Hindawi Publishing Corporation
Journal of Mathematics

Volume 2013, Article ID 404626, 6 pages
http://dx.doi.org/10.1155/2013/404626

Research Article

Hindawi

The Measure-Theoretic Entropy and Topological Entropy of

Actions over Z,,

Chih-Hung Chang' and Yu-Wen Chen®

! Department of Applied Mathematics, Feng Chia University, Taichung 40724, Taiwan
2 Taipei Municipal Minsheng Junior High School, Taipei 10591, Taiwan

Correspondence should be addressed to Chih-Hung Chang; chihhung@mail.fcu.edu.tw
Received 31 January 2013; Accepted 29 May 2013
Academic Editor: Mike Tsionas

Copyright © 2013 C.-H. Chang and Y.-W. Chen. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper studies the quantitative behavior of a class of one-dimensional cellular automata, named weakly permutive cellular
automata, acting on the space of all doubly infinite sequences with values in a finite ring Z,,, m > 2. We calculate the measure-
theoretic entropy and the topological entropy of weakly permutive cellular automata with respect to any invariant measure on the
space Zﬁ. As an application, it is shown that the uniform Bernoulli measure is the unique maximal measure for linear cellular

automata among the Markov measures.

1. Introduction

Cellular automata (CA for brevity), introduced by Ulam and
von Neumann, have been systematically studied by Hedlund
from purely mathematical point of view [1]. The study of such
dynamics called CA has received remarkable attention in the
last few years [1-3]. CA have been widely investigated in a
lot of disciplines (e.g., mathematics, physics, and computer
science). In [2], the dynamical behavior (ergodicity and
topological transitivity) of n-dimensional linear CA (LCA)
over the ring Z,, has been studied. Some open questions
concerning the topological and ergodic dynamics of one-
dimensional CA have been addressed in [4].

It is well known that there are several notions of entropy
(i.e., measure-theoretical, topological, and directional) of
measure-preserving transformation on probability space in
ergodic theory. It is important to know how these notions
are related with each other. In the last years, a lot of works
are devoted to this subject (see, e.g., [5-13]). Recall that
by the Variational Principle the topological entropy is the
supremum of the entropies of invariant measures. In [8, 14,
15], the authors showed that the uniform Bernoulli measure is
ameasure of maximal entropy for some one-dimensional CA.

The notion of entropy has been extensively studied
in many disciplines (e.g., computer science, mathematics,

physics, chemistry, and information theory) with different
purposes. This notion first arose in thermodynamics as a
measure of the heat absorbed (or emitted), when external
work is done on a system. In probability theory, it constitutes a
measure of the uncertainty. The entropy has been interpreted
as a measure of the chaotic character of a dynamical system
by many authors (see [4, 16, 17]), the value htop(T) has been
in general accepted as a measure of the complexity of the
dynamics of T' over the space X. Some authors have stated
that the topological entropy of a map is a crude global
measure of the exponential complexity of the structure of
the orbits of the map (see [4, 17]). Badii and Politi [18]
have studied the complexity exhibited by some CA with
elementary rule by using both topological (graph-theoretical)
and metric (thermodynamic) techniques. Lloyd and Pagels
[19] have defined a measure complexity for the macroscopic
states of physical systems. They have proved that the average
complexity of a state must be proportional to Shannon
entropy of the set of trajectories, S = — Y, p; log p;.

In this paper we study the measure-theoretical entropy
and topological entropy of one-dimensional weakly permu-
tive CA F (defined later) acting on the space of all doubly
infinite sequences with values in a finite ring Z,, m > 2.
In [14], the author computed the measure-theoretical entropy
with respect to the uniform Bernoulli measure for the case



where F is linear defined by the local rule f(x_,,...,x,) =
Y., x;. Recently, Ban et al. [15] studied the complexity
of permutative CA (defined later) in thermodynamics and
topological aspects, and they also gave the formulae to
compute measure-theoretic and topological entropies. In this
paper, for both measure-theoretic and topological entropies,
we extend results obtained in [8, 14, 15, 20] to the case that F is
a weakly permutive CA over the ring Z,, with respect to any
invariant measure. We remark that LCA is a special case of
weakly permutive CA. In addition, the formula of topological
entropy extends D’amico et al’s result [17] for the topological
entropy of LCA. We also show that the uniform Bernoulli
measure is the unique maximal measure for LCA, whenever
we focus on the Markov measures.

We give an example herein. Suppose that the local rule is
given by

(%0 X_1, X0, X1 %5) = 18x_; + 30 (g + x;)

+20x, (mod90)

(cf. Figure 1). The local rule is nonlinear. Applying Theorems
4 and 11, we conclude that the topological entropy of the
prescribed weakly permutive CA is 4log3 + log5 (see
Example 10).

The rest of the elucidation is organized as follows. The
upcoming section gives some definitions and results of
permutive and weakly permutive CA. Section 3 demonstrates
formulae of the measure-theoretic and topological entropies.
The uniform Bernoulli measure is a measure of maximal
entropy that is also demonstrated in Section 3.

2. Preliminary

LetZ,, = {0,1,...,m— 1}, and let Q = Z,Zn be the space of
bi-infinite sequence x = (x,,) . Hedlund examines CA in
the viewpoint of symbolic dynamical systems [1]. He shows
that F: O — Qisa CA if and only if F can be represented
as a sliding block code; that is, there exist k € Z™ and a block
map f: 2% — 7, such that F(x); = f(x;_...>%X;) for
x € Qandi € Z.Such f is called the local rule of F. The study
of the local rule of a CA is essential for the understanding of
this system.

Alocal rule f : 22" — 7, is called leftmost (resp.,
rightmost) permutive if there exists an integer i, -k < i < -1
(resp., 1 < i < k), such that

(i) f is a permutation at x; whenever the other variables
are fixed;
(ii) f does not depend on x; for j < i (resp., j > i).
f is called bipermutive provided f is both left-most and right-

most permutive. The family of permutive cellular automata
consists of the following three types of local rules:

(1) fisleftmost permutive and does not depend on x; for
i>0

(2) f is rightmost permutive and does not depend on x;
fori < 0;

(3) f is bipermutive.
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FIGURE 1: Spatial-temporal pattern determined by local rule
f(x_y X 15 %0, X1, %,) = 18x_; + 30(x, + x;) + 20x,(mod90) in
Example 10 with initial configuration (--+ 0 1 0 ---). Theorems
4 and 11 indicate that the topological entropy is 4log 3 + log 5 and
the uniform Bernoulli measure is a maximal measure.

Without loss of generality, we may assume that f(x,,...,x,)
depends only on x; for £ < i < r and the coefficients of x, and

x, are both nonzeroin Z,,. Let m = plf‘ p§2 - p be factorized

into the product of prime factors. Suppose that a local rule f
is given, and set f;(x,,...,x,) = f(x,...,x,) mod pf". fis
called weakly permutive if, for 1 < i < n, there is 7; € N such
that f;" is either constant, a multiple of an identity map, or
permutive.

The present elucidation investigates the measure-
theoretic and topological entropies of weakly permutive CA.
For reader’s convenience, we recall definitions of measure-
theoretic entropy, topological entropy, and topological
pressures. Reader may refer to [13] for more details.

Let p be an invariant probability measure on (Q, F), and
let & and f3 be two finite measurable partitions of (). Define
o\/ fand H,(«) by

a\/B=1{A[B:Aca,Bep},

H, () = = ) p(A)logu(A),

Aca

2)

respectively. The measure-theoretic entropy of F is defined by

n-1
h,, (F) = sup {HILI%O %HM (\_/OFa>} , 3)

where the supremum is taken over all finite measurable
partitions o.
Defined: O xQ — Rby

© |Xi— Y
d(x,y)z’z | yl’

lil
=0 M

x,y € Q. (4)

It is easy to verify that d is a metric and (Q, d) is a compact
metric space. Moreover, let ,[s,,...,sp], = {x € Q: x, =
Sp>---»Xp = S} be a cylinder in Q, where a < b,a,b € Z.
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Then ,[s,,...,S]; is not only open but close in Q. Let & be
an open cover of (), denoted by

H (%) = inf {log#%}, ®)

where the infimum is taken over the set of finite subcovers
P of P and #A denotes the cardinality of A. The topological
entropy of F is defined by

1 n—1 »
hyop (F) = sup {nli_)rréO;H (1\_413 9’)} ; (6)

where the supremum is taken over all open covers P.
It is known that permutive possesses strongly mixing [3,
21]. Recall that F : O — Q is strongly mixing if

. —n
nlgIéo U (F Un V)

=uU)u(V) for every measurable sets U,V c Q.

7)

The following example demonstrates that permuittivity can-
not be omitted.

Example 1. Let f: Z, — Z, be defined as

2 3
f (%9, %1, %) = 2x0 + x; + [gxz] + [sz] -x, mod 4,
(8)
where [-] is Gauss function. It is seen that f is a permutation
at x; but not permutive. Observe that x is Garden of Eden for

x €{y ezl :y =0,y, =1forsomei € Z}; namely,
there exists no preimage of x. Then F is not strongly mixing.

3. Entropy of Weakly Permutive
Cellular Automata

Let X,Y be two compact topological spaces, and let v be a
probability measure on X. If ¢ : X — Y is onto, the push
forward measure vy, of v on Y is defined by vy = vo ¢!, It is
wellknown that vy is also a probability measure.

Lemma 2. Let m = pq for some relative prime factors p and
q. Denote

fy (ereeer,) = £ (000
fq(xf"">xr) = f(xf"">xr)
Then hﬂ(F) = hﬂp (FP) + hyq (Fq) provided y = Hp X U where

mod p,

)
mod g.

u, and y, are the push forward measures of p on ZIZ, and Zf,
respectz:vely, and F,, and F, are CA with local rules f,, and f,,
respectively.

Proof. Denote Q, = Zf and Q, = Zqz. Define ® : O —
Q, xQ, by

(®x); = (x; mod p,x; mod q), i€ Z. (10)

Observe that Z,, =

Z, x Z, indicates that ® is an
isomorphism. Moreover,

(@ F) (x),
= (f (Xiser -+ > Xiy) mod p, f (Xips- .., X;,,) mod q)
= (fp (Xires s Xigr) s fq (Xis- ’xm))
= (fp (Xiver - -> X34, mod p), fo (Xipes- > Xy, mod Q))
(7 ) - 0) o,
(11)
fori € Z. That is, the diagram
Q r Q
cl)l @ (12)
Q,xQ, oy Q,xQ,

commutes. Thus F is topologically conjugated to F,, x F,. The

isomorphism p =, x y, indicates that b, (F) = h,, ., (F, x
Ey)) = h, (F,) +h, (F).
The proof is completed. 0

Remark 3. Notably, the demonstration of Lemma 2 asserts
that a CA F defined on Z? is topologically conjugated to the
direct product of the projection of F on Zf and Zf provided
that m = pq and p is relatively prime to q.

Theorem 4 comes straightforwardly from the definition
of weakly permutive CA and Lemma 2, and hence the proof
is omitted.

Theorem 4. Let m = p]fl . pI;Z ---pﬁ” for some prime factors
p; and k; € N. Suppose that F is a weakly permutive CA, p is
F-invariant, and p = p, X- - -X y,,, where y; is the push-forward
measure of y on kai fori=1,...,n. Then

h, (F) =Y h, (F). (13)
i=1

An immediate application of Theorem 4 is computing
the measure-theoretic entropy of a linear CA (LCA). Herein
F is an LCA if its corresponding local rule is given by
f(xp...5x,) = 2_,a;x; mod m for somea; € Z,i=¢,...,r.

Theorem 5. Let m = p’fl . p];z - pl for some prime p; and

k; € N. Suppose F is an LCA and p is F-invariant such that
W=y X phy X o X fhy,. Then

hy (F) = Yh, (F). (14)
i=1



Moreover, suppose that y is a Bernoulli measure. Denote

G = {] : (aj’pi) = 1} U{O}) (15)
7; = max C;, ¢, = minC,, (16)

for1<i<n Then

hy (F) = Zhﬂi (F)
i=1

p{"'—l (17)
= Z (71‘ _zi) Z - Py logpij,
i1 =0

wherep, = (), 1<z<n,0<]<p -1

Remark 6. Theorem 5 only presents the explicit form of
the measure-theoretic entropy of an LCA with respect to
a Bernoulli measure. The exact formula of the measure-
theoretic entropy of an LCA with respect to a Markov
measure can also be obtained. Since the formula is much
complicated, we omit the case.

Before demonstrating Theorem 5, we introduce the fol-
lowing lemma.

Lemma 7. Let m = p* for some prime p, k € N. If F is an
LCA, then F is weakly permutive.

Proof. Denote by 3 the collection of linear local rules, and
Z,lx,x"] = {ZF " ax'n,n, € Z}. Define y : & —
Z,,[x, x 1 by

x(iki

i=n,

x,»> = Zz:)tix_i. (18)

i=n,

It is easily seen that y is bijective. Moreover, let Z,, [[x, x 1]
denote the power series generated by {x, x"'} over Z,,. Then
X:Q — Zm[[x,xfl]] defined by

Xb)= Y bx, whereb=(b),, € (19)

i=—00

is also a bijection. Observe that, for each b =

% (T (b))=x[< S 4 )]

n=—r+i

AR

i blx’> (20)

—00

(b) € Q,

T(x(®)) = T(

Zr: a,x " < OZO: bixi>

=-00

S (L an)e
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where T = x(f). This implements that the diagram

Q = 0
] P
Z,11xx '] — Z,,[[xx7']

commutes. Moreover, yielding the Mathematical Induction,
we have " = y7'(T") for alln € N, where " = fo f"".

Write T(x) as T(x) = T,(x) + pT,(x) such that T, (x) is
consisting of those monomials whose coefficients are coprime
to p. We claim that, for all i e N,

(T, (x) + pT, (x))pi = Tfi (x) (modpi“). (22)

It is seen that

(—I]—l (x) + pT, (x))P
P
Z ( ) (T, ) (pT, (%))

(23)

P
§1< >(T1 (x)) pTTZ(x)) (modp)

j
= (T, ()" (pTo () + Tf ()
=T (x) (modpz).

Suppose that

(T, )+ pT, ) =T (x) (modp™)  (29)

In other words, (T, (x) + pT,(x))?" = pF*'Q(x) + T (x) for
some Q(x). Therefore,

(T, () + pT, ()
k1P
- [ 0+ pT )|

_ [ QM) + Tfk(x)r

_ i (1;)) (7'Q (x))j[vlpk(x)]p—]

(25)

- ZI: (};) (Pk+1Q (x))j[Tlpk (x)]P‘]

(modpk+2)

k+2 )

€9 (modp

This demonstrates our claim by the mathematical induction.
Letn = pkil; then T"(x) = T}(x) (modpk), and " =
¥~ (T") is permutive. The proof is completed.
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Theorem 5 is obtained by combining Lemma 7 and the
following result.

Theorem 8 (see [15]). Suppose that the local rule of a CA F
is given by f(x;,...,x;), where i < j, i,j € Zand y =
(Po>- > Pm1) is an F-invariant Bernoulli measure. Denote
L = min{i, 0} and R = max{j, 0}. One has the following results.

(i) If f is left permutive, then h,,(F) = szmz_ol Di log pys
(i) If f is right permutive, then h,(F) = -R Yo e %
log py;
(iii) If f is bipermutive, then h,(F) = —(R - L) kazz)l Pr X
log py.
In general, Lemma 7 does not hold. For instance, let f :
Z} — Zgbe defined by f(xq,x,,x,) = xo+2x, mod 6. Then
is weakly rightmost permutive. However, y"* = (1 + 2x~ )"
f y rig p Xf

whose coefficient of x™" is either 2 or 4 mod 6 for alln € N.
Thus f" cannot be rightmost permutive for n € N.

Example 9. Let m = 12, and let y be the (py, p1>---> P11)-
Bernoulli measure. Then Q = Q, x Q,, where ; = Zf and

Q, = Z%. And the push forward measure of y on Q, and Q,
is

p1 = (Po+ Pyt Ps, P1 + Ps + Pos
P2+ Ps+ Pio»P3+ P7+ Put)>»

ta = (Po + Ps+ Ps + Por P1+ Pyt P7+ Pros
P2t Ps+ PstPin)s

(26)

respectively. Set f(x_;, xg, X1, %;) = 2X_; + x5 + 2x; + 3Xy;
then

fi1 (x_1, %0, X1, %) = 2x_; + X +2x, +3x, mod 4,
fr (%1, %0, x1,%,) =2x_; + x9 +2x; mod 3,  (27)
7 =2, £, =0, 7, =1, £, =-1.

Theorem 5 indicates that
h, (F)
=h, (F)+h, (F)
==2((po + pa+ ps)log (po + P4 + Ps)
+(p1 + s + po)log (py + ps + po)
+ (P2 + Ps + P1o) 10g (2 + Ps + Pro)
+(ps + p7 + pu)log (ps + p7 + p1y)
+(Po + Ps + Ps + Po) log (po + p3 + Ps + Py)
+(P1+ Pa+ 7+ Pro)log (py + Py + 7 + Pro)

+(py+ ps+ pg + pry) log (py + ps + pg + p11)) -
(28)

Example 10. Suppose m = 90 = 2-3>-5. Let f : Zg, —
Zy, be given by f(x_;, xg, X1, %,) = 18x_; + 10x,(xy + x1) +
20x, mod 90. Then Q = O, x Q, x Q; with Q, = 7%, Q, =
7%, and Q, = ZZ . 1tis seen that f, = 0 mod 2 is a constant
map, and f, = x;(xy+x;) +2x, mod 9and f; =3x_; mod
5 are both permutive. Hence f is weakly permutive but not
linear. Theorems 4 and 8 assert that

B, (F) = by, (Fy) +h, (F;)

3 4 (29)
= - Zzpzi log p, - ZP3,- log ps,
i=0 i=0

provided pt = pi; X p1, X p3, where p; is defined in Theorem 5.

Similar to the discussion of the formula of the measure-
theoretic entropy of weakly permutive CA, the topological
entropy of weakly permutive CA can be obtained analogously.

Theorem1l. Letm = plfl plzc2 - bk be factorized into the product
of prime factors. Suppose that F is a weakly permutive CA and
F, is the projection of F on kai fori=1,...,n. Then

n

htop (F) = zhtop (Fz) . (30)

i=1

In [17], the authors demonstrated the formula of the
topological entropy of LCA. Lemma 7 indicates that LCA
is a proper subset of weakly permutive CA. That makes
Theorem 11 an extension of Theorem 12. More precisely, (31)
holds for the topological entropy of weakly permutive CA.
Theorem 12. Let m = p]fl p’zc2 . pﬁ" be factorized into the
product of prime factors. Suppose that F is a LCA. Then

higp (F) = Zki (Fi - zi) log p;, (3D

i=1

where 7; and €; are defined in (16).

Remark 13. The variational principle in thermodynamic for-
malism indicates that the topological entropy of a compact
system is obtained by the supermum of its measure-theoretic
entropies among all invariant measures, and a measure that
attains the supremum is called a maximal measure. It comes
immediately from Theorems 5 and 12 that, if we only consider
invariant Markov measures, the uniform Bernoulli measure is
the unique maximal measure for LCA.

Example 14. Let m and f be the same as in Example 9, and
let 4 be the uniform Bernoulli measure; then

1 1
hﬂ (F) = —2<log4—1 + log 3) (2)

=4log2 +2log3 = hy,, (F).



Example 15. Let m and f be the same as in Example 10, and
let 4 be the uniform Bernoulli measure; then

1 1
hy, (F) —210g§—log§

(33)

4log3 +log5 = hy,, (F).
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