of the IPPA that we want to simulate.

We are now able to simulate uniformly RPCA with “radius 0” (null
direction vector).

Lemma 29. Let us fiz a field list Cgrig U Coompute € N8, wvectors k, k' €
N*, integers S,T € Ni,to,U € N and programs p,p~* € I} of a partial
permutation o : F* -» Fi* and its inverse a1, respectively and let G the
IPPA corresponding to permutation o and null direction vector.

Consider the IPPA F' with directions vgriduCompute, and permutation
Grid[S, T o Compute|[m aaar Teroek — to, U, D, 01
and assume that the following inequalities hold:

(U > max{t,(F¥ ), t,-1 (F¥ )}

S > max{2t, HX (IF?/) H}

T > 4U + 1ty

Kagar, kagar,, > ||S]|

kcrock kcroeks, = || 1|

kHea,d,p kHead+1 > ’X (]F4 X (Qp U Qp*l) X {_17 +1})‘
\ kTapeJ kNTape > 1.

Then, F](IF‘;)Z 57%07@ G](F‘g/)z , where ® := @TGMZ and

k\Z 0,0,8,T 5—1 k'\Z
Y= (]FB) nxmn ﬁSlf/Tape,]-]ead_1,Hea,d+1 a cI)Ta,pe((]FE) ) )

The number ty should be understood as a delay before which to apply
this rule, and U as the maximal time that we allow to the (forward and
backward) computation.

Proof. Tt follows from Remarks 24 and 26 that ® is surjective, ®6° = o®
and that D(®) := | Jo<t<r F'o*(D(®)) is a disjoint union.
0<s<S
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Therefore, in order to prove the simulation we only have to prove that
G® = ®FT. This is equivalent (since we are talking about partial functions)
to the facts that if ®(c) = b, then F7(c) exists if and only if G(b) exists,
and in that case ®FT (c) = G(b).

We are actually going to prove the following stronger:

Fact 30. IfC € (Flg)zmZO’tOﬁ’TmSIGVTape,Headfl,HeadJrl m(i);alpe(b)? then F4U(C)

exists if and only if G(b) ewists, and in that case F4V(c) € LO+UST A
51
]?/Tape,Head_1,Head+1 N (I)Tape(G(b))‘

Since the only rule applied outside ¢ty < Clock < tg+4U is Grid, Fact 30
implies that if ®(c) = b, then ®F 7T (¢) = G(b), which concludes the proof of
the lemma.

For the rest of the proof, let ¢ € (IF¥)% N x0to-5T N S\Tape,Head_ 1 Head 1 |
ot (b

Tape( )
Suppose, first, that F4U(c) exists.

e Clock = to: Initially, ¢ € Sirape Head_; Head,, Line 2 writes the initial
head of the TM on Head_; of the leftmost cell of every colony.

o {5 < Clock < tg+ U: Only the permutation of line 5 is applied.
Together with the directions of vcompute, this implies that we apply U
steps of the IPPA Fy[p] on configuration
(7rape (€); THead_; (), THeady, (¢)). This configuration has a starting TM
head at the leftmost cell of every colony, and since ¢ € ®~1(b), we have
that in the i’th colony the input of the TM is x (b;).

e tg = ty + U: Line 7 checks that in no place of the tape does there
appear a head of the TM defined by p. This means that all the TM
have accepted within the first U steps and since p is the program of
a, we take that a(b;) exists, for all ¢ € Z, or equivalently that G(b)
exists.

Therefore, if FV(c) exists, then G(b) exists.
For the other direction, suppose that G(b) exists, or, equivalently, that
a(b;) exists, for all i € N.

e Clock = tp: By assumption, ¢ € Syrape sead_; fead,-Line 2 writes the
initial state of the TM on the Head i of the leftmost cell of every
colony.

e {5 < Clock < tg+ U: Only the permutation of line 5 is applied.
Together with the directions of voompute, this implies that at each
step, we apply the IPPA Fy/[p] on the configuration
(7rape(C); Thead_; (€), THeada, (€)). There is a TM head at the leftmost
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position of every colony and the input in the i’th colony is equal to
X (b;). In other words, ¢rape(B5) = b;, for all i € Z.

Clock = to + U Since a(b;) is defined for all i € Z, U > t,(F¥) and
S > 2U , we can see that the conditions of Corollary 28 are satisfied
with n = U. This means that the computation of the TM in every
colony has accepted and that the output of the computation is written

on the Tape of every colony. In other words, ¢rape( BZFU(C)) = a(b;),
for all i € Z.

The check of line 7 is true, since by assumption all of the TM have
accepted before Clock = U, and when a TM halts its head disappears.
Line 8 copies the contents of Tape on NTape. Therefore, after the

FUEY = aby), for all

i

application of line 8, we have that gZ;NTape(B
1€ 7.

Finally, line 9 swaps the fields Head_; and Head,;. This can be
thought of as “reversing” the directions of these fields. We do this
because we want to reverse the computation done by Fy[p] and in or-
der to achieve this, it is not enough to apply <'yu [p]_1>, but we also
need to use directions —vcompute-

to+ U + 1 < Clock < tg+ 2U: Only the permutation of line 11 is
applied. Together with the fact that the shift directions have been
reversed and that the fields Head 1, Head; have also been exchanged
in the rules of lines 5 and 11, this implies that the IPPA (Fy[p])~! is
applied for U time steps on the configuration

(Fulp))Y (Trape(©): Thoad_1 (€): Teadss (€)):

Therefore,

(FTapeF2U(C)7WHead_lFZU(C)a 7THead+1F2R(c)) =

= (77Tape (C), THead 1 (0)7 THead 11 (C))

In other words, the computation has been “run backwards” until the
beginning, but the output of the computation is on NTape. This is the
trick used by Bennet in [3] to simulate arbitrary TM with reversible
ones.

At this point, F?V(c) € Sf.na .., Head_; is empty except at the left-
most cell of every colony, where it contains the initial state 0, and

finally, drape(BY ) = b; and dyrape(BL ) = a(by), for all i € Z.

to+2U < Clock < tg+3U: Only the permutation of line 14 is applied.
Together with the directions of vcompute, this implies that at each step,
we apply the IPPA Fy[p~!] on the configuration
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(7xTape(C), THead_, (€); THead,, (¢)). Notice that we use NTape as the TM
tape and we use the program p~! = tRProg-

e Clock = tg + 3U: Since a (a(b;)) is defined for all i € Z, U >
tp—l(ﬂ_'_"lg,) and S > 2U , the conditions of Corollary 28 are satisfied

with n = U. This implies that ¢yrape(B! ) = b, for all i € Z.

The check of line 16 is true, since all of the TM have accepted before
Clock = 3U. Line 17 copies the contents of Tape on NTape. Since,
at this point these fields are equal in every cell, this is equivalent to
emptying fields NTape (in a reversible way, though). Therefore, after
applying this permutation, F3Y(c) € S\Tape-
We still have to empty the Head fields, too. For this, we have to run the
computation backwards. Line 18 swaps the fields Head_; and Head 1,

“reversing” the directions of these fields.

e tg+3U +1 < Clock < tg +4U: Only the permutation of line 20 is
applied. Together with the fact that the shift directions have been
reversed and that the head fields inside the rules are also exchanged,
this implies that the IPPA Fy[p~!]~! is applied for U time steps on
the configuration Fy[p™ !>V (mrape(c), Taead_; (€), Thead,, (€))-

Therefore,

(FTapeF4U(C)77THead_1F4U(C)7 7THead+1F4U(C)) =

= (WTapeFZU(C)a 7THead_1F’2U(C)7 7THead+1F2U(c))'

Notice that now we are using Tape as the tape of the TM, while dur-
ing the forward computation we used NTape. This is not a problem,
though, because the two fields were equal at the end of the forward
computation at step 3U.

U
At this point, we have that ¢rape (BZ.F4 (C)) = a(b;), for all i € Z. Also,
in the Head fields, there exists the initial state 0 of the TM on Head_;
of the leftmost cell of every colony, while the rest of them are empty.

e Finally, line 23 deletes these initial states from all the colonies, and we
get that F4U(C) € Sl\elTape,Headfl,HeadH'
Therefore, we have proved that if G(b) exists, then F4U(c) exists and
€ H—1 :
F4U (C) € (F}’y{)z N EO,tO+4U’S’T N SHead_1,Head+1,NTape n (bTape(a(b))? which fin-
ishes the proof of the lemma. O

In a nutshell, this is how the construction works. First, use the pro-
gram p to compute «. At the end of this phase, Tape contains «(b) (in the
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colonies). Copy «a(b) onto NTape and in the second phase, run the compu-
tation backwards so as to erase all auxiliary information written by the TM
during the computation. At the end of the second phase, Tape contains b
and NTape contains a(b). In the third and fourth phases of the construction,
perform the reverse of what was done in the first two phases, while exchang-
ing the roles of NTape and Tape. First, use p~! with tape field NTape so
as to compute a~!(a(b)) = b, then copy Tape onto NTape (thus emptying
NTape) and then perform the computation backwards. At the end, NTape is
again empty and Tape contains «(b) and everything was done in a reversible
way.

Notice for all b € (F¥') and all ¢ € ®'(b), the values of the fields in
Caria U Ccompute Of ¢ are uniquely determined. This implies that if there are
no anonymous fields, or if the values of the anonymous fields were determined
by the fields of Cgriq U Coompute, then the simulation is also exact.

5.4 Shifting

Let Caracrosnift := [Tape, Tape_;, Tape  ].

Tape,; and Tape ; are used to exchange the information of Tape be-
tween colonies.

In the following algorithm, M € Nj has to be thought of as the number of
fields in the simulated alphabet, v € {—1,0,4+1}M as the vector of directions
of the simulated IPPA, and k': F£* -+ N is a vector valuation that gives
the lengths of the alphabet of the simulated IPPA. k’ represents the field
lengths of the simulated letters, whose information is then “known” to all
the letters of the simulating PPCA.

. /
MacroShift[M, v,k vaaar, Vc1ock, Umadar)

1: if ve1ock = 0 OF Ug10ck = UMagdr then
2. for0<i< M do

3: if lk’,i < Vpgar < lk’,i+1 then

4: Swap|Tape, Tape,, | {Letters are moved to the corresponding
moving fields, and back after vmpaar steps.}

5: end if

6: end for

7: end if

This is polynomially computable in the parameters.

Lemma 31. Let us fix a field list Cqria U CracroShift € N7, an integer
M € Ny, a direction vector v € {—1,0,+1}M, a vector k' € NM | ¢ vector
k € N* and integers S, T € Ny, tg € N.
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Consider the IPPA F' defined by directions vGriqcompute, given by the
label indices, and permutation

M(ICTOSh’ift[M, V@GriduCompute; k/, T 4ddr> TClock — L0, S]
Grid]S, T),

and assume that the following inequalities hold:

5 2 v (F¥ )]

T>ty+S

Kagar, kaaar,, > ||S]|

kClock>kClock+1 2 ”TH

kTapea kTap6717 kTape+1 > 1.
Then F](IF‘;)Z S’%O@ URIEE")Z’ where ® := @5, and 3 := (F¥)ZNx005Tn
& ((FK)?)

€
Ta,pe_l,Ta,pe_'_1

Recall that, by convention, the directions of the fields are the opposite
of the shift that is actually applied.

Proof. Again, by the definition of ® and Remarks 24 and 26, we know that ¢

is surjective, @0 = ¢® and that D(®) := | Jo<t<7 Flo®*(D(®)) is a disjoint
0<s<S
union.

Therefore, we only have to show that c7#® = ®F7T | which is equivalent
to showing, since o7 (b) is defined for all b € (F¥)Z, that if ®(¢) = b, then
OFT(c) = o7v(b).

As in the proof of Lemma 29, we are going to prove the following stronger

Fact 32. Ifc € (FE)ZNE00ST NS, rope | N Prgelb), then F(c) €

S0+SST NS Ne®~L(o"(b)).

;‘(J,}r)e_lthzg7e_~_1
e Clock = ty: By assumption, ¢ € Sfape,l,TapeH-
Lines 3 and 4 copy the encodings of the fields of b on the correct Tape,
in the following sense:

Since ¢ € ®71(b), TrTape(Bic)H[lk/,jvlk’,j+1[[ = x (m;(b;)), for all i € Z
and 0 < 5 < M. Line 4 moves the letter in Tape to Tape,, when
ly,; < Addr < ly i1, or in other words, moves the encoding of the j’'th
field of b; onto Tape,, if j is a right-moving field and to Tape_, if j
is a left-moving field.

This means that after the application of line 4, we have that

7TTaper (Bg)‘[[lk’,jvlk’,j+1[[ =X (Wj(bi»? while 7TTaPe_y]. (Bf)‘
Trape (BY) [=¢© foralli € Zand 0 < j < M.

[t jober ja [ —

Tt bt 1
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e iy < Clock < ty + .S: No permutation is applied during these time
steps. Only the Tape fields are shifted to the corresponding direction.

e tg = to +.5: Every symbol that was part of the encoding of the
j’'th field of b has travelled S steps to the direction indicated by

v;. This means that before the application of line 4, we have that
I .
Trape,, (B |10y o[ = X (Tilbizs), while

F3(c)

Mape_,, (Bn )|[[lk’,j’lk’,j+1
i€Zand 0<j< M.

Line 4 moves the letter from the Tape fields back to Tape. Therefore,
after the application of line 4, we have that F*¥(c) € Stape_, Tape,, a0d

®(F3(c)) = o7¥(b), which concludes the proof of the Lemma.

[ = WTape(BiFS(C)) [ =6 for all

Tt bt 541

O]

In this proof, it is of great importance that all the letters of b have the
same lengths, because this implies that the j’th field of every letter of b
is encoded at the same positions inside every colony. In fact, the reason
that we deal only with alphabets of constant lengths is that this shifting
procedure can work so easily.

5.5 Simulating any fixed rule

In this subsection, we will use Lemma 29 and 31 to construct an IPPA that
can simulate non-trivially any PCA, when restricted to an appropriate finite
subalphabet.

Let CSimulate = CCompute U CMacroShift € N6 (CCompute and CMacroShift
share the field Tape).

: /
Szmulate[M, v, k > UAddr; UClock, UMAddr; UMClock; UAlarm;, tProg7 tRProg]

L: ComPUte[UAddra Uclock; UAlarm, 75Prog7 tRProg}
. /
2: MacroShzft[M, V, Upddr; Uclock — 4Ua1arm, Vvaddr, K ]

This is easily seen to be polynomially computable in the parameters.

Notice that MacroShift and Compute are used at “different time steps”,
i.e., at different values of ve1ocx. Compute starts being used when vgyocx = 0
and, by definition of vcompute, is equal to the identity when vciock > 4Va1arm,
while MacroShift starts being used when ve1ock = 4Up1arn (it has a delay
of 4vp1arn). Formally, this means that for every value of vciock, at most one
of the rules Compute and MacroShift is not equal to the identity.
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The following lemma is the fruit of all our efforts until now. It provides
an IPPA that can simulate any PCA when restricted to a sufficiently large
alphabet.

Lemma 33. Let us fiz a field list Csimuiate UCqria € N0, an integer M € Ny,
programs p,p~* € F% of a partial permutation o & - F* and its inverse
a~ !, respectively, a direction vector v € {—1,0, —i—l}M, a vector k' e NM ¢
vector k € N* and integers S, T,tg,U € N.

Let G = 0 %« and F be the IPPA defined by directions VariduSimulate s

given by the label indices, and permutation

Simulate[M, VSimulate kl; TAddrs TClock — tO; S7 T7 U7 b, pil]
Grid[S,T] ,

and assume that the following inequalities hold:

(U > max{t,(F¥),t,1(F¥)}

S > max{2U, HX (Fgl) H}

T>4U + S + 1o

Kagar, kagar,, > ||S]|

kcrocks kcrocks, = |||

Ktead s KHead 1 = ’X (Fa x (QpUQp-1) x {1, +1})‘
\ KTape; knrapes Ktape_, s Ktape, , > 1.

Then, F|(F;5()Z 57%0’@ G’(Fg/)z completely, where ® := P rypejy; and

- k\Z 0,t0,S,T €
Y= (IF5) N N SHea.dfl,HeadH,Tapeil,Ta,peJrl,NTape

N7 ()P
Proof. Notice that line 1 together with Grid make up the permutation whose
behavior is described in Lemma 29, while line 2 and Grid make up the
permutation of Lemma 31. Also, as already noted, for any value of Clock,
at most one permutation of lines 1 and 2 is not equal to the identity.

Like in the proofs of Lemmas 29 and 31, we can easily see that we only
have to show that if ®(c) = b, then ®F 7T (¢) = G(b), and that this follows
from the following stronger fact:

gL

k\Z 0,t0,S, T Z
Fact 34. IfC € (FS) nXwro m‘S‘.IE\/Ta,pe,Hea,d_1,.F]ead_~_1,Tape_1,Ta,pe+1 Tape(b) ’

then FAUTS(c) exists if and only if G(b) ewists, and in that case FAU+5(c) €

0,to+4U+S,S, T F—1
P N SIE\ITape,Head_l,Head+1 N (I)Tape(G(b))'

Indeed, according to Fact 30, we have that F*U(c) exists if and only if
a(b) exits, or, equivalently, if and only if G(b) exists, and in this case

4U 0, 4U,S, T F—1
F (C) €X fot N Sflead_l,Head+1,Tape_l,Tape_H,NTape N (I)Tape(a(b))'
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Similarly, Fact 32 implies that

AU+ S 0,t0+4U+S,S,T €
F (C) €X N SHead_l,Head+1,Tapefl,Tape+1,NTapem

N (i)'li‘alpe (U_Va(b))’

which concludes the proof of the lemma, since G = o~ «(b). O]

Simulate is a rule (family of rules in fact, since they depend on parame-
ters) that can simulate any PPA. Every IPPA F' that we will construct later
will factor onto Simulate. They might have some additional fields for which
we apply a different rule, and this rule might even take into consideration
the fields of Csimulate, but none of these other rules is going to change the
fields of Cgimulate- Therefore, by projecting onto Cgimuiate, we will immedi-
ately obtain that F' simulates GG, even though the simulation might not be
exact.

However, if k does not have any anonymous fields, then the simulation
is exact, since all the fields of Cgrig U CSimulate are uniquely determined by
.

5.5.1 Satisfying the inequalities

Lemma 33 is true only under the assumption that the following set of in-
equalities are satisfied:

(U > max{t,(F¥),t,1(F¥)}
S > max{2U, HX (]Flg/) H}
T>4U + S + tg
Kpaar, kagar,, > ||IS]|
kcrocks kcrock.y = || 7|
kHead_lkaead_._l 2 |X (IF4 X (Qp U Qp*l) X {_17+1})‘
kTapea kNTapea kTape_la k’Tape_'_1 2 1.

We will denote this set of inequalities by Z(k,k’, S, T, U, to,p,p~"). When
to = 0, i.e., when the computation starts at Clock = 0, we will omit it and
write Z(k, k', S, T, U, p), instead. Let us explain again intuitively why each
inequality is needed:

[ ] kAddrakAddr_H Z ||SH The fields kAddr and kAddr+1 have to be large
enough so that we can write the binary representation of S in them.

® kclocks kciocky; = ||T']]: The fields kciock and kciock+1 have to be large
enough so that we can write the binary representation of 7" in them.

o U > max{t,(F¥), ty-1 (F¥')}: We have to run the TM long enough so
that the computation of p onto the encoded letters halts.
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S > max{2U,

that we can encode the letters of IFlg/ in them. In addition, they
have to be wide enough so that the heads of the computation do not
“collide”.

X (IE‘lg,) H} The colonies have to be wide enough so

o T'>4U 4+ S 4+ tg: T has to be large enough so that the computation
and the shifting are done before the next working period starts.

® Khcad ;> KHead,; > ‘X (IF4 X (QpUQ,y-1) X {—1,+1})‘: The head fields
have to be large enough so that states of v,[p] and ~y[p~!] can be
written on them.

® KTape; ktape, KTape_, k:Tape+ , = 1. Empty fields are of no use, in general.

Remark 35. If p,p~! € F3, k' € NM and ty € N are fized, then we can
choose k,U, S and T such that the inequalities of Lemma 33 is satisfied.

Proof. Since k', p and t( are fixed, given U, S,T we can choose k := ky g7
such that all of the inequalities except for the three first are satisfied as
equalities. Then, given S,U we can choose T' := Tg such that the third
inequality is satisfied as an equality. Similarly, given U we can choose S :=
Sy such that the second inequality is satisfied. Finally, U can be chosen
independently from the rest of the parameters, since it only depends on p
and k’, which are fixed. O

In later constructions, the choice of U will not be so straightforward,
as k’ will depend on k. In this case, we first fix G and then look for the
suitable values of the parameters. The situation becomes trickier when the
simulated RPCA depends on the choice of the parameters, as will be the
case in the following chapters. Then, we have to be careful not to fall into
a circular argument.

62



Chapter 6

Infinite hierarchies

For every PPA G and sufficiently large S,T, Lemma 33 shows that is is
possible to construct a PPA F that (S, T,0)-simulates G. In addition, the
simulation can be made exact. We also want to make it complete. The
most direct way is to restrict F to @{alpe(DG), which, by definition makes
the simulation complete. However, this is not good because it is a radius-S
SFT condition and, if we wanted to have an infinite nested simulation, we
would have to impose an infinite number of such restrictions, so that the
subshift we would obtain would not be an SFT.

The idea, which is the basic idea behind all hierarchical constructions, is
that if the simulated alphabet is determined in an easy way by the simulating
alphabet, then it is possible to design a simple IPPA that ensures that the

simulating configuration is in é{alpe(DG).

6.1 Son-father checks

The first thing is to check that the simulated letter, which is written in an
encoded form bit by bit in Tape, has the correct structure, i.e., it is the
encoding of a letter with the correct number of fields and lengths.

k' € Ft* » NM is a vector valuation, that gives the lengths of the
simulated alphabet as a function of the lengths of the simulating alphabet. In
applications, it will be easily computable from every letter of the simulating
alphabet, or, in other words, the information about the structure of the
simulated letter will be known to all of the letters of the simulating IPPA.

Ck Alph[M, vagar, trape, K']

1: if vpgqr > lk’,M then

2. Check(trape = 3) {On the right side of the encoding, Tape is 3.}
3: end if
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4: for 0 <i< M do

5: if vpger = lklﬂ' then

6: Check[trape = 2] {Field separators are at the expected posi-
tions.}

7. else if Iy ; < vpqar < Iy i+1 then

8: Checkltrape € Fo] {Proper field encodings are binary.}

9: end if

10: end for

This permutation is polynomially computable in its parameters. (In
every case that we use it, it will be easily checkable that the parameters are
polynomially computable.)

The following lemma follows simply by inspection of the definition of
X (+) and CkAlph[M, vpaar, trape, K']:

Lemma 36. Let us fiz a field list [Addr, Tape] € N2, an integer M € Ny, a
vector k' € NM S € Ny and a vector k € N*.

Let F' be the IPPA defined by a null direction vector and permutation
CkAlph[M, T gar, T1ape, K], and assume that the following inequalities hold:

5 2 || (E5)]
kaaar > || S]]
kTape > 1.

Let c € (F¥)Zn¥*5N &);alpe(b), where s € [0,S[ and b € (F*)2. Then,

F(c) exists if and only if b € (F¥)% and in this case F(c) = c.

In other words, if a configuration is split into colonies using the Addr
field and every colony has the encoding of some letter on its Tape tape, then
CkAlph[M, TTpaar , Trape, K'| ensures that this encoded letter belongs in IFlg'.

We can also check that some field ¢ in the simulated letter has a pre-
scribed prefix (given by a term t).

HChBCk‘[M, Vpddr tTape7 kla ia t]

1. if lk’,i < Vpgar < lk’,i + ‘X (t)’ then
2. Check[trape = X (1)
3: end if

‘UAddr_lk/’i ]

Lemma 37. Let us fir a field list [Addr, Tape] € N2, an integer M € Ny,
a field i € [0, M[, a covector k' € NM_ S € N, a term t: Ft* — F% and a
vector k € N*,
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Let F' be the IPPA defined by a null direction vector and permutation
HCheck|M, 7 paar, Tape, k', i,t], and assume that the following inequalities
hold:

5> x (=)
Kagar > ||S]|

kTape >1.

Let ¢ € (F)ZN 253N ¢ (b), where 0 < s < S and b € (F¥)? and
assume that t(c,) = t(cy) :=t. for alln,n' € Z.
Then, F(c) exists if and only if Wi(bj)[[o,ntcu[[ =t., for all j € Z and in this
case F(c) = c.

We implicitly assume that if [ > ||w||, where w € A*, then w; = e.

In other words, if all letters of ¢ have the “same idea” about what m;(b;)
should be, then, they can check in one step that this indeed happens. In
practice, ¢t will usually be equal to 7rie1q9, Where Field is a horizontally
constant field, so that the condition t(cy,) = t(¢,/) will be true. In this case,
we just check that 7pie1a(cn) is a prefix of mpie14(b;), for all j,n € Z.

Lemmas 36 and 37 correspond to what in [8] is achieved by mentioning
that “the TM knows at which place the information of every field is held”.
For many people, this argument is one of the most confusing things in that
construction. This is the reason why we have tried to explain this point as
clearly as possible and show exactly how the cells of the simulating IPPA
can collectively check that some constant information of the simulating al-
phabet is the same in the simulated alphabet. In fact, we use a general term
t in Lemma 37, which essentially allows us to impose any (polynomially
computable) condition on the simulated alphabet.

6.2 Self-simulation

We are now ready to construct a self-simulating RPCA. This is the simplest
and first example of nested simulation. We just check that the simulated let-
ter has the same lengths as the simulating ones and that some “hierarchical”
fields (which contain the values p,p~!,U, S, T that are fixed in Lemma 33)
have the same value in the simulated letter as in the simulating ones (where
their values is already fixed).

Let Cse1t := Csimulate U [MAddr, MClock, Alarm, Prog, RProg| € N1°.

MAddr and MClock are used to obtain the values of vmpaer and Umciock-
Similarly, Prog, RProg and Alarm are used to obtain the values tprog, trprog
and vp1arn. All of these fields will be horizontally constant.
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Self[M,v]

1: if mo10cx = 0 then

2: Check [Sﬁead_l ,Head1,Tape_; ,Tape+1,NTape]
3:  CkAlph[M, Tpaar, Trape; (|7]) j<nr) {Check that the lengths of the
simulated letter are the same}

4:  for i € {MAddr,MClock, Alarm, Prog, RProg} do

5: HCheck[M, mpaar, Tape, (|7}]) j<nr, i, ;] {Check that the hierar-
chical fields of the simulated letter are the same}

6: end for

7. end if

8: Simuzate[M7V7(|7Tj|)j<Ma7TAddra7rClocka TMAddr; 7™MClock; 7TAlarm; 7TProg
Trprog|{ The alphabet is as expected; we can simulate. }

9: Grid|muadar, TMc1lock]

In the next lemma, we do not want to have any anonymous fields, but
only those fields that are used in Self. There are 15 fields in Cge1f, SO We
take the field list [0, ..., 14], which means that we assign a number of [0, 15[
to every field in Cge1s in some random (but fixed) way. Once we have done
this, the corresponding vector of directions is also well-defined.

Lemma 38. Let us fix the field list Cseyp := [0,...,14], the corresponding
direction vector vsery, integers S,T,U € Ny and vector k € N5, Let F be
the IPPA with directions vseiy and permutation Self[15,vger| and p,p~ ! be
the programs for this permutation and its inverse, respectively.

Let Fy s1.u be the restriction of F' to the subalphabet

nse!

. mk S T U P
Ak,S,T,U = IE‘5 N SMAddr N SMCZock N SAZa,rm ns RProg»

Prog

and assume that the following inequalities are satisfied:

( I(k,k,S,T,U,p,p ")
kprog = [P
kRP'rog > Hp
Eyagar > ||S|
Emcrock > ||T|]
kAla?"m 2 ||U|| .

i

Then, Fy stu Fy sTu completely exactly, where ® := (i)Tape|E

=
S.T,0,®
and

. AZ 0,0,5,T € F—1 VA
T .S, Head_q,Head1,Tape_,,Tape, ;,NTape Tape U,S Tp)-
Si=ALl gy NT NS ) \Tape,, NP o (AL 157p)
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It is important to notice that F' is a fixed rule that does not depend on
k,S,T,U. Therefore, its program p is a fixred word which we can “feed”
to itself by restricting the alphabet to S5 .. This is the basic idea of self-
simulation. Notice also that the fields for which we do a hierarchical check
are exactly those that are fixed in the definition of Ayx g7 . We need to
ensure that these fields have the correct value in the simulated letter. The
correct way to do this is to check that the value of the simulated letter is in
a good relation with the values in the letters of the simulating IPPA. Here,
the relation is simply equality. Later it will be something more complicated.

We will try to give as many details as possible in the following proof be-
cause it will serve as a prototype for the rest of the hierarchical simulations.

Proof. We have to show three things: First of all, that Fix g7 (S,T,0)-
simulates Fi g7 with decoding function ® (simula:cion), second, that @ is
injective (exactness) and, finally, that Qp_g 5., € D(®) (completeness).
For the simulation part, let b~€ AE,S,T,U and ¢ € AﬁS’T’U N x0.0.5T N
ﬁead_l7Head+17Tape_17Tape+17NTape N ®~1(b). By definition, ¢ is not rejected by
the checks of lines 2,3 and 5.
Indeed, line 2 checks that the fields Head 1, Head 1, Tape_;, Tape,,
NTape are empty, which is true since

0,0,5,T €
ceEX N SHead_l,Head+1,Tape_1,Tape+1,NTape'

Line 3 checks that the lengths of the fields of b and ¢ are the same, while
the checks of line 5 check that b and ¢ have the same values in the fields
MAddr, MClock, Prog and RProg, which are true by definition.

Since c is not rejected by these checks and Fx g7 is a subrule of

GTZd[S, T] © Simuzatel&usgu [(‘71_] |)j<Ma TTAddr; TClock; Sy T7 Ua b, p_l]

and, by assumption, the inequalities of Lemma 33 are satisfied, and p is the
program of Self[15, vse1¢|, Lemma 33 gives that Fy g7 ¢ (S,T,0)-simulates
Fy s v with decoding function ®.

For the exactness part, we have already noted various times that the val-
ues of the fields in Cg;mulate are uniquely determined for all ¢ € ®~1(b). For
the hierarchical fields (i.e., MAddr,MClock, Alarm, Prog, RProg) the values
are fixed for all ¢ € .AE g - In addition, there do not exist any anonymous
fields (since we chose M= 15). Therefore, ® is injective and the simulation
is exact.

For the completeness part, we will first show that if ¢ € 0057 N
FI;,Z:,T,U(AE,S,T,U)? then ¢ € (I)_I(A%,S,T,U)'

Indeed, line 2 checks that ¢ € X007 0 S¢
(in the sense that if this is not true, then Fi g1 17, would not be defined, so
there would be a contradiction). According to Lemma 36, line 3 checks that

ead_1,Head,Tape_;,Tape ; ,NTape
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for every colony B¢, ﬂTape(Bf) has the structure of the encoding of a letter in
F¥. (We cannot immediately say that mrape(BY) is the encoding of a letter
in F¥ because there are some triplets that are not used by x (). So for
example, if the first three letters in the Tape tape are 111, then Trape(BY)
is not the encoding of a letter in F¥, even though the 2’s and 3’s are in
the correct positions.) In addition, since FkT ST.U exists and the inequalities
I(k,k, S, T,U,p,p~') are satisfied, this means that the computation of p
on input mrape(BY) halts, therefore for all i € Z, &Tape(Bf) = b € .
Lemma 36 now implies that gETape(Bf) = b; € F¥. Finally, line 5 checks that

~ —1 .
¢Tape(bi) = SI‘?Addr N Sb%lock n Sﬁarm N Sgrog N SI%{)Prog by CheCklng that the

hierarchical fields of b; have the same values as the corresponding fields of
the letters of ¢ (notice that the hierarchical fields are constant for the letters
of ¢, so that Lemma 37 applies). Summarizing, we have that b € A% ST SO

Z 0,0,5,T € H—1 Y/
that c € -/4](’5,’]"7[]mz mSHead,1,Head+1,Tap971,Tape+1,NTapem(I)Tape (Ak,S,T,U)'

Finally, if ¢ € F_ 27 /(AL g 7 py) then Flo®(c) € 9097 for some s €
[0, S[ and t € [0, T[. Therefore, F. g1 0%(c) € SOOI NF L (AL 6 1)
so that Fy, g 170°(c) € CIfl(AE’S’T,U). This implies that
Qrcsro © F 2h (AL o) € Uo<i<r Fo®(D(®)), which means that the
tl b K t ) k) O§8<S

simulation is also complete. O

6.2.1 Satisfying the inequalities

It is not as straightforward to see that the inequalities Z(k, k, S, T, U, p,p~!)
can be satisfied as it was for Lemma 33, because in this case k' is equal to
k, which means that we cannot fix k’ and then choose k, S, T, U sufficiently
big.

Remark 39. We can find k, S,T,U such that the inequalities of Lemma 38
are satisfied. In addition, for all € >0, S/T can be made larger than 1 — €.
(Intuitively, the macro-tiles can be made as close to a square as we want.)

68



Proof. We have to satisfy the following inequalities:

(U = max{ty(F%), -+ (FX)}
S > max{2U, HX (IF?) H}
T>4U 4+ S
Kaaar, kadary, = |||
kcrock, kcrock. = ||T|

kHead_U kHead+1 > |X (IF4 X (QP U Qp_l) X {_17"{'1})‘
kTapev kNTape; kTapefp kTapeJrl > 1

kprog = P
krerog = [[p~"||
Fwpaar = [|S]|
kMClock == ”TH
kAlarm - ||U” .

For all S,T,U, let us choose k := kg 77 such that all of the inequalities
except the first three are equalities. Then, { X (Flg) H < Pi(log S,log T, logU)
and max{t,(F¥),t,-1(F¥)} < Py(log S,logT,logU), for some polynomials
Py, P,. These follow by definition of x (-) and kg7 and the fact that the
program p is fixed and has polynomial complexity.

Therefore, it is enough to find S, T, U that satisfy the following inequal-
ities:

U > Py(log S, log T,log U)
S > max{2U, P;(log S,1log T, logU)}
T>4U+ S .

For all S,U, let us choose T':=Tsy = S 4+ 4U. Also, for all S, Sy, r, let
us choose U := Ug s, » = log" (S+Sp). Then, the third inequality is satisfied
and the other two are written as follows:

log"(S + Sp) = Pa(log S, log(S + 4log" (S + Sp)), log(log" (S + So))
S > max{2log" (S + So),
Py (log S, log(S + 4log" (S + S0)), log(log" (S + So))) }-

There exist fized r,Sg € N such that the first inequality is satisfied for
all S, because P is a fixed polynomial (hence its degree is a fixed number).
Let us choose such r,Sy. Then, if S is sufficiently large we also have that
the second inequality is also satisfied (since r, Sy are now fixed), because the
right hand side grows only polylogarithmically in .S, which finishes the proof
of the claim.

For the second claim, S/T = m, which can be made larger
than 1 — e by choosing S sufficiently large. O

Corollary 40. There exists an RPCA G such that Og is non-empty, ape-
riodic and N'(G) = {0}.
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Proof. Let G := Fyxsru: AéU’S’T — .AfU’S’T, for some parameters that
satisfy Z(k, k, S, T,U,p,p~!). This is possible, according to Remark 39. By
definition, we have that S < T.

It is not difficult to see that G~1(AZ,, ;) is nonempty. Then, Lem-
mas 38, 20, 18 and Proposition 23 imply that @G is non-empty, uncountable,
aperiodic and N (G) = {0}. O

This finishes the construction of an extremely-expansive, aperiodic 2D
SFT. Once we achieved self-simulation, then extreme expansiveness follows
immediately from Proposition 23.

6.3 Hierarchical simulation

We now want to construct more general nested hierarchical simulations,
where the parameters of the simulation might vary in every simulation level.
This structure is more flexible than a simple self-simulating RPCA, and it
will be more useful in the various applications.

Let us fix the field list Cyrgimui := Csimulate U [Level, Prog, RProg] and
let virgimw be the corresponding vector of directions.

e Prog and RProg are used as in the previous section.

e Level is used to obtain the values of vmpgdr, Vnciock and vpiarm, NOt
through a direct projection, as in the previous case, but in a polyno-
mially computable way.

In the following, let &,%,4 € NN be sequences of integers and and
(k: N = NM), .y is a sequence of vectors depending on n (It can give rise
to a vector valuation by using mrije14 as the index of the sequence).

HSimul[M,v,k, &, T, 4]

1: if mo10cx = 0 then

2: Check [Sl-elead, 1,Head 1 1,Tape_;,Tape ,NTape]

3. CkAIph[M, Tpaar, TTapes Kmov+1) {Check that the lengths of the
simulated letter are correct}

4:  HCheck[M, Tpadr, Trape; Krioyer+15 PTOZ, Tprog] {Prog of the simu-
lated letter is the same}

5. HCheck[M, paar, Tape; Krpover+1, RPLOZ, Trprog] {RProg is also the
same} -

6:  HCheck[M, Tpaar, Trapes Krpeper+1, LevVel, Treve1 + 1] {Level of the
simulated letter increases by 1}

7. end if
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8: SszZate[M7 v, kWLevela T'Addr T Clocks 67"Level? Tﬂ’Level’ u’”Level’ TrPrOg7
TRprog) {Simulate}
9: Grld[gmevelﬂ SWLevel]

We will now construct a nested simulation of RPCA where the simulation
parameters are different at every level.

Lemma 41. Let U, &, T be polynomially checkable sequences of integers.
Let us fix the field list Cysimu = [0,...,12], the corresponding fixed di-
rection vector vggimu and a polynomially checkable sequence of 13-uples
k € (N )N, Let F be the IPPA with directions Visimu and permutation
HSimul[13, vy simul, K, 6, T, 4; Crrsimu] and p,p~t be the programs for this
permutation and its inverse, respectively.

For all n € N, let F,, be the restriction of F' to the subalphabet

_ Tk n P p!
"4” T IE\5'” N SLe'uel N SProg N SRPTog?

and assume that the following inequalities hold for all n € N:

I(knvkn—l-l,‘s’naTnaUnapvp_l)
kn,Prog Z HpH
kn,RP'r‘og Z Hp
kn,Level > ||n|| .

i

Then, F, > Fo+1 completely exactly, where ®, := (i)TapeIZn and
STL7T7L707¢71/

— AZ 0,0,5,,T; € H—1( AZ
Zn T An N ) SHeadfl,HeadJFhTapefl,TapeJrl,NTape no ('An—‘rl)

The proof is very similar to the proof of Lemma 38. There exists some
differences, though. For example, we do not have the fields MAddr, MClock
and Alarm. These fields are computed with the aid of field Level, so we
perform a hierarchical check for Level. Apart from that, the proof follows
the same pattern.

Another difference, which will be important when we prove that the in-
equalities can be satisfied is that the program is not fixed once we fix M
and v, as in the self-similar case, but depends on k,&,% and Y. There-
fore, its complexity also depends on these parameters. More precisely,
tp(An) = P(|A,| + tk(n) + tg(n) + tz(n) + ty(n)), for some polynomial
P that does not depend on the parameters. This is due to the fact that the
program consists in a bounded number (independent of n) of polynomially
computable functions and a bounded number of calls to the parameters.
Similarly, |p| = O(|pk| + |ps| + |pz| + [py|). (The same things hold for p~1.)
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Proof. Let us fix n € N. We have to show three things: that F,, (Sy,Ty,0)-
simulates Fj,;1 with decoding function ®,, (simulation), that ®,, is injective
(exactness) and that Qp, € D(®,,) (completeness).
For the simulation part, let b € AZ | and ¢ € ®~1(b) € AZN X005 Tn
ﬁead&7Head+1,Tapeil’TapeH’NTape. By definition, c is not rejected by the checks

of lines 2,3,4, 5 and 6, .
Since c is not rejected by these checks and F;, factors onto

Simulate[13, Vsimulate, (|7j])j<, Taddrs Terock, Sns Ty Un, s pil]
Grid[Sp, Ty)

and, by assumption, the inequalities of Lemma 33 are satisfied by k, and
k,+1, and p is the program of HSimul[13, vysimu, k, S, %, 4], Lemma 33
gives that F,, (Sp, Ty, 0)-simulates Fj,+1 with decoding function ®,,.

For the exactness part, we have already noted various times that the
values of the fields in Csimuiate are uniquely determined for all ¢ € ®~1(b).
For the hierarchical fields (i.e., Level,Prog, RProg) the values are fixed for
all ¢ € AZ. In addition, there do not exist any anonymous fields (since we
chose M = 13). Therefore, ®,, is injective and the simulation is exact.

For the completeness part, we will only show that if ¢ € £%0:5»T» N
F,;T(AZ), then ¢ € ®'(AZ, ). Having shown this, it is easy to conclude
that the simulation is complete using the same argument as in the proof of
Lemma 38

Indeed, line 2 checks that ¢ € %005 NS

According to Lemma 36, line 3 checks that for every colony BY, Trape(BY)
n+1

ead_1,Head1,Tape_;,Tape  ;,NTape"
has the structure of the encoding of a letter in IF? . In addition, since
FTn(c) exists and the equations Z(k,, k.11, Sn, Ty, Un, p,p~ ") are satisfied,
this means that the computation of p on input 7rape(BY) halts, therefore for
all 1 € Z, qNSTape(Bf) = b; € Fi*. Lemma 36 now implies that gzNSTape(Bf) =
b; € FE"*'. Finally, lines 6,4 and 5 check that drape(b;) € S/L NSE. N

Leve Prog
p=1
SRProg‘
Summarizing, we have that b € A%H? so that ¢ € AZ N £005Te A
F—1 Z — :
Sfleadfl,Head+1,Tapefl,Tape+1,NTape n (I)Tape(An-i—l) - Zna or equlvalently that
ce (AL, ). O

6.3.1 Satisfying the inequalities

Let us now show that the inequalities of Lemma 41 can be satisfied:

Remark 42. We can find k € (NN and &,%,4 € NY such that the
inequalities of Lemma 41 are satisfied. In addition, []._, Si/T; can be made
both 0 and # 0.

<n
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We have to deal with two problems, which were not present in the previ-
ous cases: First, there is an infinite set of inequalities, since there is also an
infinite set of RPCA, and they must all be satisfied simultaneously. Second,
the size of the program and the complexity of the permutations depends on
the choice of the parameters & and ¥.

Proof. We have to satisfy the following inequalities, for all n € N

Un > max{ty(F5"*"), ty-1 (F" )}
S, > max{20,, ’ X (IF‘S‘"“) H}

T, > 4U, + S,

kn,Prog > HPH
kn,RProg Z Hp
kn,Head_pkn,Head_»,_l > ’X (IF4 X (Qp U Qp—l) X {_17 +1})‘
kn,Addrakn,Addr+1 > ”SHH

kn,Clock7kn,Clock+1 > ||Tn”

i

kn,Tapea kn,NTape» kn,Tape_l ) k'7L,Tape_~_1 Z 1
kn,Level == HnH .

For all n € N and &,%T and U, let us choose k,, := k,, ¢ ¢ such that the
last four inequalities are satisfied as equalities. Then, we can see that

HX (an) H S Pl (log Sn’ log Tna IOg n, kaead_l ) kaead_Ha kn,RProg, kn,Prog)v

for some polynomial P;.

We claim that |p| < ¢(|pk|+ |ps|+ |p<| +|pyl), for some constant c¢. (The
same holds for p~! and we can assume that the constant c is the same.) This
is because, as we have already noticed, the program of p uses a fixed number
of polynomial operations and a bounded number of calls to the parameters

’pk’7 |p6|7 ‘p3‘7 ’pﬂ.’
For the same reason, we have that

max{tp(IFlg), tpfl(Flg)} < Py(log Sy, log Ty, log n, kp sead

kn,Head+1> kn,RProga kn,Proga tk(n)y tG (n)v ) tT(n)a tﬂ(n))a

for some fized polynomial P, that does not depend on the parameter se-
quences.

Therefore, it is enough to find sequences k, S, T, 4 that satisfy the fol-
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lowing inequalities, for all n € N:

kn,Prog; kn,RProg > C(’pk’ + ’p6’ + ‘pT’ + \pu\)
kn,Head_la kn,Head_H > }X (IF4 X (Qp U Qp—l) X {_17 +1})‘

U, > Py(logSyi1,10gTy11,log(n+ 1),
kn+1,Head_1 ’ kn+1,Head+1 ; kn—i—l,RProg; kn—&-LProga
tk(n + 1)7 tG(n + 1)7 t‘I(n + 1)7 til(n + 1))

Sp > max{2U,, P;(log Sp+1,log Ty+1,log(n + 1),
okl Ips|, <!, Ipul)}

T, > 4U,+ S, .

Recall that in the above inequalities, @), and @),-1 depend on the choice
of parameter sequences.

We will show two ways to do this. The first one does not give an
extremely-expansive SFT, because [[,_, Si/T; does not converge to 0, while
the second one does.

<n

1. For all sequences & and 4, let us choose T}, := T}, gy = Sp + 4U,.
Also, for all ng,r and @ > 2, let us choose U, := Uy = (n+ ng)",
Sn,no = Sp = Qn+n0> kn,Prog = kn,RProg = noQr and kn,Head,1 =
K Head,, = mo for all n € N.

Then, the last inequality is satisfied by definition. In addition, for
all no,r, Q, we have that |ps| < |[cino@Qll, |pyu| < ||carnol| and |ps|,
Ipk| < |lesrno@Q)||, for some constants c1,co,c3. This is true because
the sequence (n + ng)" is uniformly (polynomially) computable in
n,ng, r, which means that there exists an algorithm that takes as input
(n,ng,r) and outputs (n + ng)”, for all values of n,ng and r. If we
use the program for this algorithm together with a description of ng
and r, then we obtain a program of length bounded by ||carng|| for the

sequence ((n + ng)")nen. A similar argument holds for the sequence
QTH‘”O‘

Since this algorithm works for all choices of ng, @, r, it means that @,
and @),—1 are actually fized.

In addition, all of the algorithms are polynomially computable, which
means that

tg (n), tg(n), tk(n) S P3 (log Qn+n0), tu(n) S P4(log(n + no)’"),

for some fized polynomials Ps, Py.

Therefore, substituting these in the inequalities above and doing some
regrouping of the terms in parentheses (that is omitted), the inequal-
ities that need to be satisfied are written as follows:
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noQr > log(noQr)
/

ng > ¢
(n+np)" > Ps(log Qrnotl log(n +mngp +1)",log(n + 1))
Q"™ > max{2(n+no+ 1), Ps(log Qnrtnott log(n+1))},

for some polynomials Ps, Ps and constant ¢ that do not depend on
r,ng or Q.

Since ¢ is fixed, the first two inequalities are true for all but a finite
number of triples ng, @, r. Without loss of generality, we assume that it
is always true. We can choose ng and r such that the second inequality
is true for all n € N and all ng > ng, because the right hand of the
inequality is bounded by a fixed polynomial of (n+ng) and r, while the
left-hand side grows like n”. With fixed r, we can also find n’Q such that
the third inequality is satisfied for all n € N and all ng > n’Q, because
the left-hand side grows exponentially in (n 4 ng) and the right hand
only polynomially (since r is fixed). By choosing no = max{ng,ng}
we can satisfy both inequalities for all n at the same time.

Note that [[;cn Si/Ti = [Lien(1+ (n+n0)"/Q™ 1) # 0. Therefore, if
we choose the sequences like this, we do not obtain a unique direction
of non-expansiveness, but rather a cone of non-expansive directions.

. For all np € N and Q > 2, let us choose Sy, = S, = Q"0
Tn,no =T, = 25, and Un,no =U, = %7 kn,Prog = kn,RProg = nopQ
and kp Head_; = KnHeaa,; = no for all n € N. We can use a similar
argumentation as in previous case to show that it is enough to satisfy
the following inequalities:

noQ > [|Qnol|
Qn—i—no > P n+ng+1
> P3(log Q ,log(n + 1))
n+no+1
Qntno > max{T, Py(log Q"™ Tog(n + 1))},

for some polynomials P3, Py and constant ¢ that do not depend on ng

and Q.

Obviously, for all @ these inequalities are satisfied when ng is suffi-
ciently large.

In this case, [[,cn Si/Ti = [Licn Si/2S5: = 0, therefore the correspond-
ing SFT is extremely expansive.

O
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For both cases, we have a lot of freedom in choosing the sequences. In
the previous proof, we just described two of the possible ways which are
enough for the results we want to obtain and help in presenting the basic
ideas of the proof that is needed in any possible case.

6.4 Universality

Let Cother = [0Tape_;, 0Tape, 0Tape_ ;] and let us fix the field list Cyrpip =
CHSimul U Cosner and the corresponding direction vector vym,gy.

For any n, consider an RPCA G, with permutation ay,: (F)? — (F&)3
over Cptner- This is not a strict restriction in itself: all RPCA can be repre-
sented in this way, up to a simple alphabet renaming and use of Remark 7

If the sequence of permutations (o, )nen is polynomially computable, we
can build a PPA that simulates G,,, for all n € N.

Univ[M,v, k, &, %, 5L o]

aLevel[COther] {Gn on the COther ﬁelds}
if TClock — 0 then

€
ChGCk [SHead, 1,Head1,Tape_; ,Tape_~_1 ,NTape]
Ck‘Alph[M ; TAddr; TTape; km_evelJrl]

HCheck [M7 T'Addr; TTTape; kTFLevel+17 Prog, 7T'Prog]

HCheck[M, Tpaar, Tape Krpever+1, RPTOZ, Trprog]

HCheck [M, T'Addr; TTTape; kTrLevelJrla Level, TLevel T 1]
end if
Simulate[M, v, kﬂ'Level’ TAddr> 7TClocks GWLevela ‘-Sﬂ'Levela umevela TProg
TRprog| {Simulate}
GT/id[GWLevel ) SWLevel; CGTZd}

,_.
e

The only difference of this rule with HSimul is that it has 3 additional
fields (which implies that k will be chosen in (N'®)N) and that we apply
Qreve1 ONto the field list Corner independently from what we do on Cygimui-

Lemma 43. Let U, S, T be polynomially checkable sequences of integers and

a a polynomially computable sequence of permutations. Let us fix the field

list Cyniv =10, ..., 15], the corresponding fixed direction vector vypi, and a

polynomially checkable sequence of M -uples k € (N'5)N. Let F be the IPPA

with directions vypi, and permutation Univ[15, vypiv, k, 6, %, U; Cuniv] and

p,p~ ! be the programs for this permutation and its inverse, respectively.
For alln € N, let F,, be the restriction of F' to the subalphabet

— Tk n P p!
An T IE‘5n N Level N SProg N SHProg?
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and assume that the following inequalities hold:

I(kna kn+la STL7 Tnv Un7p)
kn,P’r‘og > |p|

kn,HProg Z |p_
kn,Le’uel Z HnH

'

kn,DTape = kn,OTape_l = k/‘?“L,K7T(L}f)e_~_1 > ln .

If Qq, # Q),jhen F,, completely (Sy, Ty, 0)-simulates F, 1 with decoding
function ®,, = P rapels, ; where

. AZ 0,0,8,T € -1 Z
Z:n T 'An n N SHead_l,Head+1,Ta,pe_l,Tape+1,NTape ne (An+1)'

The simulation is exact if and only if Qg,, is a singleton.
In addition, if c € F,Y(AZ), then Gpmcyy..(€) = TegmFn(C).

As mentioned before, the proof is very similar to the proof of Lemma 41.
Therefore, we are going to omit most of the details and only stress those
points where there is a difference.

Proof. Let us fix n € N. For the first claim, we have to show that F),
(S, Ty, 0)-simulates F,+; with decoding function ®,, (simulation), that &,
is an injection if and only if Qg, is a singleton and that Qp, C D(®,)
(completeness).

For the simulation part, let b € AZ +1p- We can find ¢ € AZ that simu-
lates b: we choose c € ®71(b) € A%HZO’O’S’TﬂSﬁeaLl7Head+17Tape_l,TapeH,NTape
such that me,,,., (¢) € Qg,, (this is possible by the assumption that Q¢, # 0).
Then, it is easy to see that ¢ simulates b, because Cgiper is only “touched”
by Qrevelr := @, p is the program of Univ[17, vypiv, k, 6, T, 4; Cypiy] and
GT (7. (€)) exists.

For the exactness part, as usual m¢,,,, ., (¢) is uniquely determined by b.
However, 7¢,,,..(¢) can be chosen independently from b to be any element of
Qg, , so that the simulation is exact if and only if Q¢, is a singleton.

Finally, for the completeness part, an argument almost identical to the
argument in the proof of Lemma 41 shows that if ¢ € 0057 0 F-T(AZ),
then c € ®~1(AZ, ). As we know, this is enough to show that the simulation
is complete.

The second claim, that if ¢ € Fj; 1(AZ), then Gy Tegume, (€) = Tepmee Fn(€) i3
straightforward from the definition of F,, since the only rule that “touches”
the fields Cother 18 G- O

Remark 44. 1. Qp, # 0 if and only if Qq, # 0, for alln € N.

2. If Qp, # 0, then Fy completely simulates G, for all n € N.
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Proof. 1. If Qg, = 0 for some n € N, then Qp, = 0, so that since Fj
simulates F,, (by transitivity of simulation), we obtain that Qg = 0
by Lemma 20.

If, on the other hand, Qg, # () for all n € N, then Lemma 18 gives
that Qp, # 0.

2. If Qp, # 0, then the second claim of Lemma 43 implies that F, factors
onto GG,,. Since Fj simulates F),, for all n € N, we obtain that Fj
simulates G,,, for all n € N.

O

Remark 45. Even if [ ;o Si/Ti = 0, Fy is not necessarily extremely expan-
stve, since we might have non-expansive directions coming from the G, part.
However, in the special case that Qg, is a singleton for alln € N, then all
the simulations are exact and it is straightforward to see that N'(Fy) = {0},
because Proposition 23 applies.

6.4.1 Satisfying the inequalities
Remark 46. We can find k € (N*)N and &, T, 4 € N} such that the
inequalities of Lemma 43 are satisfied and [ ;o Si/T; = 0.

We only state the case [ [;c Si/Ti = 0 (even though we can make it # 0)
too, because it is what we will need and use in the applications.

Proof. Let us write explicitly the inequalities that we need to satisfy:

Un > maX{tp(Flgn+1)a tpfl(Fls(n-‘—l)}
Sy > max{2U,, ’X (]F};"“) ‘}

T, > 4U, + S,

kn,Prog 2 |p|
kn,RProg Z ’p
kn,Head,17kn,Head+1 Z ‘X (F4 X (Qp U Qp*l) X {_17 +1})‘
K addrs Enoadar., > ||Snll

kn,Clockykn,Clock+1 > HTnH

kn,Tapea kn,NTape» kn,Tape_17 ]’{37L,Tape_~_1 > 1
kn,Level = ||’I’L||

kn,UTape = kn,DTape71 = kn,DTapeJrl = ln .

For all &,% and 4 , let us choose k,, := k,, ¢ 5,4 such that the last five
inequalities are satisfied as equalities. Then, we have the crucial inequality

HX (Flg"> H < Pi(log Sy, log T, log n, Iy,

kn,Head_l 3 kn,Head_H ) kn,RProga kn,Prog)y
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where [, is the size of the alphabet of «,.
The other crucial inequality of the proof of Lemma 42 also holds without
any essential changes:

ma'X{tp(]FIE)()a tp*1 (]Flgf)} S PQ (1Og Sna lOg T’na log n, ln7 kn,Head71 )

kn,Head+1 s kn,RProgy kn,Prog7 tk(n)u ts (n), ) tg(n), tﬂ(n))

for some polynomial P» that does not depend on the parameters.

This holds because the permutation applied consists in a number of
polynomial operations (recall that « is polynomially computable and fixed
for this specific construction) and a bounded number of calls to &, T 4 and
k.

Also, since « is polynomially computable, [,, (which is part of the output
of av,) is also bounded by a polynomial of n so that we can “remove” [,, from
the right-hand side of the previous inequalities and “incorporate” it in the
polynomials P;, P>. From this point on, the proof is identical to the proof
of Remark 42. (We are free to chose whether [, .y Si/T; is equal to 0 or
not.) O

6.4.2 Domino problem

Theorem 47. It is undecidable whether an extremely expansive SFT is
empty.

Proof. Let M be an arbitrary TM with program p’. For all n € N, we define
«y, as follows:

l, = 1. a,(0,0,0) = (0,0,0) if H;‘,(O”) is true (i.e., if M does not halt
within n steps). «, is undefined in all other cases.

(an )nen is a polynomially computable sequence of permutations. Qg,, is
a singleton, equal to {°°0°°}, if and only if M does not halt within n steps.
Otherwise (g, is empty.

Let us construct the sequence of RPCA (F},)nen as in Lemma 43 corre-
sponding to the o and k, &, %, 41 that satisfy the inequalities and for which
[Licn Si/Ti = 0. Then, Remark 44 implies that Qp, (equivalently, Op,) is
non-empty if and only if {2¢g, is non-empty for all n, which is equivalent to
that M does not halt over input 0°°.

In addition, Remark 45 implies that if Qp, is non-empty, then NV (Fp) =
{0}.

Therefore, for every TM M, we have constructed a 2D SFT Op, that is
non-empty if and only if M does not halt over input 0% and if Op, # 0, then
Or, is extremely expansive. This concludes the proof of the undecidability.

O
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It follows from the previous proof that we have actually proved the fol-
lowing: Let A be the family of forbidden patterns that define empty SFT,
and let B be the family that defines non-empty extremely expansive SF'T
(with unique direction of non- expansiveness oo). There does not exists a
recursively enumerable set X that contains B and is disjoint from A. In
other words, if an algorithm correctly recognizes all non- empty extremely-
expansive SFT, then it must also (falsely) recognize an empty SFT.

6.4.3 Intrinsic universality

The second application concerns the universality properties of RPCA.

Theorem 48. For any computably enumerable set of non-empty PPA, there
exists a PPA that completely simulates all of them.

Proof. First of all, we can assume that all the PPA are over the field list
Cotner With the corresponding directions. This is true because we can encode,
in polynomial time, all the left-moving fields into a unique left-moving field,
and similarly for the other types of fields. Then, saying that a set of PPA is
computably enumerable is equivalent to saying that the corresponding set
of permutations that define these PPA is computable enumerable.

In addition, for every computably enumerable set of PPA X (over the
field list Cotner), there exists a polynomially computable sequence (Gp)pen
of PPA that contains exactly the elements of X. Equivalently, there exists
a polynomially computable sequence of permutations (o, )nen that contains
exactly the permutations of the PPA in X.

(Let g be a fixed element of X. The polynomial algorithm of (ay,)nen
takes as input n, runs the algorithm that enumerates X for n steps and sets
oy, equal to the last permutation that was output. If no permutation has
yet been output, then «;, is set equal to g.)

If we use this sequence « and sequences k, S, %, 4 that satisfy the in-
equalities to define the sequence (F),)nen as in Lemma 43, then, since by
assumption Qg, # 0 for all n € N, Remark 44 implies that Fj completely
simulates G, for all n € N. ]

Theorem 48 applies, up to a conjugacy, to computably enumerable sets
of nonempty RPCA. In some sense, it gives a deterministc version of the re-
sult in [29]. The same result is not true for the non-computably-enumerable
set of all nonempty RPCA, thanks to an argument by Hochman [17] and
Ballier [2]. Nevertheless, the corollary applies to the family of all reversible
(complete) cellular automata, since the family of RCA is computably enu-
merable. Unfortunately, it gives an RPCA (partial CA) that simulates all
RCA (full CA) instead of an RCA. The existence of an RCA that simulates
all RCA seems to be a much more difficult question and is still open, (see
for instance [39)].
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6.5 Synchronizing computation

We now introduce one more trick in our construction: the encoding of an
infinite sequence inside an infinite nested simulation by encoding increasing
finite prefixes of the infinite sequence inside the alphabets of the RPCA of
the nested simulation.

Let CsyncComput = CSimulate U [MHist,MHist 1, Prog,RProg|. In this
simulation, we do not use a field Level in order to store the parameter n.
Instead, it will be obtained as the length of field MHist. p’ is the program of
a TM. It is used to reject some nested simulation sequences, depending on
the infinite sequence that is stored (through its increasing finite prefixes) in
the alphabets of the RPCA.

SyncComput|[M,v,k, S, T, L P/

1: Check[mmist = 7TMHist+1]

2: if Tclock = 0 then

3 Check[H " (MHist)]

4: Check [Sl-elead, 1,Head 1 1,Tape_;,Tape ,NTape]

5. CkAlph[M, Tpaar; TTape; Kpnist|+1] {Check that the lengths of the
simulated letter are correct}

6:  HCheck[M, mpaar, TTape; Kist|+1, Prog, Tprog) {Prog of the simu-
lated letter is the same}

7. HCheck[M, mpaar, TTape; Kjunist|+1, RPTOE, TRprog] {RPTOg is also
the same}

8:  HCheck[M, Tpaar; TTape; Kjunist|+1, MHist, Tuuise] {MHist of the
simulating letters is a prefix of MHist of the simulated}

9: end if

10: Simulate]M, v, Kpygige|, Taddr; Tclock; Opmmist|s Spmist|s mmist|s

TProg; 7"'RPrcg]

11: Grid[g\MHist\aTWHistﬂ

Lemma 49. Let 6,%, 5 be polynomially checkable sequences of integers
and p' be the program of a TM. Let us fix the field list CsyncComput =
[0,...,13], the corresponding fixed direction vector vsyncComput and a poly-
nomially checkable sequence of 14-uples k € (N*)N. Let F be the IPPA with

directions VsyncComput and permutation
SyncC’omput[M, VSyncComput k,S,%, U, Tygist, p/]

and p,p~" be the programs for this permutation and its inverse, respectively.
For all w € F3, let Sy := S)y|, Tw = Tjyjand Iy, be the restriction of F
to the subalphabet

81



. Kjw| w D D
Ay = IF5 N MHist,MHist 1 N SP'P N SRP

0g T0g?

and assume that the following inequalities hold for all n € N:

I(km Kn+1, Sn, Th, Unapap_l)
kn,Prog 2 |p’

kn,RP'rog > ‘pi
kn,Level > ||’/Z|| .

'

Then, I, > |—|a€IF2 Fya completely exactly, where
Sy Tw,0,Pu

N V/ 0,0,Sw,T, € 51 Z
Z:w = -Aw N N SHead_l,Head+1,Ta,pe_l,Tape+1,NTape ne ( |_| Awa)?
aclFa

and q)w = (I)Tape\Ew .

Proof. Let w € F% and |w| = n. By definition, S, = Sy, T), := T}, and
Uy := U,. If p’ halts on input w within n steps, then the check of line 3
will reject every configuration, which means that D(F,,) = (). But, in this
case, wa will also be rejected by p’ within n+ 1 steps, for all a € [Fa, so that
D(Uuer, Fuwa) = (), too. By definition, the empty PCA strongly, completely
simulates itself for all possible choices of the simulating parameters, so that
the claim is true in this case.

Suppose, then, that p’ does not halt on input w within n steps. Then,
the check of line 3 is always true, so that we can ignore it in the rest of
the proof. As in the previous proofs, we have to show three things: that
Fy (Sn, Ty, 0)-simulates | | ek, Fwa With decoding function @, (simulation),
that ®,, is injective (exactness) and that Qp, C D(P,,) (completeness).

For the simulation, it is easy to see that if b € AZ_  where a € Ty
and ¢ € ®_,1(b), then c is not rejected by the checks of lines 1,4,5,6, 7 and
8. Then, simulation follows easily from the choice of the program p and
Lemma 33.

Exactness is also direct. The values of all the fields of ¢ are uniquely
determined by b and the form ®,,.

Completeness also follows the general pattern of the previous proofs, but
there is a small difference: we can show that if ¢ € 3005 n 0 2T AZ)
(the difference is that we have 27" instead of T" in the exponent), then ¢ €
o (] acFs AZ ). This is enough to ensure completeness of the simulation.

Indeed, if

¢ € R00Sn T p=T(AZ),

then lines 4,6,7 and 8 ensure that

Z 0,0,5,,T; € -1 Z
ce ‘Aw nx N SHead_l,Head+1,Tape717Tape+17NTape ne (( |_| Awa) )
aclFy

82



Let b € (Lyep, Awa)” be such that ¢ € ®1(b). The problem is that we
still cannot know that mygise(b) is the same in all cells, because line 8 only
checks that at every cell i, mygist(¢) = w (which we know that it is constant)
is a prefix of muuist(b;). However, we could still have that muyist(b;) = w0
and mwmist(bj) = wl, for some i # j. This is why we need to take 27" steps
instead of T steps.

Indeed, since F27(c) exists, this means that F2(b) exists, and line 1
ensures that muyist(bi) = Tuaisty, (b)) = Munist(bj), for all ¢, j € Z The argu-
ment for this is similar to the argument used in the proof of Lemma 25.There-
fore, b € | ] ,cp, AZ and this concludes the proof of the Lemma. O

6.5.1 Satisfying the inequalities

Remark 50. We can find k € (N*)N and &,%,4 € N} such that the
inequalities of Lemma 49 are satisfied and [[;_,, Si/T; = 0.

Proof. The proof is almost identical to the proof of Remark 46 and is omit-
ted. We just make a few comments:

First of all, the inequalities depend on w € I3, but in fact, if |w| = ||,
then we have exactly the same inequalities for w and w’, so that actually
the inequalities can be translated to a set of inequalities that depend on n.

Second, notice that line 3 is computable in polynomial time, and since
the program p’ is fixed in advance, its contribution to ||Ayl|, t, and |p| is
constant and does not depend on the choice of parameters.

Finally, we can choose ky wist := 1, (where n := |w|) which means that
this field only contributes a polynomial of n to the various inequalities, so
that it can be “incorporated” into the polynomials and the problem can be
reduced to the cases that have already been dealt with. O

6.5.2 Realizing computational degrees

The statement of Lemma 49 falls exactly into the situation described in
Lemma 19. For all n € N, let B,, = F2. Then, for all w € F5(= [[,_,, Bi), we
have defined Sy, T}y, Fyy and @, such that F, exactly, completely (Sy,, Ty, 0)-
simulates | |, Fub-

The check of line 3 forces that if z € [,y Bi, then DX(®) # 0 if and
only if H;7(2) is true, or in other words, z € 3,. Indeed, we have that
D(Fyy,,,;) = 0 for some n if and only if H>?(z) is not true, or in other words,
if and only if p’ halts over z within n steps.

Therefore, Lemma 19 implies that Qp, = DP(®) = .3, DX (®).

Lemma 51. For any effectively closed subset Z C Y, there erists an ex-
tremely expansive RPCA F and a computable, left-invertible map from Qp
onto the Cartesian product Z x FY.
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One could even prove that the computable map is two-to-one, and almost
one-to-one for any reasonable (topological or measure-theoretical) notion.
Also, this SFT can be effectively constructed from Z.

Proof. We construct SyncComput[14, vsyncComput, K, &, T, U, Tunist, p'] for
some sequences that satisfy the inequalities and a program p’ that recognizes
Z. In addition, assume that [],_, S;/T; = 0.

It follows from Lemma 19 that

—
O = [ DR@) = || (e mrE el agl ().
Z€3p 2€3p neN
te] L;en[0,T3[
s€[ [;enl0,5:(

Consider the map that associates, to each configuration z € Qp , the

—6 t *
unique triple (z,s,t) such that x € (), PECEI FO[[O’"[[ <I>;01 e @;[(1) n[[(QFn)
This map is computable, since, for all n € N, S, is for instance given by
Te1ockPoP1 - - Pn—1 and z[g [ is given by mmistPoP1 -+ Pp—1.
Conversely, from the tripe (z,s,t), one can build construct a configura-

tion in Qf , as explained in [10, Proposition 4.2].

The result follows from the obvious computable homeomorphisms be-
tween Qp and Op, and between [ [,y [0, Si[ x [0, T;[ and FY°.
Finally, N'(Fe) = {0}, because OF, = | |.c3, OFpo0 (s, a0d N(OFﬁgO@)) =

Si/T; = 0. 0

{0}, due to the exact complete simulation and [, _,,
The following was proven in [38] for general 2D SFT. Here, we can also
restrict the set of non-expansive directions.

Theorem 52. For any effectively closed subset X, there exists a Medvedev-
equivalent extremely expansive 2D SFT whose Turing degrees are the cones
above the Turing degrees of X .

A fortiori, all Medvedev (and Muécnik) degrees contain an extremely
expansive SE'T.

Proof. 1t is enough to notice that Qr and Op are computably homeomor-
phic. ]

The second component in the computable homeomorphism cannot easily
be taken out: it is pointed in [21] that all aperiodic subshifts admit a cone
of Turing degrees (that is one degree and all degrees above it).

Let us make some final comments: In this chapter, we are inspired and
draw mainly on the work of Durand, Romashchenko and Shen [8]. Reading
that paper, one has the feeling that the construction of that paper can be
done in a reversible way, except for the exchange of information. Working
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out the details needed to make that intuition work is (as proven by this chap-
ter) messy and even tedious, sometimes, but we manage to obtain results for
which there is no known alternative proof. We also feel that our construction
can also shed some light on the construction of Durand, Romashchenko and
Shen. More specifically, we always write explicitly the inequalities that need
to be satisfied, and for each one we explain at least once why it is needed.
Also, we construct “once and for all” the rules and then prove that they
have the desired behaviour, instead of using their more informal approach
where some rule is created and then it is modified, resulting in a new rule,
for which it is taken for granted that the previous argumentation still holds.
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Chapter 7

Expansive directions

In Lemma 10, we described a necessary condition for the set of non-expansive
directions of an SFT: if X is an SFT, then NV (X) is effectively closed. In
this section, we are going to show that this is in fact a characterization of
sets of non-expansive directions of SFTs.

Theorem 53. If Ny C P is effectively closed, then there exists an SE'T
X C A% such that N(X) = N.

This is mentioned as Open Problem 11.1 in Mike Boyle’s Open Problems
for Symbolic Dynamics [5]. We only answer the first part of that problem,
since our constructions do not have any SFT direction. The second part
of the problem, concerning 2D SFT with an SFT direction is much more
difficult to answer, since it is inextricably related to the expansiveness of
RCA.

It is enough to prove this for sets of non-expansive directions that are
included in [—1,1], or even [0,7], for some 0 < r < 1, because we can
cover the set of directions with a finite number of rotations of [—1, 1] (and
[0,7]). Therefore, even though the fact that we are using PPA might seem
problematic (since N'(F') C [—1,1] in this case), this is not the case.

The key idea consists in constructing subshifts with a unique direction
of non-expansiveness through a nested simulation of RPCA, so that we can
use Lemma 23. This idea was introduced in [19], in a non-effective way; we
will try to emphasize the obstacle that has to be overcome when trying to
“SFTize” this construction.

7.1 Directive encoding

Proposition 23 states that, if we manage to implement a certain kind of
nested simulation, then we will obtain a subshift with a unique direction

of non-expansiveness, equal to 56/1, where &, T € N}l and ® € ZN. [19,
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Lemma 5.6] shows that all directions can be written in this form (when
the sequences &,%,® are allowed to be chosen without any constraints).
But the sequences of nested simulations that are possible with our SFT
construction are more constrained: for example, the sequences & and T
must be polynomially checkable.This immediately imposes some restrictions,
since, for example, it implies that S; cannot grow like an exponential tower
of height ¢. This is not excluded from the construction of Hochman, since he
takes S “sufficiently large”, in order to make some “error term” sufficiently
small. A large part of our construction is to show that we can satisfy these
restrictions at the same time, or, in other words, that the error terms can
be made sufficiently small even if & grows relatively slowly. At the same
time, we have to take care of some technical details.

Let us begin the construction by giving some additional necessary defi-
nitions:

To any vector € € R’} and any directive word d := (D;, W;)o<i<n €
(N2\ {(0,0)})", where n € N, we associate the direction interval ©.(d) :=

(Io<icn B)[=1, 1]+ﬁR C P, where R; := 1/(D; +W;+1+¢;) < 1/2; recall

that D' = > o<i<n Dillo<j<; Btj- 1t follows immediately by the definition
that ©.(d) = Ro(O¢; [ (dj[1,n]) + Do) for any d = (D;, Wi)o<i<n.

We extend these definitions for infinite sequences in the natural way: To
any sequence € € RI}]_ and any directive sequence 0 := (D, W), )pen €

(N2 \ {(0,0))N we associate the direction 6.(0) := D e R, the unique
element of [, .y Oc . ((Di, Wi)o<i<n) (uniqueness follows from the fact
that R; < 1/2, for all i € N).

If Iy - ha) - ...and for all n € N, T}, = (D, + W), +
S0,T0,D0So S1,11,D151

1 + €,)Sp, then observe that Proposition 23 can be seen as saying that
N (Fy) = {0-(D,20)}. This is point of contact between this section and the
rest of the thesis.

[19, Lemma 5.6] can now be reformalized as the following.

Lemma 54. For all x € [0, 1], there exist a sequence € € ]RI_\J_ and a directive
sequence 0 such that 0.(0) = x.

We refine this statement in two ways: first, we will show that the se-
quence ¢ can be fixed and second, we will restrict the alphabet of acceptable
directive sequences to B := {(0,1),(1,1),(1,0)}. By doing that, we will
“lose” a small part on the right endpoint of the interval [0, 1].

Lemma 55. Let ¢ € [0,v/2 — 1]N be a sequence. Then,
0.(BY) = [0, T1T .../ ZFe0d)),

Though the interval [0,1] cannot be covered fully with a fixed, non-
trivial sequence, the convergence of the sequence (¢, )nen to 0 can be sped
up suitably, in order to realise any number arbitrarily close to 1.
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Proof. Let us prove by induction over n € N that for any such sequence &,
we have that

n 1 ———/@+e))ien 1
95‘[0,ng(8):[_nm,1...12 & <]D[O’E]'

The base of the induction follows from ey < v/2 — 1. Let us assume
that the inductive hypothesis is true for some n € N, and prove it for

n + 1. Note that m(l/(2+€i))i<n+l _ 1 <1+m(1/(2+€i))lgi<n+l)

2+¢eg
By the induction hypothesis (which we can apply to the truncated sequence
(€n)n>1, since it satisfies the assumption, too) and gy < V2 — 1, we have

T—5(1/(2+¢€i))i<nt1 1 1) _ 1
T...12 <nt 21+ﬂ(1+%)_ﬁ.
The set 6

SR (B"*1) can be decomposed, in terms of the first directive
letter, into a union of three intervals

1 1

mgww (B™) U m(ee'“l‘"“ (B")+ 1)U

m(ef\ﬂlmﬂ (Bn) + 1) .

Following the induction hypothesis, the first interval is equal to

1 1 - | |
[_ H 1. 12(1/(2+€z))1§15n] _
2 + €0 3 2 + €
1<i<n

_ - H 1 1 m(l/(2+€i))1§i§n].

0§i§n2+6i 24¢p

The second interval is equal to

1 (ten)ies
+0- 11 2+€.,1...12(1/(“51))199]) _

1<i<n

3+¢eg

1 1 I ——51/@+e))i<i<
- 1— e 1...12 Sisn),
[3+80( 1<len2+€i)73+80 ]

The third interval is equal to

1 I ——(1/@+e)i<i<
14— || 1...12 Wigisnyy
2+50( +1 1 24+¢7 )
1<i<n

0 1 H 1 m(l/(2+€i))0giﬁn].

2+¢g 0Zi<n 2+e¢e,

It is clear that the smallest point of these three intervals is — )<<, ﬁ

(the last two intervals are in R), and the largest is 1... o1/ Fed)oizn
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(the first interval is obtained through a translation by —1 of the third one,
or through a homothecy by 3+50 of the second one).

(1/(2+5z))1<n+1 _ 1
We proved earlier that 1...12 > 1+\[ (1+ f) = 7

It follows from this that the upper bound 77— T W/ @edisisn of e

1
(2+e0)V2’
interval is lower than ﬁ, which is less than

first interval is larger than while the Smaller bound of the second

m, as can be easily

verified.In other words, there is no hole between these two intervals.
Using the same arguments one can easily see that the upper bound of

the second interval is 3+ (14+1. (1/(2+EZ))195"+1) which is larger than
lgi/s ‘Of while the lower bound of the third interval is smaller than 5—, which

1+1/v2

is smaller than 3T

, since v2—1 —I—é‘oﬁ > (0. There is no hole here either,

and globally, we get the full interval [— [To<i<n ﬁ, 1. 1o/ Fedosizn)

The statement is easily derived from the fact that [], <i<n ﬁ — 0 and
Tt/ @eicn) _y 77— (1/CFeien) -

7.2 Computing directions

Lemma 10 stated that the set of non-expansive directions of an SFT is ef-
fectively closed, which means that there exists a program which takes as
(infinite) input the description of a direction in P and halts (after having
read finitely many bits of the input) if and only if the direction is expansive.
In Subsection 2.2.2, it was suggested that the good way to represent direc-
tions in order to compute with them was by the two coordinates of some
intersection with the unit circle. Each slope then has two (opposite) valid
representations. When restricting to closed subsets of R C P (i.e., when
we are not talking about the horizontal direction), the notion of effectively
closed set of direction is the same with the above representation as with
the usual definition of R. This is due to the facts that the functions sin
and cos and their inverses are computable and that the function x — 1/x is
uniformly continuous away from 0.

The following remark states that directive sequences give another, equiv-
alent representation for directions.

Remark 56. Let ¢ € RY be computable. Then, 0. is a computable function.

The computation is actually uniform in e, in the sense that it could be
considered as part of the input.

Proof. This follows from the fact that the diameter of O¢;, (d) is at most

27" since R; < 1/2, for all : € N and directive sequence d.
O
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Remark 56 implies that effectively closed sets of slopes can be equiva-
lently described by an effectively closed set of directive sequences. This is
the computational description of directive sequences that we are going to
use in the next chapter.

7.3 Realization of sets of non-expansive directions

Let Creali = Csimulate L [MHist,MShift, MShift;, Prog, RProg].

The following permutation will also be parametrized by an effectively
closed set Ny C [0,1/2], which is represented by the program p’ of the TM
that recognizes Ny as a set of directive sequences. Nj is the set of non-
expansive directions that we are trying to realize.

We identify the set B := {(0,1),(1,1),(1,0)} with 5 (through any bi-
jection). If a € B, then D,, W, will denote the projection of a onto the first
and second coordinate, respectively.

In the following algorithm, p’ is the program of a TM that recognizes
some set of non-expansive directions.

Reali[M,v,p', k, &, 4]

: Check|Tysnitt = Tushifty,)
o if Te10ck = 0 then
Check[H)"* (MHist)]

Check[S§ ]

Head_;,Head;,Tape_; ,Tape+1 ,NTape

CkAlph[M, Tadar, Trape, Kjuist|+1]

HCheck[M, Tpaar; TTapes Kjunist|+1, PTOg; Tprog]

HCheck [M, T Addr; MTapes k\MHistH—lv RPIOg, 7TRProg]

HCheck|[M, Tpaar, Trape, Kjuist|+1, MHiSt, Typist Tusnist]

: end if

. if TClock — 0 then

Swap[Tape, Tape | {]

. end if

o if Terock = DusnireSunist| then

Swap[Tape, Tape ]

: end if

: Simulate[M, v, KiMuist|s Taddr; Tclock — DushittSpuist|s S|MHist]s
Spmist|(Dusnite + Whsniee + 1) + 4Upmist| > Upnnist|s TProgs TRProg]

17: Grid[Spypist|> S muist|(Dusnise + Wisnise + 1) + 44mise ]

© P NPT Rw e

—_
o

= = e e

This is like the simulation of the computation degrees, only that we keep
a more complicated register in the MHist field and we use the values of
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MShift to perform a “macro-shift” before the simulation. We also note that
T is not given as a parameter of the construction. Instead, it is determined
by the sequences &, and the value of field MShift.

Lemma 57. Let &, be polynomially checkable sequences of integers and
p’ be the program of a TM. Let us fix the field list Creqi; := [0, ..., 14], the
corresponding direction vector Vgeqr; and a polynomially checkable sequence
of 15-uples k € (N')N. Let F be the IPPA with directions Vpeq; and per-
mautation

Reali[14, VReaii, V', k, &, U]

and p,p~ " be the programs for this permutation and its inverse, respectively.

For all w € B* and a € B, let ky 4 1= k|w|, Swa = S‘w|, Uw,a == U|w|,
Twa = Swa(Da +Wq + 1) +4Uy q and Fy, q be the restriction of F to the
subalphabet

k -1
- [w] w a D P
Aw,a T IF5 N SMHist N SMSh'ift,MSh'LftJrl N SProg N SHProg‘

Assume that the following inequalities hold, for all w € B* and a,a’ € B:

,

kTUa (L/ kll)(L (ll
Uw,a > max{t,(F5""" ), t,-1(F5"" )}
k i
Sw,a > max{2Uy q, ‘X (IE‘E)“""“ )‘}

kw,a,Add'r‘a kw,a,Addm_l Z ||Sw,aH

w,a,Clock kw,a,Clock+1 Z HTw,aH

w,a,Head_1 kw,a,Head+1 2 max ‘X (IF4 X (Qp U Qp—l) X {_17 +1})‘
w,a,Tapes kw,a,NTa,pea kw,a,Tape717 kzu,a,,Tzzpe+1 2 1

w,a,Prog 2 ’p‘

w,a,RProg > |p71‘

w,aMHist > | W]

T[T T[T

( Kw,amshift = Kw,amshift,, =1 .

Then, Fy,q completely exactly simulates |—|a’€B Fypa,e with parameters
(Sw,ava,aa DaSw,av (I)w,a), where (I)w,a = q)Tape\Ew’a and

— AZ 0,0,5,a0,Tw, €
Ew,a T Aw,a nx e SHea,le,Head+1,Ta,pefl,Tape+1,I\ITa,peﬁ

N (I)_l( |_| ‘Aﬁa,a’)'
a'eB

The only difference between this proof and the proof of Lemma 49 is
that we shift all the encodings DS, cells (equivalently, D, macro-cells)
to the right before starting the simulation.

Also, it is not difficult to see that the usual inequalities hold: t,(A;) =
tp-1(An) = P(|An| +ti(n) +te (1) +tx(n) +ty(n)) and |p|, [p~"] = O(|p| +
Ips| + |ps| + |py|)- Recall that p’ is fixed in advance so it is a constant in
what matters complexity.
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Proof. If p’ halts on input w within |w| steps, then the check of line 3 will
reject every configuration, which means that F,,, = (). But, in this case,
wa will also be rejected by p’ within |wa| steps, for all a € B, so that
Uyep Fwaar = 0, too. By definition, the empty PCA strongly, completely
simulates itself for all possible choices of the simulating parameters, so that
the claim is true in this case.

Suppose, then, that p’ does not halt on input w within |w| steps. Then,
the check of line 3 is always true, so that we can ignore it in the rest of
the proof. As in the previous proofs, we have to show three things: that
Fya (SwasTw,q) simulates |—|a€F2 Fya,«r with decoding function ®,,, (sim-
ulation), that @, is injective (exactness) and that Qp, , € D®y 4 (com-
pleteness).

For the simulation, it is easy to see that if b € Aﬁa,a” where a’ € F5 and
c € ®,,% (b), then ¢ is not rejected by the checks of lines 1,4,5,6, 7 and 8.

Then, line 11 copies all the info bits onto Tape,;. During the next
Sw,aDq steps, no permutation is applied. The only thing happening to
the configuration is that the encodings that are in Tape,; travel to the
right at the speed of one cell per time step. After S, D, steps, they are
copied back to the Tape tape by line 14. Every letter has travelled exactly
Sw,aDq cells to the right, which corresponds to D, macro-cells. Formally,
d(FPadwa(c)) = o= Pa(b).

Then, from Fact 34 and since the only rule applied from Clock =
DySw.a is Grid o Simulate, we obtain that ®(FPeSwatSwatdlva(c)) =
Fwa’a/(O'_D“ (b)). After Clock = DSy o + Sw,a +4Uy,q, nothing else changes
in the configuration until Clock becomes 0 again. Line 17 ensures that Clock
goes from 0 to (Dg + Wy 4+ 1)8y 4 + 484, o. This concludes the proof of the
simulation part.

Exactness of the simulation is easy to see. The values of all the fields of
¢ € ®,,%,(b) are uniquely determined by b and Yy 4.

For the completeness, we show that if ¢ € £005w.a:Twa FJ,iTw’“ (A% ),
- A
then ¢ € éw}a(ua/ezg Apaar)-
Indeed, if ¢ € 2005w Twa Fujz;“’” (A% ), then lines 4,6,7 and 8 ensure
that

c € A, N ZPOSuaTun 0 5 a

ead_1,Headt1,Tape_;,Tape  ;,NTape

N (I)il(( |_| Awa,a’)Z)‘

a'eB

Let b € (|l e -Awaa)” be such that ¢ € ®1(b). We still cannot know that
Tushist (b;) is the same for all ¢ € Z.

We deal with this problem in a similar way as in Section 6.5, since Fiq; (c)
exists, this means that F2(b) exists, and linel ensures that myuspist(b;) =
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TMShift g (bz) = TMShift (b]), for all Z,j € Z. Therefore, be |—|a’€F2 Aﬁa,a’ and
this concludes the proof. O

7.3.1 Satisfying the inequalities

Unlike the previous cases, the set of inequalities that we want to satisfy does
not depend on n, but instead on a word w € B* and a,a’ € B. However,
we will now see that the inequalities can be translated to some inequalities
about the polynomially computable sequences G, 41.

Remark 58. We can find k € (N*)N and &,4 € NN such that the inequal-
ities of Lemma 57 are satisfied.

In addition, we can have €, := 4U, /S, < V2 -1, for all n € N and
0-(BY) 2 [0,1/2].

Proof. Let w € B* and a,a’ € B. Let n := |w| be the length of w. Let us
write again the inequalities:

k ’ k ’
Up,a > max{t,(F;""" ), t,-1(F;""")}

k)

Sw,a > max{2U, 4, ‘X (IF5“’“’“,

=

w,a,Prog Z ’p‘
w,a,RProg > ‘p
w,a,Head_1 kw,a,Head_H > ‘X (IF4 X (Qp U Qp—l) X {_L +1})|
w,a,Addr kw,a,Addr+1 Z HSw,a,H

w,a,Clockvkw,a,Clock+1 2 HTw,aH

,1‘

w,a,Tapes kw,a,NTape: k'w,a,Tapefla kw,a,Tape+1 Z 1

T[T

w,a,MHist > ’w|
 Fw,amshitt = KwaMshite,; > 1.

According to the definition, ko = kyn, Swa = Sn, Uwa = U, and
Tw,a = Sn(Dq+W,+1)+4U,: Therefore, we can write the above inequalities
as follows:

Uy > max{t,(F5"), t, 1 (F5"+)}

Sy, > max{2U,, ’X (Flg"“) ‘}

kn,Prog > |p‘

kn,RProg Z ‘p_l‘

kn,Head_p kn,Head_H > ’X (IF4 X (Qp U Qp—l) X {_L +1})‘
kn,Addrakn,Addr+1 2 ”SnH

kn,Clock7 kn,Clock+1 > ||Sn(Da + Wa + 1) + 4Un”

kn,Tapea kn,NTape7 kn,Tape_l ) k'7L,Tape_~_1 Z 1

kpvaist > 1

| Enyshite = Knushire,, > 1.
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Unlike the previous proofs, we cannot choose kg s € NN such that all
of the inequalities except the first two are satisfied as equalities. This is
because the inequalities about Clock and Clocky; depend on a € B and not
only on n. However, D,+ W, < 2, for all a € B, so that we can replace these
inequalities with &y crock, Fn,clocky; = ||3Sn + 4U, || and show that this new
set of inequalities can be satisfied. (Here, it is essential that B is a finite
set. Bounding D, + W, from above is one of the reasons that we had to do
a little more work with the directive sequences.)

The rest of the proof follows the usual pattern. We choose S, = Q""™0
and U, = (n+ ng)" for some suitable values of ng, r and Q.

For the second claim, let us recall more specifically in which order ng,r
and @ are chosen. In the proof of Remark 42, we showed that there exists
no and 7 that work for every Q. Therefore, by choosing S, = Q""" and
U, = (n + ng)", for some sufficiently large @, we can make ¢ := 4U,, /S,

smaller than v/2 — 1 and T11.../ @)% 1arger than 1/2. O

For all w,a, we have Ty, 4 = (Do + Wy +1)Syq +4Uwa = (Do + W, +
1+ 4Uy.a/Sw.a)Swa = (Do + Wa + 1 4 €4,0)Sw.a, Where €, < V2 -1, so
that we are in the situation described in Lemma 55 and 6.(BY) 2 [0,1/2].
Since Ny C [0,1/2] by assumption, this means that every direction in N is
representable as a sequence in 0 (BY).

7.3.2 Realization

For all z € 3,/, we have a sequence of complete, exact simulations given by

F

2[0,n[»%n

> F

2[0,n+1[#n+1>

Z[O,n[’z'"f ’TZ[O,TLH‘Z"’Dz"SZ[O,n[[‘z"

for all n € N. )

Therefore, according to a Lemma 19, we have that Qp = [ |5  D(®),

p

and Op, = |—|z€3p/ OFpo0 (s, In addition, we know that N((’)Fﬁgo(q))) =0(z),
by Lemma 22 and that every direction in [0,1/2] can be represented in
such a way, by Lemma 55. Finally, we know by Lemma 11 that N (Op,) =
|_|z€3p/ N(OFﬁgO(q))) = I_|Z€3p/ 0(2) = Np/ = NO'

Therefore, for every effectively closed set of directions which is included
in [0,1/2], recognized by a TM with program p’, we have constructed a 2D
SFT with exactly this set as set of non-expansive directions. According to
our previous discussions, this is enough to realize arbitrary effectively closed
sets of directions as the set of non-expansive directions of 2D SF'T. This
concludes the proof of Theorem 53.
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Conclusion and Open
Questions

We have provided a general method for constructing extremely-expansive
2D SFT’s of finite type and we have shown that this class of 2D SFT’s
has very rich computational, dynamical and geometrical properties. At the
same time, our method throws some light on the essence of self-similar and
hierarchical constructions and we hope that it might help to better under-
stand previous works with hierarchical constructions, especially [§8]. ( On
the other hand, the difficulty of [10] only partly comes from the hierarchical
simulation, so our work is certainly not sufficient to explain this construction
better.)

Regarding future work, we believe that the following questions about
extremely-expansive 2D SFTs are very natural: First of all, can (a variant of)
our method produce a minimal extremely-expansive SF'T? Is the emptiness
problem undecidable for minimal extremely-expansive SF'T’s? Recently,
Durand and Romashchenko [7] described a method for constructing mini-
mal (but not extremely-expansive) SFT’s and answer the second question
positively. It seems that their technique can be readily generalized to our
framework. Second, is it possible to realize all effective subshifts, in the
sense of [18, 8, 1] with 2D extremely-expansive SFT’s? This would be an
improvement with of the result of [8, 1] since it would (in some sense) further
lower the dimension of the realizing subshift by one. Third, is it possible
to construct extremely expansive SE'T covers for square substitutions? This
question goes back to the construction of Mozes [33], which constructs SFT
covers for square substitutions without any directions of expansivess. Re-
cently, Ollinger and Legloannec [30] constructed 4-way deterministic covers.
We believe that the answer to this question is also positive. Finally, and
this is certainly the most interesting, but also difficult question, is it possible
to use our method in order to construct reversible, self-simulating CA, i.e.,
is it possible to turn the partial rules, with which we have been working
in this thesis, to complete rules, while at the same time keeping the good
properties of self-simulation? This could find an application to the problem
of the undecidability of expansiveness for reversible CA.
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