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Abstract. We prove that general topological dynamical systems on metric Cantor spaces
can be embedded into cellular automata defined on Cayley graphs. Furthermore, we prove
that it is possible to construct this embedding in such a way that topological entropy
is preserved.

1. Introduction
Symbolic dynamics has been a useful tool for studying hyperbolic (smooth) dynamical
systems (see [1]). Specifically, an invariant subsystem of the original dynamical system
is searched which is topologically conjugate to a subshift over some finite alphabet. So,
symbolic embeddings and extensions (or conversely, factors) of dynamical systems (X, f)
are investigated (here, X is assumed to be a compact metric space and f:X — X is
continuous). If f is a homeomorphism, there are several results in the literature. First
of all, there is a classical result of Hedlund stating that a dynamical system (X, f)
is conjugate to a subshift if and only if f is expansive and X is a Cantor space. If
symbolic extensions (X, o) of (X, f) are considered — that is, if there is a continuous
surjection of ¢ : ¥ — X onto X with f o ¢ = ¢ o 0 — there is a result due to Reddy [11].
Namely, (X, f) has a symbolic extension if and only if f is expansive. More recently,
Boyle et al [2] have given a specialization of this result when the topological entropy
is considered: if f is asymptotically h-expansive, then there is a symbolic extension
preserving topological entropy.

These results are far from being complete and of general nature in some sense. So, it
is tempting not to look for (one-dimensional) shifts as supersystems but rather for higher-
dimensional symbolic supersystems. The simplest higher-dimensional symbolic systems
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which form a proper superset of the shifts are the cellular automata since they have a finite
description [S]. To be more general, the grid of the cellular automaton is not restricted to
7@ for some dimension d. Instead, the grid is assumed to be a Cayley graph of a finitely
generated group. Then a general embedding theorem can be proved: any dynamical system
on a metric Cantor space can be embedded into a cellular automaton. Furthermore, the
embedding can be chosen such that topological entropy is preserved.

In the next section, basic definitions and a first general theorem are stated. In §3, the
case of a topological dynamical system on a metric Cantor space X with bijective f is
considered. Here, (X, f) can be embedded into a cellular automaton where the global
function is a shift. However, if we demand preservation of the topological entropy, the
global function is a little more complex. Finally, in §4, the general case is considered
where f need not be bijective. In this general case, a cellular automaton can be found for
which (X, f) is embedded and the topological entropy is preserved.

2. Setting
Let X denote a metric Cantor space, and f € C 0(.’{, X) a continuous function. We know
that the state space of a cellular automaton is a metric Cantor space, and that the global
function of any cellular automaton is a continuous function on this Cantor space.
Conversely, given such a function f, is it possible to relate f somehow to a cellular
automaton? Or, can we understand which subset of this function can be related, and which
subset cannot? We use a generalization of cellular automata from the lattice Z? to Cayley
graphs which is introduced in [10] or [13]; see also [4, 12].

Definition 2.1. (1) Let G = (11, ..., T,y) denote the group generated by the elements
71, ..., Tm. The Cayley graph associated with these generators has G as nodes. An
edge connects g, h € G if thereis a t € {r1, ..., 7} such that either g =ht or h = gr.
dr : G x G — Ny denotes the path metric (length of the shortest path connecting two
nodes).

(2) A cellular automaton consist of a four-tuple (I", Uy, E, fy) where:
(1) T isaCayley graph;
(i) Up C I is a finite subgraph, called a neighbourhood of the unit e € G;
(iii) E is a finite set of elementary states;
av) fo: E Uo — E denotes the local function.

(3) For g€ G, the operators oy : EV — ET, og(u) (h) =u(gh) are called shift
operators.
(4) The global function of a cellular automaton (I", Uy, E, fp) is defined via

FEV S EY f) (g) = folwoay)lu,)-

(5) The set ET is equipped with the Cantor metric. For u, ve E' and u = v, let
d(u,v) =0. If u # v, find some g € G with

(i) u(g) # v(g) such that
(ii) k =dr(e, g) is minimal.

Then d(u, v) = 1/(1 + k).
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Note that the neighbourhood Uy of e € I' does not necessarily agree with the set of
nodes that are neighbours of e in the Cayley graph, that is, that have an edge that connects
them with e. Note, furthermore, that the metric space (E F, d) is a metric Cantor space.

As a first hint as to how a function on a metric Cantor space can be related to a cellular
automaton, we introduce some more notation and state some theorems.

Definition 2.2. Let (X, d) be a metric Cantor space.

(1) Let o1, ..., 0, be bijective functions on X, and G = (oy, ..., o) the group
generated by these functions. If there is a real constant § > O such that for any x, y € X,
x # y, there exists g € G with

d(g(x), g(y)) >4,

then o1, . . ., 0, are called jointly expansive and we say that the group G acts expansively
on X.
2)Let f € CY(%, %) be a continuous function. The group A(f) is defined by

A(f)={g:X — X| g continuous, bijective and f o g =g o f}.

(3) We say that a topological dynamical system (X, f) can be embedded into a
topological dynamical system (%), g), if there is a continuous, injective map ¢ : X — )
suchthat g o f = g o @.

(4) We say that a topological dynamical system (X, f) can be (weakly) embedded into
a cellular automaton (I", Uy, E, go) with global function g, if (X, f) can be embedded
into the topological dynamical system (E', g), that is, if there is a continuous, injective
function ¢ : X — E' such that ¢ o f = g o ¢. If (X) is invariant with respect to the shift
operators, we call this embedding strong.

Suppose that a topological dynamical system (X, f) can be embedded into a topological
dynamical system (%), g). Then (X, f) is a subsystem of (), g). The question is now
whether there is an embedding of (), g) with no reasonable loss of the complexity of
orbit structure. Topological entropy measures the complexity of the orbit structure of a
dynamical system; see [3, 8, 14].

Definition 2.3. Let (X, f) be a topological dynamical system and let d be the
corresponding metric on X. Let n € N and € > 0; then a subset A C X is called (n, €)-
spanning if for every x € X there is some y € A such that d,(x, y) < €. Here, the metric
d, : ¥ x X — Ris given by d,, (x, y) = maxo<x<n d(f*(x), f¥(y)). Let span(n, €, f) be
be the minimum cardinality of an (n, €)-spanning set. Then the topological entropy A ( f)
of f is defined by

h(f) = lim lim sup -EPA € 1))
e—>0 n—soo n
Note that the limit exists and is finite (see [3, 14]). If the topological dynamical
system is a cellular automaton, the formula for the topological entropy assumes a simple
form. Let f: E' — EU be the global function of the cellular automaton. Then define
a function ¢ : ET — EIxN by setting ¢(u) (g, n) = f"(u) (g). Hence, the subset UcC
ETN defined by U= o(E ')y can be seen as a kind of space—time diagram. Let R(l, 1)
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denote the number of distinct configurations in the space—time diagram with spacial
extent / and temporal extent . More formally, R(l, t) = [{it|r,x[0,r—1] | ¥ € U }| where
I''={g € G|dr(e, g) <l}is the (finite) subgraph of I". Now, the topological entropy of
the cellular automaton depends only on R(l, t).

PROPOSITION 2.1. Let (T, Uy, E, fo) be a cellular automaton with global function f.
Then the topological entropy of the cellular automaton, h(EY, f), is given by
log R(l, ¢
WET. £) = tim lim 2 RED
[—o00 t—>00 t

where R(l, t) is the number of distinct space—time configurations defined as above.

Proof. Let (I', Uy, E, fp) be a cellular automaton with global function f. Then (E r f)
is a topological dynamical system. Now consider the space E7 N with the usual topology.
This space is compact and metrizable, and the metric is given by d, (i, v) = 1/(1 + k)
with k = min{max{dr (g, e), n} | ii(g, n) # v(g, n)}. Now consider the function ¢ : ET' —
ET*N_ defined by ¢(u) (g, n) = f"(u) (g) forall g € I', n € N. Then

po fu) (g, m)=f"(fw) (&)= f"T () () =) (g, n+ 1) =07 0 pu) (g, n)

holds for all u € E', where o; : ET N — ET*N s defined by o; (i) (g, n) = ii(g, n + 1).
Hence, ¢ o f = o; o ¢ holds. Furthermore, ¢ is injective as can be easily seen: if u, v € ET
and u # v, there is some g € I' with u(g) # v(g). Hence, ¢(u) (g, 0) =u(g) #v(g) =
¢(v) (g, 0) holds, so ¢(u) # ¢(v). Next, by the definition of ¢, d.(¢(u), ¢(v)) <d(u, v)
holds for all u, ve E'. So, ¢ is continuous. Finally, let U C ET*N pe given by
U =@(E"). Then U is closed and, since o;(U) =o,(¢(E")) =o(f(ET)) C U, U is
oy-invariant.

So, the restriction ¢ : EI' — U of ¢ is a homeomorphism and, since ¢ o f =o; o @,
is also a conjugacy between the dynamical systems (E', f) and (U, o;). Hence, the
topological entropies are equal, h(EF, f)=h(U, oy). The latter, however, is easily
computable.

Let n>1 and B,(u,m)={velU|d,.(u,v) <1/(1+m)} be a ball in the d, ,-
metric with centre u € U and radius 1/(1 +m). Here, the metric d,.: E IxN 5
ETN 5 Ris given by dy, ¢ (u, v) = maxo<; <n{de (0! (1), o/ (v))}. Then B, (u, m) = {v €
U | ulr,, x[0,m+n—1] = V|1, x[0,m+n—1]} holds. Let r(n, 1/(1 + m)) denote the minimum
cardinality of an (n, 1/(1 + m))-spanning set for U. Then r(n, 1/(1 + m)) = R(m,
n 4 m) holds with R(l, t) = [{u|r,x[0,:—1] | ¥ € U}|. Finally, for the topological entropy,

log R(m,n+m) log R(m, n)

h(U, o;) = lim lim sup lim lim
m—00 ,_ 5o n m— 00 n— 00 n

follows. U

The following theorem is essentially a reformulation of the ideas of Hedlund [7] that
Serve our purposes.

THEOREM 2.1. Let X be a metric Cantor space and f : X — X a continuous function.
The topological dynamical system (X, f) can be strongly embedded into a cellular
automaton (I', Uy, E, go), if and only if the group A(f) contains a finitely generated
subgroup that acts expansively on X.
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Proof. Assume that there is a strong embedding. Let the Cayley graph I" be generated by
71, ..., Ty. If g denotes the global function of the cellular automaton, then o, € A(g)
foralli =1, ..., m. Furthermore, G = (04, ..., 0g,) acts in an expansive way on ET.
Since ¢ : X — EU is injective and since ¢(X) is invariant under all shift operators, the
inverse of ¢ is well defined on o, (¢ (X)) — that is, go_l(arl. (p(x))) is also well defined.
Define the function ¢; : X — X by

é‘i::{%xv x’_>(ﬂ_1°<7ri°(ﬂ(x)-

Then ¢; are continuous, bijective and commute with f, that is, &; € A(f). We now show

that the group H = ({1, . . ., &m) acts in an expansive way on X. If we assume that this is
not the case, then there are two sequences {x, },eN, {Vn}nen C X, such that x,, # y, for all
n € Nand

lim sup d(n(x,), n(y,)) =0.

n—oo HGH

Thus, lim,_ SUp, d((p_l oy op(xy), (p_l oy o@(yy))=0. That is, we find

sequences U, = @(x,), vy =@(yp) € E ' such that the distance from the origin vanishes
for n — oo, no matter which elements of y € G we apply to u,, v,. Thus there are
vp € G such that d(y, (i), yn(v,)) = 8. Let ti, = yp(un), On = yu(vn) € ET. These two
sequences satisfy d (i1, U,,) > & and
Jim d(@™" in). ¢ (B0)) = 0.

Since ET is compact, the sequence {(il,, 0y)}neny C ET x EU has a converging
subsequence that converges to (i, 0). Since ¢ is a bijective, continuous function between
the compact set X and the compact set p(X) C E ' the inverse function of @ on @(X) is
also continuous. Thus, d(&i, 0) > § and d(¢ ' (&), ' (D)) = 0. Thatis, o~ (&) = ¢~ (D)
but & # 0. This contradicts the definition of ¢! as the inverse of a function.

Now assume that A(f) contains a finitely generated subgroup H = ({1, . . ., {y) that
acts in an expansive way on X with constant § > 0. Then there is a finite number of
clopen, pairwise disjoint and non-empty sets Uy, ..., U, C X with diameter less than §
that cover X,

n
X= U U;.
i=1

Let I" be the Cayley graph corresponding to H. We identify X in the usual way with a
subset of EU', E = {1, ..., n}: apoint x € X corresponds to u € E' if and only if

nx) €Uy forallneH.
Standard arguments show that
0:X—>E 1‘, X u
is a continuous and injective map. Then the Hedlund-Lyndon—Curtis theorem [7] can be
applied and shows that the function
ZipX) = pX), urgofop W
can be represented as the global function of a cellular automaton (I, Uy, E, go) on E r

In general, this automaton is only uniquely defined on ¢(X), but can be extended (in a
non-unique way) to E T Thus, (%, f) is strongly embedded into (I", Uy, E, go). O
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The extension in the above theorem can be chosen in a way such that the topological
entropy is preserved.

PROPOSITION 2.2. Let X be a metric Cantor space and f : X — X a continuous function.
If the topological dynamical system (X, f) can be strongly embedded into a cellular
automaton (I, Uy, E, go), there also exists an embedding (I', Uy, F, gé) such that the
topological entropy is preserved, that is, h(X, f) =h(F', g).

Proof. Consider the construction of the embedding from Theorem 2.1. The local function
go: EYon @(X)|y, — E, corresponding to the global function g : ¢(X) — ¢(X), has to
be extended in an appropriate way. Assume that O is not element of E. Then extend
the alphabet E by the additional symbol O, F = E U {0}. Then define g(’)(x) =0 for
all x € FY0\ (E% N g(X)|y,). The global function g': FI' — F is then defined in a
standard way.

Now observe that by construction, for all u € FT' \ ¢(X) there is some n € H such
that g’(u) (n) =0 holds. As a consequence, for any m € N there is some N € N such
that for all u € FT \ p(X), g"(u) (n) =0 holds for all n € T,,, n > N. Consequently, if
R(l, t) denotes the number of space-time configurations of (I", Uy, E, go) and R'(l, 1)
the number of space—time configurations of (I, Uy, F, gé), then for all / € N there are
constants C, ¢ € N such that R'(I, t) = R(l, t) + C holds forall t > T'. So

R(, 1) R'(I,1)
t

= lim lim
[—o00 t—>00

h(X, f)=h(p(X), g) = lim lim =h(F', g

[—o0 t—>00
follows. Note that 1 (X, f) = h(e(X), g) holds since the restriction ¢ : X — ¢(X) of ¢ is
a conjugacy between (X, f) and (¢(X), g). O

If (X, f) can be embedded weakly but not strongly into a cellular automaton, then A(f)
does not contain a finitely generated group that acts in an expansive way on X. However,
the cellular automaton itself can be understood as an extension of f for which such an
expansive group exists.

COROLLARY 2.1. If (X, f) can be weakly embedded into a cellular automaton, then there
is a continuous extension g of f in the sense that there exist a metric Cantor space X, a
continuous function g € C°(X, X) and a continuous, injective function ¢ : ¥ — X with

pof=gogp

such that (X, g) can be strongly embedded into a cellular automaton. That is, A(g)
contains a finitely generated expansive group.

3. Bijective functions

We first consider a topological dynamical system (X, f) where f is a continuous and
bijective function. In this case, it is possible to construct directly a cellular automaton that
allows an embedding of the dynamical system. In this section and the next we will use the
following definitions.

Definition 3.1. (1) Let E, ={0, ..., n — 1} denote the alphabet with n letters, equipped
with the discrete topology.
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(2) Let X, be the set of all bisequences over E,,,

Xp={x=((xi)iez | xi € Ey }.

The metric on X, is the standard Cantor metric.

(3) Let ), be the one-sided shift over the alphabet %,,, where we identify (=)o with
VD = ,If OXZ, and equip this set with the usual Cantor metric: for u, v € ENo*Z define
dy(u, v) =0 if u = v; if u # v, determine k = inf{i e No [Ij € Z: |j| <i and u(i, j) #
v(i, j)} and define dsy(u, v) = 1/(k + 1).

(4) Let o be the left-shift on 9),, that is, for u € ), define ogy(u) (i, j) =u@ + 1, j)
fori € Ny, j € Z.

PROPOSITION 3.1. Let (X, f) be a topological system, X a metric Cantor space and
f a bijective, continuous function. Furthermore, let (I, Uy, E, go) be a cellular
automaton with T =72, E = {0, 1} and Uy the von Neumann neighbourhood Uy =
{(0, 0), (0, 1), (1, 0), (0, —1), (—1,0)}.  Let the global function g of this cellular
automaton be the shift operator in the xi-direction of the grid. Then (X, f) can be
embedded into the cellular automaton.

Proof. Since X is a metric Cantor space, it is homeomorphic to Xj. Thus, there is a
bijective function ¢; € CO(X, £,). Let fi=¢jo0 fo <pf1 : ¥y — ¥,. Thus, we find
¢1 0 f = f1 09y, thatis, (X, f) and (X3, f1) are conjugated.

Next, we identify the function f; with its forward—backward trajectory: let ¢ : Xp —
E2Zz defined by

0 G )= "0 (). i jel’

Furthermore, let
Z2 ZZ . .. . .
o1:Ey — EY, uw—v withv(i, j)=ul+1, j).
Then
i+1 .

e2(fi)) = V) () = o1(p2(x)).

The function ¢; is continuous and injective. Thus, (X, f) is embedded into the cellular

automaton that represents the shift operator on E2Z . O

Remark 3.1. From this proposition we can conclude that for each bijective f € C%(¥)
there exists a bijective, continuous function on X that commutes with f and, together with
£, is jointly expansive; A(f) contains Z> as an expansive subgroup.

The above proposition allows us to characterize all bijective functions on a metric
Cantor spaces.

LEMMA 3.1. All bijective, continuous functions on a metric Cantor space are conjugated
to the shift operator acting on a (topologically and with respect to all shift operators)
closed subset of {0, I}Zz. We can identify subsets of {0, 1}Zz that are topologically closed
and closed under the shift operator with the bijective, continuous functions on metric
Cantor spaces.
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The embedding constructed in the proof of Proposition 3.1 obviously does not preserve
the topological entropy, since then h(X, f) would be constant, independent of the
dynamical system (X, f). By adding one more state to E, the embedding can be made
entropy-preserving (cf. Proposition 2.2).

PROPOSITION 3.2. Let (X, f) be a topological system as in Proposition 3.1.
Furthermore, let (I, Uy, E, go) be a cellular automaton with T = 72, E = {0, 1, 2} and
Uy the von Neumann neighbourhood. Let the global function g of this cellular automaton
be the shift operator in the x1-direction of the grid. Then (X, f) can be embedded into the
cellular automaton and h(%, f) = h(E", g) holds.

Proof. Construct ¢; : ¥y — EzZz as in the proof of Proposition 3.1. The function ¢,
is continuous and injective but generally not bijective. Now apply the construction in
the proof of Theorem 2.2. First expand the set of states from E> to E3. Next define
a bijective extension of a1 : ¢2(X2) — ¢2(X3) to some f> : E3Z2 — E3Z2 as is described
in Theorem 2.2. O

Remark 3.2. The function f : E3Zz — E_,)Zz in the proof of the above theorem is explicitly
given by

o1(x) (0, j) ifx(Q, j)#2andoi(x) (i, j) = f(x) (Q, j),
2 otherwise.

fa(x) @, j) =

If we drop the assumption that f is bijective and consider a general continuous
function on a Cantor space, we can repeat the construction above, using the positive orbit
(f9(x));en instead of the complete orbit. If we extend this sequence for i < 0 by zero,
say, we again derive a cellular automaton (the shift on {0, I}Z). However, the dynamical
system (X, f) is not exactly embedded into the cellular automaton, since we are forced
to use the restriction operator to non-negative indices in order to work out the connection.
Thus, we will use another idea for non-bijective functions in the next section.

4. The general case: construction of the cellular automaton

In this section, given a continuous function on a metric Cantor space (X, f), we construct a
cellular automaton into which (X, f) can be weakly embedded. The first step is a concrete
representation of (X, f). This is done in the next theorem.

THEOREM 4.1. Let X be a metric Cantor space with metric dx and let f :X — X be a
continuous function. Then (X, f) can be embedded into the full shift over the alphabet E,,
that is, in (Y, 6@),f0r all n > 2.

Proof. Step 1: Representation of X. Since any metric Cantor space is homeomorphic to
any other metric Cantor space, we find a topological homeomorphism ¢; : X — %, for
anyn > 2. Defineh: %, > X, by h(x) =¢10 fo (pl_l(x). Then (X, f) and (X, h) are
topologically conjugated.

Step 2: Representation of h. We represent h as a one-sided shift over the the alphabet X,
in defining ¢> : ¥, — ), by

p(x) (i, ) =hD @) (j), ieNy, jeZ
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We now state and prove various properties of ¢z, 1 and o).

(@) @2 0h=o0go ¢ This property is a direct consequence of the construction of ¢;.

b)) ¢e coz,, ). Consider x € X, and chose ¢ > 0 arbitrary, fixed. We show that
there is a constant § > 0, such that d,, (x, y) < § implies dgy(p2(x), p2(y)) < e. Let
m=1T1/¢]+ 1. Since h is continuous, there is a § > 0 such that 1) (x) (j) =
hD(y) (j) for|jl<mandi=0, ..., mifd,(x, y) <8. Then dgy(g2(x), ¢2(y)) <
¢ is also a consequence of d,, (x, y) < 4.

(¢) ¢oisinjective. If x # y, then ¢(x) (0, -) =x #y = ¢(y) (0, -). Thus, this function
is injective.

Properties (a)—(c) imply that (X, f) is embedded into the shift (Y, o). O
Remark 4.1. (1) If @ C )3 denotes the subshift created by (X, f), then set of the first
components of all elements in %) is the complete set X3,

{x[Juepropi(X):u,)=x()}=1X3.

(2) Since X is a metric Cantor space and ¢ o @ is continuous and injective,
) = @2 o p1(X) is also a metric Cantor space.

We now aim to construct elements of A(og). If we are able to find a finite number of
elements that generate an expansive group, we are done.

Definition 4.1. (1) Define t : )3 — )3 by
t(u) (@, j)=u(,j+1) forieNy, jeZ.
(2) Let ¢ : E3 x E3 — E3 be defined by

¢(0,0)=0, £(0, 1) =2, £(0,2) =0,
¢(1,0 =1, (1, =1, ¢(1,2) =1,
2(2,0)=2, £(2,1)=0, 0(2,2)=2

and define y : Y3 — Y3 by
yw) G, j)=¢d, j),ul@+1,j) forieNy,jeZ.

(3) Let @ be the cyclic permutation of E3, that is, ®(0) = 1, @(1) =2, ®(2) = 0. The lift
 of & to 3 is defined by

©: D3>V, ur oW withow) G, j)=awl, ).
Then fori € {0, 1,2} define y; : Y3 — V3, ur>vbyyi=w ' oy ow'.

PROPOSITION 4.1. The function t : )3 — )3 is continuous, bijective and commutes with
the map oy: Y3 — Ps.

Proof. Continuity is ensured by the local definition of the shift 7. The inverse of 7 is given
by

ur—v, v@ j)=v@i,j—1) forieNy, jeZ

so that 7 is bijective. Finally, the shifts 7 and og) act on different indices, and
thus commute. O
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PROPOSITION 4.2. The function y : )3 — )3 is (i) continuous, (ii) bijective and (iii)
commutes with the maps ogy: Y3 — Yz and T : Y3 — ;3.

Proof. This proof follows closely [7, p. 335]; for the sake of completeness (and since the
functions are defined in a slightly different way) we repeat the argument given there.

(i) The continuity follows as usual from the locality of the map o3.

(i1) The bijectivity of y is the property that requires more subtle arguments. We first
show injectivity.

Assume that u, v € Y3, u # v, and y (u) = y (v) =: w. Then there is an index (ig, jg) €
No x Z such that u(ip, jo) # v(ig, jo) and y (u) (i, jo) = v (v) (i, jo) for all i € Ny. Since
¢(a, b) =1 if and only if a =1, w(ip, jo) # 1. Hence, w(ip, jo) € {0, 2} and therefore
also u(ip, jo), v(io, jo) € {0, 2}. Without loss of generality we may assume u(io, jo) =0
and v(ig, jo) = 2.

Assume w(ig, jo) = 0. Then necessarily v(ig + 1, jo) = 1, which in turn implies that
w(io + 1, jo) = 1. f w(ip + 1, jo) = 1 we can conclude that u(ig + 1, jo) = 1. However,
in this case we find ¢ (u(ig, jo), u(io + 1, jo)) = ¢(0, 1) =2 # 0 = w(ip, jo) such that this
case cannot occur.

Now let us consider the second case, w(ip, jo) =2. The argument parallels the
previous one. If w(ip, jo) =2, necessarily u(ip + 1, jo) = 1, which in turn implies that
w(ip + 1, jo) = 1 and thus also v(ig + 1, jo) = 1. However, ¢ (v(io, jo), v(io + 1, jo)) =
(2, 1) =0#2 =w(ip, jo) such that this case also cannot occur.

All that said, we conclude that y is injective.

We show that y is also surjective. First note that the map ¢ (-, -) is permutative in
the first entry (i.e. for given b € E3, the map a +— ¢(a, b) is a permutation of E3). Let
us consider v € 3. We construct a sequence of states {u,},en C 23, that approximate
the origin of v under y: let u,(i, j) =0 for i > n. Due to the permutativity, there
is a unique state u,(n, j) € E3 such that ¢(u3(n, j), us(n + 1, j)) = ¢z, j), 0) =
v(n, j). Recursively, we are able to obtain values u,(n — 2, j), ..., u,(0, j). Thus,
y(uy,) (i, j)=v(@, j)fori =0,...,nand j € Z. As Q3 is compact, there is a converging
subsequence, u, — u. Since y is continuous, y (#) = v.

(iii) Finally, we show that y commutes with 7 and o). We find that

oyoy) (i, j)=¢@@+1,)),ul+2,j)=yooyu) (),
toy) (i, H)=¢w@ j+ D, ul@+1,j+1)=yor)(, j). O

Since the functions y; are equal to y up to a local permutation of the states of a cell, the
properties of y carry over to y;, that is, we have the following corollary.

COROLLARY 4.1. The functions y; : )3 — 3, i =0, 1, 2, are continuous, bijective and
commute with the maps osp: Y3 — Y3 and v : P3 — Ps.

Thus 7 as well as y; and o are in A(og). Is the group generated by 7, yo, Y1, 12
expansive? What does ‘expansiveness’ mean? Now, if we have two configurations «, v and
they differ in some coordinate (i, j) € Ng x Z, the information about this disagreement
should be transported by the group to the coordinate (0, 0), say. If this is the case,
the images of u and v under a suitable sequence of transformation carried out by group
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TABLE 1. All cases for the proof of Proposition 4.3. A| =¢(x, y), B] =8(x, 2), Ay = {(®(x), &(y)), By =
(@), &), Az = L(@2(x), D2(¥)), By = L(@*(x), ®*(z)). Numbers A;, B; are bold and the corresponding
cells are shaded if A; # B;.

x y z| A B|dx) &0 &k | A4 By | d*(x) &G &@) | A3 B;
0O 0 1 0 2 1 1 2 1 1 2 2 0 2 2
o 0 2 0 0 1 1 0 1 1 2 2 1 2 0
0 1 0 2 0 1 2 1 1 1 2 0 2 2 2
0 1 2 2 0 1 2 0 1 1 2 0 1 2 0
0 20 0 0 1 0 1 1 1 2 1 2 0 2
0 2 1 0 2 1 0 2 1 1 2 1 0 0 2
1 0 1 1 1 2 1 2 0 2 0 2 0 0 0
1 0 2 1 1 2 1 0 0 2 0 2 1 0 2
1 1 0 1 1 2 2 1 2 0 0 0 2 0 0
1 1 2 1 1 2 2 0 2 2 0 0 1 0 2
1 2.0 1 1 2 0 1 2 0 0 1 2 2 0
1 2 1 1 1 2 0 2 2 2 0 1 0 2 0
2 0 1 2 0 0 1 2 2 0 1 2 0 1 1
2 0 2 2 2 0 1 0 2 0 1 2 1 1 1
2 1 0 0 2 0 2 1 0 2 1 0 2 1 1
2 1 2 0 2 0 2 0 0 0 1 0 1 1 1
2 2 0 2 2 0 0 1 0 2 1 1 2 1 1
2 2 1 2 0 0 0 2 0 0 1 1 0 1 1

elements have a fixed distance 6 = 1. The essential part is the ability of the group action to
move information about local disagreement of two configurations to a given coordinate.

The function 7 transports information in the direction of the second coordinate by a
simple shift. Transport of information in the direction of the first coordinate is less simple,
since the canonical shift in this direction, o9, is not bijective. We thus need a more refined
mechanism. The following proposition shows that the functions y; jointly are able to
perform the required transport of information.

PROPOSITION 4.3. Let u,ve?), u(i, j)=v@, j) fori=0,...,n—1and j€Z, and
u(n, jo) #v(n, jo) for n € No, jo€Z. Then there exists y €{yo, y1, y2} such that
yw) (n—1, jo) #y ) (n — 1, jo).

Proof. Let x =u(n —1, jo) =v(n —1, jo), y=u(n, jo) #v(n, jo)=z. Then the
number of combinations for (x, y) is nine, and — given (x, y) — the number of possibilities
for z is two. Altogether there are 18 possibilities for (x, y, z). For these 18 cases we check
whether there is an i € {0, 1, 2} such that

& o L@ () () £ 0 0 £(& (0D (2)) & L@ ()P (V) # L@ ()P (2)).

The 18 cases are listed in Table 1. If y;(x, y) # y;(x, z), the results of the functions are
shown in bold. As there are bold numbers in each line of the table, this concludes the proof
of the proposition. O

PROPOSITION 4.4. The group G = (7, Yo, Y1, ¥2) acts in an expansive way on 9)3.
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Proof. Let u # v. Then there is (at least) one cell (ig, jo) € Ng x Z, such that u(ig, jo) #
u(io, jo). Without loss of generality, let ip be minimal, that is, u(i, j) = v(i, j) for
i=0,...,ip— 1, j €Z. According to Proposition 4.3, we find an element 1 € (y;|i =
0,1,2), n=v;0 o+ -0 ¥y-n, such that n(u) (0, jo) # n(v) (0, jo). Applying 7 a large
enough number of times (— jj times suffice), we obtain

T 6 n(u) (0, 0) # T 0 n(v) (0, 0).
Thus,
d(@' = o (), ' o n(w)) =1
and the group G acts expansively on 2)3. O

‘We now formulate our central theorem.

THEOREM 4.2. Consider a continuous map on a Cantor space (X, f). Then there is a
cellular automaton (I, Uy, E, go) with grid

={(t,w,Y|ltow=wort, Toy=yor, w3=e})

and alphabet E = {0, 1, 2}, such that (X, f) can be weakly embedded into the cellular
automaton. Furthermore, there is a cellular automaton (', Uy, F, g(’)) with alphabet
F ={0, 1, 2, 3} such that (X, f) can be weakly embedded into the cellular automaton
such that both dynamical systems have the same topological entropy.

Proof. First of all, we can associate with (X, f) a subshift ) of the full shift ()3, o9).
We apply Theorem 2.1. ) is a metric Cantor space. 7, w and y defined above are bijective,
continuous, and commute with o). Since y; = o™ oy o w®, the group generated by
these functions acts expansively on 9). Furthermore, og) is a continuous function. Thus,
we know that we can embed (), og) strongly into a cellular automaton.

The rest is a direct consequence of Proposition 2.2. a

Remark 4.2. (1) Note that in general ) is not invariant under the translation operators of
the grid I'.

(2) The function go depends on f. All possible Uy and g¢ appear if f runs through all
possible functions f.

(3) The structure of this graph realizes several no-go theorems: the graph Z? is subgraph
of I', such that in general injectivity and surjectivity of the global function are not
decidable [6, 9]. Furthermore, the grid has an exponential growth function so that, in
general, the Garden of Eden theorems need not hold [10].
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