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1. Introduction

Cellular automata can be characterized as homomorphisms of a metric
space of one or bi-infinite words defined over a finite alphabet A. In this
convention cellular automata define continuous transformations which are
K -measurable and preserve the measure for some probabilistic measure p.
Hence it is possible to consider them as dynamical systems and investigate
topological entropy and measure-theoretic entropy of these systems (or trans-
formations). L.W. Goodwyn in [5] proved that for such transformations topo-
logical entropy is greater than or equal to its metrical entropy. Usually these
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two types of entropies are considered as some measure of dynamical complex-
ity of the transformation. Among the others, there is one interesting case if
these two entropies are equal. There are examples of dynamical systems for
which a probabilistic measure p such that these two entropies are equal does
not exist. If the equality is true for some p we say that p is the measure of
the maximal entropy.

F. Blanchard, A. Maass [3] proved that a uniform Bernoulli measure p
associated with any positively expansive cellular automaton defined on the
metric space of one-sided infinite words AN is the measure of the maximal
entropy. It is known [2, 7] that any cellular automaton is continuous and
that any surjective automaton preserves the uniform Bernoulli measure. We
undertake the problem considered by F. Blanchard, A. Maass [3] getting rid
of the positive expansivity assumption. In the paper we present general con-
structions of cellular automata which are surjective, not positively expansive
and the uniform Bernoulli measure p is the measure of the maximal and
positive entropy.

2. Preliminaries

We denote by N, Z, R the sets of non-negative integers, integers and real
numbers, respectively. For any set Y denote by #Y, its cardinality. Let us
assume that A is a finite set such that #A > 2. A non-empty and finite word
over (an alphabet) A is a function defined on a discrete interval [0, K], where
k € N\ {0}, with values in A.The set of all words over A with catenation of
words forms a free semigroup (A™, -) over the alphabet A. The length |u]
of aword u € A* is defined to be the cardinality of the domain of u. The set
of all words in A™ of the length equal to n € N\ {0} is denoted by A". Let
us denote a neutral element of catenation by 1 and call it the empty word.
Adding the empty word to A* we obtain a free monoid A= (At U {1}, ).
By the definition the length of the empty word 1 is 0. One-sided or two-sided
infinite words over A are functions defined on discrete intervals [0, c0) = N,
or (—oo, 00) = Z, taking values in A. The sets of all such infinite words
are denoted by AN, AZ, respectively. We will consider also words defined
on finite intervals of the type | =[i,j] where i < j € Z. For two discrete
intervals I, J such that J C I and for a word u defined on | we denote the
restriction of u to the interval J by uj.

Put X=727, or X=N. Let x,y € AX and define d: AX x AX = R
by d(x,y) =0 if x=y, d(x, y) =1 if x(0) #y(0),
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and for all other cases

I:ZI_(”l) i=max{j >0:X_;, 1=y, 1} if X=2%

d(x, y) = T 120 X0 = y[_]aﬂ}_ : &
270+ i=max{j >0: X(0,5] = Yo, ;11 if X=N.

The function d is a metric on A* and clearly (A%, d) is a compact topo-
logical (metric) space. For x € AX and r > 0(r € R) an open ball with the
center at x and radius r is the set K(x, r) = {y € AX: d(x,y) <r}. The
family of all such balls a = {K(x, r): x € AX, reR, r> 0} is the base of
the topology 1, defined by the metric d. A o-algebra of Borel sets generated
by 1, is denoted by B(AX). On the o-algebra B(AX) we define a uniform
Bernoulli measure p, putting for any ball with the center at x € AX and
radius r=2"" (n € N):

1
(K(x,27™) = AATOM D IF X =12,
HR X, = #A-0H)f X =N.

A dynamical system is a pair (Y, T), where Y is a compact topological
space and T : Y — Y is a continuous mapping. If Y = AX then (AX,T)
is said to be a symbolic dynamical system. Considering dynamical systems
one can use as a research tool the notion of a topological entropy. Having a
T-invariant, probabilistic measure v it is also possible to consider a measure-
theoretic entropy of dynamical systems. These entropies can be interpreted
as some measures of a chaotic character of systems. A measure v for which
topological and measure-theoretic entropies are equal is said to be the measure
of maximal entropy.

In the paper we focus on a topological and measure-theoretic entropy
of symbolic dynamical systems which are defined by cellular automata. To
obtain a better transparency of the problem we restrict our presentation to
cellular automata. All the obtained results could be reworded in the language
of dynamical systems and connections with symbolic dynamical systems are
easy to establish.

Now we define a one dimensional cellular automaton CA. It is a mapping
F : AX — AX defined as follows. Let us fix a non-negative integer k > 0 and
assume that F"is a function defined locally on A* that is for any x € A%
if there exists i € X such that x|y () = x(i +j) for any j € [0, k], then
FXX0,4) = b = FXX[i40,s1k) for some b € A. Hence to compute a value
of FUit is enough to know all its values on words of A*+1. We can actually
consider A**1 as a domain of F& Now let us fix numbers m, a € X such
that m < a and put k = a—m. A mapping F : AX — AX such that for
any x € A% and i € X we have F(X)(i) = FXX;1n, i) is called a (one
dimensional) cellular automaton. The integer k is called the diameter of CA
and the mapping F Uis called a local rule. We say that a cellular automaton
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is two-sided (one-sided) if X = Z (X = N). The defined mapping F is
continuous [2, 7].

Now we remind two definitions of entropy. Let F : AX — AX be a
cellular automaton. An open cover of a topological space (A%, d) is a family
V of open sets whose union is AX. Let O,x be a class of all open covers of
(A%, d) and U,V € O,x. We say that U is a subcover of V if U C V. For
any cover V € O x we put |V |=min{#W : W is a finite subcover of V }
and call it the size of V. Intersection of two open covers U, V € O ,x, denoted
by UVV isafamily UVV ={PNQ:P U, QeV} Forany V € Oyx,
we define n-th power of V as afamily V" =V VF~1(V)V..vF~®=D),
Topological entropy h(AX, F) of a cellular automaton F : AX — AX is

h(AX, F) =sup{H(AX, F,V): V € O x},

where H(AX, F, V) = IlmnﬁoologllvnI

Surjective cellular automata preserve a uniform Bernoulli measure ([2, 7,
8]). Thus the uniform Bernoulli measure [ is F-invariant and it is possible
to define a measure-theoretic entropy for F. Hence we consider a topological
space AX endowed with the uniform Bernoulli measure p defined on the
o-algebra of Borel sets B(AX). A finite family of Borel sets V = {Q; €
B(AX)};ry is called a finite partition of AX if the following conditions are
fulfilled:

1
L R =
2.if i, jel, i#j then Q;NQ; = 0.
Entropy of a finite partition V = {Q;};is defined by

1 _
HV)=- Q) logp(Q,), (if n(Q;) =0, then 0 log 0 = 0).
i1
Let Oy denote a class of all finite partitions of (A%, B(AX)). We define for
any U V e Of 1x intersection of two partitions U vV and n-th power of V
analogously as for open covers.
A measure-theoretic entropy h(F) of a cellular automaton F : AX — AX
is
h(F) = sup{H(F, V) : V € 0, x},
where H(F, V) =1im,, Lo 1H(V ™).
Let F : AX — AX be a cellular automaton. We associate with F, in
a natural way, its symbolic dynamical system (AX, F). If F is surjective
and p is the uniform Bernoulli measure then it is denoted in the sequel
(AX, B(A™), 1, F).
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3. Basic facts

In this section we collect some basic notions and facts connected with one
dimensional cellular automata and their topological and measure-theoretic
entropies.

THEOREM 1. (G. A. Hedlund [7]) A mapping F : AX — A* is a one
dimensional cellular automaton if and only if it is continuous and commutes
with the shift mapping o : AX — AX thatis coF =F o0.

COROLLARY 1. Just from the continuity of F : AX — A*X and the com-
pactness of (AX, d) follows that F : AX — A* is uniformly continuous.
This property implies that for any cellular automaton F : AX — AX there
exists a number r € N such that for any x € AX and i € X we have

1 )
FX)(i) = qu[i—r,i—i—r])v FEAZHL L A X =7,
Fixp i), F2 AT S AGf X =N

Let us assume that k € N and F : AX — AX is a cellular automaton
with the local rule F™: A*1 — A, If for any fixed word u € A~the discrete
interval [0, |u| — k) is not empty, then for every i € [0, [u| — k) we put
FXu)(i) = FXuy; i4x). If the interval is empty, then we put Fu) = 1. The
described procedure extends F: A+l — A to the mapping F&: AF- AH]

THEOREM 2. (G.A. Hedlund [3, 7]) A cellular automaton F : AX — AX
with a local rule F5: A1 — A is surjective if and only if for any word
ueAt, #FF(u) = #A".

From the above theorem and Corollary 1 one could derive the following
theorem. Below we present the proof of this statement which is a bit di erent
from the original one (see for example [7]).

TueorEM 3. ([2, 7, 8]) If a cellular automaton F : AX — AX is
surjective then it preserves a uniform Bernoulli measure W.

PROOF. In view of Corollary 1 for any cellular automaton F : AX — AX
there exists r € N such that for any i € X we have

1
Fooy = T i) FUUATH S AQf X =2,
N FXX; i), F2A™ S AIf X=N.
Theorem 2 implies that a cellular automaton F : AX — AX s surjective if

and only if for any word u € At, #FF1(u) = #A*, where k = 2r for the
case (i) X =7 and k =r for the case (ii) X =N.
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Hence for the case
(i) we have p(F*(K(x, 27)) = gitirms = #A @M D= (K (x, 27)

and for
(i) ng:l(K(x 271))) = u( S ) Y € c AN y[o =2 =
TPz, ) MAY € AN Yo, 1] z}) S = #ATO) =

MK (X, 2~ ")) where n € N.

Note that the family o = {K(x, r): x € AX, r € R, r >0} is the base
of the topology 1; and that any two balls in (A%, d) are disjoint or one is
contained in the other. Hence any non-empty and open set in (A%, 1,) is a
sum of a countable family of pairwise disjoint balls. In view of a countable
additivity of p, it implies that if P € 14, then p(F~'(P)) =u(P). Since
F : AX — AX is continuous we have F~1(Q) € B(AX) for any Q € B(AX).
Moreover, the measure W is a Borel probabilistic and regular measure on
(A%, B(AX)) [8]. It means that for any Q € B(AX) and & > 0 there
exist open sets U,V € 14 such that K = AX\V, K ¢ Q c U and
w(U) \ i(K) =pU \ K) <.

We have also

H(F 1K) =p(F T AXA\ V) =u(F T AX) \p(F (V) =

HAX) \ (V) =AY\ V) =p(K).
The fact K ¢ Q C U, implies
F~'(K) c F7(Q) c F7'(U), and u(K) =p(F~'(K)) < p(F~'(Q)) <
H(FT'(U)) =R(V).
Thus p(F~1(Q)) = u(Q) for any Q € B(AX) what finishes the proof. O

A cellular automaton F : AX — AX with a local rule F7: AFF1 - A s
said to be left-permutative (right-permutative) if for any u € A*, and b € A,
there exists exactly one a € A such that F{au) =b (FYua) =b)).

THEOREM 4. ([7]) Any left-permutative (right-permutative) cellular au-
tomaton F : AX — AX is surjective.

To illustrate the theorem we present the following example.

ExaMPLE 1. Over an alphabet A = {0, 1} we define, by local rules 15 o
and X three cellular automata:

@ 1: A% = A?,
1¢000) = 1001) = 1¢100) = 1{101) =0,
15010) = 1€011) = 15110) = 1{111) = 1 and 1(x)(i) = IQX[Z-_MH})
for x ¢ A% and i € Z.
The automaton | : A% — AZ is not left-permutative nor right-permutative
but is surjective since 1 : A% — AZ is an identity mapping.
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(b) o: A% — A4,
0{000) = 0, 6'{010) = 0, ¢'{100) = 0, ¢'{(110) =0,
o001) = 1, o011) = 1, 6(101) = 1, 6"(111) = 1 and o(x)(i) =
0XXjj—1,+1)) for x e A% and i€ Z.

The automaton ¢ : A% — AZ is right-permutative, not left-permutative
and from the Theorem 4 is surjective. Note that 0 : A4 — AZ is a
shift mapping, that is a(x)(i) = x(i + 1).

(c) f: A% - A%
£%000) = f011) = £101) = £110) =1,
f%001) = £%010) = £100) = £{111) = 0 and F(X)(i) = qu[i—l,i—l—l])
for x ¢ A% and i € Z.
The automaton f: A% — AZ is left-permutative and right-permutative
and from the Theorem 4 surjective.

Note that left or right permutativity of a cellular automaton F : AX —
AX depends on the definition of a local rule FY: A*1 — A, Consider
the automaton o : A4 — AZ from the above example. This automaton
is defined also by the function (new local rule) ¢”: A5 — A such that
ofuba) = b forany u € A% a,b € A and o(x)(i) = oXxj—z ;o) for
any x € A%,i € Z. Now ¢%00010) = 1, ¢{00011) = 1 and if u = 0001,
b = 1, then ou0) = b, o’ful) = b, what implies that o : A? — A% is
not right-permutative. Of course all the properties of the cellular automaton
o: A% — AZ are independent of the form of a local rule that defines it.

Let us assume that F : AX — A* is a cellular automaton. The function
F is said to be

1. Equicontinuous at the point y € A%, if and only if for any € > 0, there
existsd > 0, such that for every x € K(y,d), and n € N, we have
d(F"(x), F™(y)) < &. If F is equicontinuous at any point y € AX,
then F is said to be equicontinuous.

2. Sensitive to initial conditions if and only if there exists € > 0, such that
for any y € AX, and any & > 0 there exist x € K(y, d), n € N, for
which d(F™(x), F"(y)) > ¢.

3. Positively expansive if and only if there exists € > 0, such that for any
X,y € A%,y # x, there exists n € N, for which d(F"(x), F"(y)) > e.

The following theorem gives a classification of cellular automata taking
into account their dynamical properties.

THEOREM 5. ([6]) Any cellular automaton F : AX — A*X have one of
the following properties:
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1. F is equicontinuous,

2. there exist points of equicontinuity of F but it is not equicontinuous,
3. F s sensitive to initial conditions but not positively expansive,

4. F is positively expansive.

Positively expansive cellular automata F : AN — AN have the following
property.

THEOREM 6. (F. Blanchard, A. Maass [3])
If F: AN — AN js a positively expansive cellular automaton, then F is
surjective and h(AN, F) = h(F) = logk for k € N\ {0}.

We will use in the sequel the following version of a cartesian product of two
symbolic dynamical systems (A%, B(AX), u, F) and (A%, B(AX), u, G) as-
sociated with surjective cellular automata F : AX — AX and
G : AX — AX._ A dynamical system (AX x AX, F x G) such that
FxG:AXxAX - AX x AX is a function and

(F x G)(X, y) = (F(X), G(y)) € A% x AX, for(x, y) € AX x AX,

is called the cartesian product of (AX, B(AX), u, F) and (A%, B(AX), 1, G).
If we consider topological aspects of (AX x AX, F x G), then we define
a metric space (AX x A%, dY putting for any z = (x,y), zP= x5yY €
AX x AX, d¥z, z5 =max{d(x, x5, d(y, yJ}. If we consider measure aspects
of (AXxAX, B(AX)xB(AX), v = uxy, F xG), then we define a probabilistic
measure v = L x L on a o-algebra [B(AX) x B(AX)] generated by the family
B(AX) x B(AX) putting v(P x Q) = u(P) - u(Q) for any P x Q € B(AX) x
B(AX). Note that a cartesian product of two symbolic dynamical systems
associated with cellular automata is, in general a dynamical system.

THEOREM 7. (compare [4, 7])
Let (A%, B(AX), 1, F) and (A%, B(AX), i, G) be two symbolic dynamical
systems associated with surjective cellular automata F,G and
(A% x A% [B(AX) x B(AX)],v = u x i, F x G) a dynamical system be-
ing their cartesian product. Then:

1. Forany n € N\ {0} F": AX — AX s a cellular automaton and
h(A%, F") = nh(A%, F), h(F") = nh(F),

2. [B(AX) x B(AX)] = B(AX x AX),

3. F xG: AXx AX = AX x AX is surjective, continuous and preserves
probabilistic measurev,
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4. h(AXxAX, F xG) = h(AX, F)+h(A*, G), h(F xG) = h(F)+h(G).

REMARK 1. Non-empty and open set U, in (AX x AX, ;) is a sum of
a countable family of cartesian products of balls from

a={KXr):xeAX, reR,r>0}c1y

(a is countable base of the topology 1;). Any cartesian product of two balls
from o is an element of o-algebra y = [B(AX) x B(AX)]. Just from the
definition of a g-algebra it follows that any sum of a countable family of sets
from y isin y and so U € vy. It implies that T;0C vy = [B(AX) x B(AX)].
From the facts y c B(AX x AX), 1;o0C y and from the definition of the
o-algebra B(AX x AX) it follows that y > B(AX x AX). Hence the equality
[B(AX) x B(AX)] = B(AX x AX) is true. All the remaining statements of the
above theorem are widely known [4, 7] from the theory of dynamical systems.

Let n: A — A be a permutation defined on A. A support of n is the
set supp(n) = {a € A: n(a) # a}. If k e N\ {0} is the minimal number
such that n*(a) = a for some fixed a € supp(n), and #supp(n) = k, then
the permutation n is said to be a cycle with length k. We finish this section
by the following property of permutations.

THEOREM 8. If n: A — A is a permutation, not equal to identity id| 4,
then there exists a finite set of cycles {n; : A — A}, qn 2, . m3 Such that:
(@ n=monzo..oNpm,

(b) supp(n;) Nsupp(n;) =0 forany i, j € {1, 2, .., m} and i #j.

4. Non positively expansive cellular automata for which
h(AX, F)=h(F) >0

In this section we present some general constructions of cellular automata
defined on metric spaces (AN, d) and (A4, d) endowed with the uniform
Bernoulli measure | which are surjective, not positively expansive and u is
the measure of the maximal and positive entropy.

It is widely known that a cellular automaton given by a shift mapping
0 : A% — AZ is surjective, sensitive to initial conditions and not positively
expansive. It is possible to define a local rule for this automaton in such a
way that it is right-permutative. In the first example presented below we give
a method of construction of surjective cellular automata defined on (A%, d)
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which are right-permutative, sensitive to initial conditions and not positively
expansive.

ExAMPLE 2. Let 89: A — A be a permutation not equal to identity

idj4. Let f: A% — AZ be a cellular automaton given by the following
local rule fY: A3 — A, fXwa) = 8'{a) for any w € A%, a € A and
(i) = F{x;—1 ;1) forany xe A%, ic Z.
We claim that the defined cellular automaton f : A4 — AZ is surjec-
tive, sensitive to initial conditions, not positively expansive and such that
h(AZ, ) = h(f) = log #A > 0. Additionally f: A4 — AZ is not conjugate
to a cellular automaton given by a shift mapping o : A% — A%.

Proor. Just from the theorem 8 for 8”: A — A there exists a finite
set of cycles {3; : A — A};gma _m3 such that §9=23; 080...03,, and
supp(d;) N'supp(d;) = O for any i, j € {1, 2, ..., m}, i # j. For any cycle
d; : A — A it is possible to compute the minimal number n; € N\ {0}
such that §;""(a) = a for any fixed a € supp(d;). Denote by N the minimal
common multiple of the numbers nq, ny, ..., n,,,. Hence N is the minimal
number such that 3" = id, .

Putting d(x)(i) = 8%x(i)) for any x € A% and i € Z, we expand
the permutation 6”: A — A to the mapping 3 : A4 — AZ. Note that
8 =id, implies 8" =id 4z. Hence 3 : A% — AZ is a cellular automaton
and according to the theorem 1 the following commutation is true 3o = od.

Just from the definition of the cellular automaton f : A4 — AZ it fol-
lows that it is right-permutative and surjective (Theorem 4). Since f =do00
we have ¥V = (3 00)" = 8" 00" = id|4z 0 6™ = 0. Now Theorem 7
implies equalities: h(A%, £V) = h(A%, V), h(A%4, fV) = Nh(A%, ),
h(A4, o) = Nh(A%, 0) = N log #A.

Finally Nh(A?4, f) = Nh(A4, 0) = N log#A and h(A4, f) = log#A. In
a similar way we compute measure-theoretic entropy h(f) = log #A. Hence
f is not a shift mapping on A< and h(A%4, ) =h(f) = log #A > 0. The fact
that £V =¢", and 0 : A% — A% is a mapping sensitive to initial conditions
and not positively expansive implies the same properties for f: A% — AZ.
This finishes the proof. O

It is a known fact (compare [2, 7]) that the topological entropy and
measure-theoretic entropy of any equicontinuous surjective cellular automa-
ton defined on the space (AN, d) are equal 0. Hence the uniform Bernoulli
measure is a measure of the maximal entropy of such a system. In the sec-
ond example presented below we give a method of construction of one-sided
surjective cellular automata which are not positively expansive and have pos-
itive and equal topological and measure-theoretic entropies. Thus it is a one
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more interesting case when the uniform Bernoulli measure is a measure of the
maximal entropy.

ExampLE 3. Let B = {0, 1, 2, 3}. Let us consider a cellular automaton
F: BN — BN, given by the following local ruleF": B> — B

F00) = F{01) = F{20) = F{21) =0,
FX02) = FX03) = FX22) = F{23) = 2,
FY10) = F{11) = F{30) = F(31) = 1,
FX12) = FX13) = F¥32) = F{33) = 3,
F(2)(i) = Fz; ;1) forany ze BN andie N.

We claim that the defined cellular automaton F : BN — BN is surjective,
not positively expansive and such that h(BN, F) =h(F) = log # > 0.

Proor. For A = {0, 1} consider cellular automata ¢ : AN — AN and
I : AN — AN "given by the local rules

(@ o”: A2 — A, where ¢%00) = ¢'(10) = 0, 0(01) = o{11) = 1, and
o(X)(i) = o{x; ;1)) forany x e AN and i€ N,

(b) 19: A2 = A, where 1400) = 1{01) = 0, 1§10) = 1§11) = 1, and
1()(i) = 15x;,;41) forany x € AN and i€ N.

Note that for any x € AN and i € N, o(x)(i) = x(i + 1), what means
that the cellular automaton o : AN — AN s surjective, defines a shift
mapping, is positively expansive, h(AN, o) = log#A > 0, and by Theorem
3.8 h(AN, 0) = h(0). Observe also that the automaton 1 : AN — AN js
identity, surjective, equicontinuous and h(AN, 1) =h(l) = 0.

The above automata are associated with the following symbolic dynamical
systems:

@ (AN, B(AY), p, 0),
(b) (AN, B(A™), 1, 1).

Let us introduce a metric space (AN x AN dY, where
dz, z5 =max{d(x, x5, d(y, y§} for any z = (x, y), z"= x5y cAN x
AN and d is the original metric of AN. Now consider a dynamical system
(AN x AN [B(AN) x B(AM)], v =p x u, f =0 x 1), given by the cartesian
product of the defined symbolic dynamical systems (a), (b).
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In view of the Theorem 7 f =0 x 1 : AN x AN — AN AN s surjective
and h(AN x AN f = o x 1) = h(f = 0 x 1) = log#A > 0. For Z =
(0¥, 0%10%), z = (0¥, 0¥), it holds

d(f"(2), £"(2)) = max{d(c"(0~), 6"(0+)), d(1"(0~10), 1"(0~))} =
d(1™(0%10%), 1™(0~)) = d(0*10+, 0%).
Of course the automaton | : AN — AN s equicontinuous and Ve > 0,
Jk € N, vn e N, d¥f*(2), f(z)) = d(0¥10¥, 0¥) < &. Hence
f: AN x AN - AN AN js not positively expansive.

Let B = A2 = {00,01,10,11}. The metric space (BN, dp) is introduced
in exactly the same way as (AN, d). Having (B VN, dp) it is possible to consider
the symbolic dynamical system (BN, F) associated with cellular automaton
F: BN — BN, given by the following local rule F™: B2 — B :

(1) FYabed) :=c'ac)l{bd) for any ab, cd € B, a, b, ¢, d € A,
(2) F(2)(i) =FXz}; ;41) forany ze BN andie N .

We will show that dynamical systems (AN x AN, f =0 x 1), (BN, F)
are conjugate and that the conjugate mapping s : AN x AN — BN js of
the form s(x, y)(i) = x(i)y(i) € B forany x,y € AN and i € N. We
also prove that (AN x AN [B(AN) x B(AM)], v, F), BN, B(BMN), us, F)
are measurably isomorphic.

From the theory of dynamical systems [4, 7] it is known that the fol-
lowing conditions are su cient for the above two systems to be conjugate
(topologically isomorphic) and measurably isomorphic:

(D) s: ANx AN - BN js bijection, s is continuous (that is s™1(Q) € t,o0
forany Q € 14;), and sof =F o5,

(2) s7!, s are measurable (that is s(P) € B(BN), s7'(Q) € [B(AN) x
B(AN)]) and measure-preserving (that is v(s™'(Q)) = uz(Q),
up(s(P)) = v(P)) for any P € [B(AN) x B(AM)], Q € B(BM).

Notice that the first condition is su cient for the above two systems to
be conjugate [7].

It is clear that the mapping s: AN x AN — BN s bijective and continu-
ous. This implies that its inverse s~ : BN — ANx AN s also continuous [7],
so s: AN x AN — BN is a homeomorphism. Moreover, for any x, y € AN
and i € N we have

(soF)(x, y)(i) = s(o(x), 1)) =

o ()1 (y)(i) =0 {x@D)(x + Iy + 1)) =
F i@y @x(i + Dy (i + 1)) = FHs(x, )()s(x, y)(i + 1)) =
(F o s)(x, y)(i).



163

This proves the equality s o f(x,y) = F os(x,y) for any x,y € AN,
Hence dynamical systems (AN x AN, f =0 x 1), (BN, F) are conjugate.

It follows from the Theorem 7 that [B(AN) x B(AN)] = B(AN x AN). The
mapping s is a homeomorphism and so s, s~! are measurable [8]. Hence
to prove that (AN x AN, BAN x AN), v =pxy, f), BN, B(BN), us, F)
are measurably isomorphic we show firstly that

HB(s(K((X, y), 27)) = v(K((x, y), 27")) for any ball

K((x, y), 27") eB(AN x AN),
where (x, y) € AN x AN neN.
Notice that
V(K((X, y), 27)) =v(K(x, 27") x K(y, 27")) =
MK (X, 277)-W(K(x, 277)) = #A~ D #A~ 0D =
#AT2D pp(s(K((x, ¥), 27™)) = up(K(z, 27)) =
#B~ () = #A=200+1)  where z = s(x, y) e BN, n e N.

The family B = {K((X,y), N} : X, y) ¢ AN x AN r c R, r>0}
is the base of T, Any two balls in (AN x AN, dY are disjoint or one is
contained in the other. Since s is a homeomorphism then any non-empty
and open set W, in (AN x AN, 1,0 (and also open set s(W), in (BN, 145))
is a sum of countable family of pairwise disjoint balls. According to the
additivity of probabilistic measures v, ug, if W € 145 then pg(s(W)) =
v(W). It is true that if P eB(AN x AN), then s(P) € B(BN). We also
know that v isin (AN x AN, B(AN x AN)) a probabilistic and regular Borel
measure [8]. It means that for P €B(AN x AN) and any € > 0 there
exist sets U, V € tyosuch that K = (AN x AN)\V, K c P c U and
v(U)\v(K) =v(U \ K) <e&. We have

Hp(s(K)) =up(s((AN x AN\ V)) =up(s(AN x AM) \ up(s(V)) =

VAN x AN\ v(V) =v((AN x AN)\ V) =vK.
The fact K ¢ P c U, implies that

s(K) c s(P) c s(U), v(K) =pp(s(K)) < up(s(P)) < pp(s(U)) =v(U).
Thus pg(s(P)) = v(P) for any P eB(AN x AN).

We conclude that the cellular automaton F =sofos™': BN - BN is
surjective, not positively expansive and such that

h(BN, F)=h(AN x AN, f =g x I),

h(F)=h(f =0 x 1) and h(BN, F) = h(F) = log #TB = log #A > 0.
In a similar way we prove that v(s~'(Q)) = ug(Q) for any Q € B(BN).

Hence the cellular automaton F =sofos™: BN — BN is surjective,
not positively expansive and such that h(BN, F) = h(AN x AN, f =g x 1),
h(F)=h(f =0 x 1) and h(BN, F) = h(F) = log #TB = log #A > 0.

Encode A? as follows 00 =: 0,01 =: 1,10 =: 2,11 =: 3 to obtain the
new alphabet B = {0,1,2,3}. Taking into account the new alphabet B =
{0, 1, 2, 3} and the definition of F"we see that the mapping F"is exactly
the same as defined at the beginning of the example. Hence the obtained



164

conclusions can be applied to the cellular automaton F : BN — BN defined
at the beginning of the example. This finishes the proof. O
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