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Introduction

Families of maps provide us with dynamical systems by compositions
of them. Usually they will show very complicated structures, and
direct observations of them seem difficult to understand their be-
haviours. By extracting some rough values of them by use of pro-
jections, it becomes possible to look at them geometrically. They are
given by families of symbolic dynamics. This is a basic idea of realiz-
ing geometric pattern formation from random dynamics. The original
detailed dynamics will be referred as micro and the latter as macro.

Dynamics by families of maps admit several algebraic operations
between themselves. Of particular interests for us are given by con-
tracting compositions of maps or codings of symbols. Thus starting
from a finite family of maps, one can produce infinite hierarchies of
dynamics and operations between them.

One merit to produce such hierarchies is to compare with dynam-
ical invariants on them, which measure degree of pattern formation.
In this paper, we study such dynamical systems from entropy view
points. Essentially we will introduce two types of them, topological
and informative entropies. Our main interests here will be to compare
the entropy values between these dynamical systems.

Let us take two continuous maps on the interval:

fyg:10,1] — [0,1]

and consider their iterations:

O1(z) = {f* (@) r=01... O2(x) = {g" (@) }r=0,1...-



We call them the oscillatins ([K2]).
Let us define interaction of these orbits below. For this, let X5 be
the one sided full shift with two alphabets {0, 1}:

X2 = {(ko,kl, .. ) : kz c {0, 1}}

Then for each element k& = (kg, k1,...) € X5, we will associate a family
of maps:
{hm(x)}k:(),l,...a ™ [07 1] - [07 1]

as follows. Let us put:
=0
sy = 1@ =0
glx) i=1
Then we define the family of maps {h"}>°_, by:
h"(x) =dy,, ody, , 0 ody(x).

Let:
m:1[0,1] — {0,1}
be a measurable map given by 7([0,1)) = 0 and 7((3, 1]) = 1.
For a.e. = € [0, 1], one can compose {h™(x)},, with 7 and obtains
another element:

K =r((h'(x),h'(x),...)) = (roh’(z), 70 h*(z),...) € X.

Thus for each element k& € Xs, one has assigned another element &'
We denote this assignment:

O(f, g)(x) : Xy — Xy

by ®(f,9)(z)(k) = m((h°(x), R (x),...)). It is expressed as a famliy
of symbolic dynamics:

O(f,g):[0,1] x Xo —[0,1] x X5

by ®(f, g)(x, k) = (z, ®(f, g)(x)(k)). This is the most basic dynamical
systems in this paper, and we call it the interaction map.

2



By increasing the number of maps { f1,. .., f,}, one obtains parallely
corresponding interaction maps @ : [0, 1] x X, — [0, 1] x X, by use of
projections 7 : [0,1] — {1,...,a}.

Let I =[0,1]x[0,1]x... be the infinite product of the interval with
the product topology. For a.e. T = (xg,21,...) € I, the projection
(%) = (w(xg), m(x1),...) gives an element in Xs. So it determines a
family of maps {h*}, as above. Let us fix x € [0,1]. Then the family
of maps above gives a map:

O(z):I—=1, (z0,21,...) — (h°(x),h}(z),...).

In this dynamics, the flow {®(2)"(z)}2, C I will behave quite com-
licated manner under the very random compositions of maps. This
motivates our formulation of interaction maps which wastes very de-
tailed information and traces only rough values of them.

Even though interaction maps will be much more simplified com-
pared with the above one on the infintie product of the intervals, at
the same time they contain rich geometric structures. For example
one can realize flows of some infinite integrable systems which possess
solitons by such interaction maps ([K3], [K4]). So one has a chance
to create some patterns by such rough maps. Such principle is called
pattern formation and in this paper we study such micro-macro com-
parisons from entropy view points.

For k € X,, let us write ®(z)'(k) = (kb, ki,... k' ,...) € X,. From
dynamical view point, the interaction map has two directions. One is
n-direction which we call holizontal, and the other is t-direction and
we call it vertical, or time direction.

The interaction map decomposes into smaller pieces as dynamical
systems. In 1.B, we study strurcutre of such spaces from topological
entropy view points.

For holizontal direction, there is a natural fibration of interaction
maps. Let us put

X({fi}i) = {(k, @(@)(k), ) : 2, k}, X({ fi}is k) = {(@(2)(k), z) - 2}

They are subsets of X, x X, x[0, 1] and X, x [0, 1] respectively. X, has
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the standarq s_hift o, and_ using it, the above spaces admit canonical
shifts by a(k,l,z) = (0(k),o(l), fr,(x)). Then one obtains the shift
commuting Lipschitz fibration:

X({fitik) = X({fi}i) = Xa.
From the well known Bowen’s fibration theorem, one obtains esti-
mates between values of topological entorpy (cor 1.2):
hi(Xo) =loga < hy(X({fi}:)) <loga+ sup hy(X({fi};; k).
keX,

Thus behaviour of k(X ({fi};)) depends on that of h:(X ({fi}i; k)).
For the latter space, again one obtains another fibration. Let us put:

Y({fiti, k) = {@(k)(2);2}, Y({fi}i k1) = {z; (k)() = I}.
These are subsets of X, and [0, 1] respectively and admit similar shifts.
Then one obtains the shift commuting Lipschitz surjection:

Under some conditions, this admits a structure of continuous fibration.
Unlike to the above case, this fibration changes under the action
of shifts. Thus in order to obtain estimates of values of topological
entorpy, we show an equivariant version of the Bowen’s theorem.
Let X,Y,Z be shifted spaces by o, and E, C X and F, C Y be
a parametrized families by z € Z so that o(E.) C E,() hold for

all z € Z, and similar for F,. Let T, : E, — F, be an equivariant
Lipschitz fibration. Then the inequalities hold (thm 1.2):

h(F.) < hy(E,) < hy(F.) + sup h(T, ()

for each z € Z.
By applying thorem 1.2, one obtains the estimates on toological
entropy under some condition as above (cor 1.3):

he(Y (03 {fi}i, k) < ht(U;X({fi}iaf%)) o
< hi(o; Y ({ fi}i, k) + sup hy(o; Y ({ fi}i, k., D).

leX,



When dynamics shows some monotonicity on each Y ({f};, k, 1),
then the entropy on it vanishes. Under such conditions, one obtains
the equality (prop 1.2):

he(Y (05 {fi}i, k) = holos X ({ fi}i, K))-

In particular one obtains the upper bound of the values (cor 1.4):

h(X({fi}:) < 2loga.

In 1.C" and 3.B, we study cell automata from the entropy view
point. By modyfying composition way of maps, one can realize Lotka
Volterra cell automaton and box and ball system (BBS) by interaction
maps ([K3],[K4]).

For the LV case, the most different point from the ordinary inter-
actions is that in order to determine k!, one is required to know the
values of kj until j = ¢+1. It turns out that this phenomena is reflected
to values of topological entropy. In fact for non cell type interaction,
the topological entropy of the pointwise interaction, ®(x) : X, — X, is
always trivial (lem 1.3). On the other hand for cell type one, one can
immediately construct interactions so that the pointwise interactions
have value log a of topological entropy (lem 1.8).

In general interactions can be changed to cell type ones. One can
see that the values of the topological entropy of families of interactions
also drastically change. By use of the tent map f and g =1 — f, the
corresponding interaction map ®(f, g) and its cell type one ®(f, g, J)
have their values respectively as (lem 1.10):

hi(®(f,9)) =log2, Mm(®(f,g,J)) = oc.

In 2. B we study dynamics of interaction maps for vertical direction.
By use of restrictions, one obtains vertical slices of interaction maps as
an infinite inclusions of dynamical systems. There are canonical factor
maps between them. From such structure, we study amalgamation of
these dynamics which give topological conjugacies, and so the same
values of topolgical entropy.



In the case of BBS, such restriction above gives a surjection to a
subshift of finite type. In particular one obtains a rough estimate from

below (lem 3.3):
1
h(BBS) > +2\/5

The interaction maps ®({f;}:) : [0,1] x X, — [0, 1] x X, can admit
several operations so that one can obtain other maps of the same type

> 0.

as above. From the micro to macro principle view point, one wanders
which will admit more structures of patterns. So it would be natural
to compare with the values of the corresponding entropies which will
reflect such phenomena.

From the information theory view points, there are algebraic oper-
ations on the set of words which we call the codings (section 4). There
are quite various types of codings. Let {fi,..., f,} be a family of
maps. For each k, € (X,),, one can associate another map ¢(k,) by
composition:

9(kn) = fr, © frn 00 fr.

By this way one obtains another families of maps

C,= Ul}ne(Xa)ng(kn) = {917 cee 7ga”}'
We call it contraction of {f;};. Using this new family of maps, one
obtains another interaction maps ®({g;};) : [0, 1] X Xgn — [0, 1] X X;n
by using the projection 7 : [0,1] — {1,...,a"}, m((L, EL)) =k + 1.
By letting n — oo, the division of the interval becomes more elabo-
rate, on the other hand by the effect of many times compositions, some

informations on the dynamics of maps will be lost. So it will be a nat-
ural question which n will be the best in order to induce the richest
information on the dynamics of the interacting maps. In particular
one can ask whether it might be possible to recover the dynamical
information of the original maps {f;}; from such interaction maps as
n — oo.

The lexicographic order gives a map v : (X,), — {1,...,a"} and
it induces a map 1 : X, — X,a". Thus a contraction gives a diagram
as below, which is non commutative diagram in general.
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Of particular interest for us is compression which is given by de-
creasing number of contracted maps g; (4.B). It gives a map ¢y :
(Xo)m — {1,...,t}, t <a”, and induces ¢ : X, — X;. So a compres-
sion from {fi,..., fu} to {g1,...,q:} also gives a non commutative
diagram in general:

0,1] x X, = [0,1] x X,

O({fiti) | ({g545) |
0,1] x X, = [0,1] x X,

For a particular case which we call the compression by an n-th
projection, one obtains commutative diagrams between the interaction
maps on the original family {f;}; and on the compressed one {g;};
above (prop 4.1).

In principle codings give smaller values of entropies, since it elimi-
nates detailed information of the original dynamics. The compression
by an n-th projection gives the optimal case. In fact using commuta-
tivity, one obtains the equality of the topological entropy (cor 4.1):

ht(fla ceey fa) = ht(gl; e ,ga)

From measure theory view points, one can induce a canonical mea-
sure ) on each (X,),, which is determined only by a family of maps
{f1,.-., fa}. Once one has a measure, at least two entropies, informa-
tive hgs and conditional h. ones are defined, which work well for degree
zero and one Markov processes respectively. In general dynamics of
interacting maps shows behaviours of higher degree Markov. In this
paper in order to treat such case, we introduce the interacting entropy
h; which measures how maps are well interacting. All these entropies
are given by determining the initial value z € X,,.

When the interaction is Markov, then it coincides with the condi-
tional one (cor 5.2):

hi(Z) = he(Z).

Our formulation will reflect much more interacting situations. In

general the interacting entropy show smaller values than the topolog-

7



ical one (lem 5.5, thm 5.1):
h(X({fiti2) = hi(2),  he(fi-.o, fa) = hilfr, . fa).

When the measure () satisfies some homogeneity, then h; coincides
with A, and so the above inequality is optimal (cor 5.3).

A commutative compression g : (Xg)m — {1,...,t} from {fi}%,
to {g;}’—; gives a priori estimates (thm 5.2):
(n+ Dhi(zn:{ fi}i)
< (L4 Dhi(p(a); {9i}:) + sup logte™ (1)
YE(Xt )i

where (n+1) = (I +1)(m +1).

The interacting entropy tends to decrease their values when the
length of words go to infinity. In order to study degree of such decay,
we introduce divergence

D(Pl|Q)

between two measures (5.C'). By use of D, one introduces the mini-
mum exponent m, = m,(Q,z,) (5.C.2).

In the case when () is memeoryless in vertical direction and Markov
in holizontal one, one obtains a decay estimate of h; (cor 5.5):

hi(Z,) < p(n) exp(—nm,,)

where p is a polynomial. In particular when m, > A > 0 satisfies a
lower bound by a positive number, then h;(Z,) decays expenentially

One of main aim to introduce h; is to study some qualitative prop-
erties of codings. From informative view points, one of the most im-
portant interests of codings is when they can be decodable, in other
words when they are injections.

In this paper we study such property when the induced measure @)
is memoryless in time and Markov for z. Passing through ergodicity
and low of large numbers, one obtains a result which states that for
small coding rate R with respect to the value of interacting entropy,
almost all long random words cannot be decodable (thm 6.3).
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In precise suppose ) is moreover ergodic. Let g : (Xo)n — (X¢)m
be a coding, and put R = m/n. When the inequality:

Rlogt < hi(x)

is satisfied, then for any other map vy : (X¢)m — (Xo)n, any small
A > 0 and for all large n, the estimate:

P.=Pr (Wop(Y,) #Y,) >1-)\

holds.
The conclusion can be stated for non Markov cases. By introducing
ergodicity for such cases in 5.D, finally we would like to propose:

Congecture: When the induced measure is ergodic, then the above
statement still holds.

1 Topological entropy

1.A Topological entropy of interacting maps: Let a > 1 be a
positive integer, and fi,..., f, : [0,1] — [0,1] be a famliy of maps.
We define interaction of these famillies of maps below. Let:

Xy = {(ko, b, ... ) sk € {1,...,a}}

be the one sided full shift. It is compact and admits a metric structure
by:
00 1— 5561‘, i
d({zi}i {y})) = BZ0—5
We equip with the standard metric on [0,1] and with the product
metric on [0, 1] x X,,.
For each element k = (ko, k1,...) € X,, we will associate a family
of maps:

{h"™(x)}=01..., R"™:[0,1] — [0, 1]
by:
W™ (2) = fry © fry 000 0 fio().



We call the famliy as the interaction maps.

Let us put a subset S(fi,..., fa k) = {z € [0,1] : h"(z) € {1}=]
for some m} in [0, 1]. We call it the singular set. The regular set with
respect to k is given by R(f1,..., fa;k) = [0, 1\S(f1,..., fa; k).

The regular set of the family of maps {f1,..., f,} is defined by:

R(fl, .. -;fa) = ﬂ,;eXaR(fl, .. .,fa;];?) C [0, 1]

Ezample: Let f be the tent map, f|[0,3](z) = 2z and f|[3,1](z) =
2 — 2z, and g be its reverse, g(x) = 1 — f(x). The regular set is:

R(f.6) = 0.\ oin = 1,2, 1< k<2~ 1}

By definition, the following hold:
Lemma 1.1 Let R(f1,..., fa) C[0,1] be the regular set. Then:

fZ(R<f1> . '7fa)> C R(flv'”:.ﬂl)

are satisfied for allt=1,..., a.

Let:
a—1

1 2
”:[0’1]\{5’5""’ }—{0,1,...,a}
i—1

be a measurable map given by 7((*~, 7)) =ifori=1,...,a.
Let k € X, and {h™},, be the corresponding famliy of maps. For
each x € R(fi,..., fa), one can compose {h™(x)},, with 7 and obtains

another element:

K =r((h’x),hl(x),...) = (roh’(z), 7o Al (x),...) € X,.

a

Thus for each element k € X, one has assigned kK € X,. We denote it

as ©({fi}:)(z) : Xo — Xo by ©({fi}:)(2)(k) = 7((h°(x), h'(2),...)).

It gives a family of symbolic dynamics:

O(fr,..., fa):10,1] x X, — [0,1] x X,
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with domain R(fi,.... fa), by ®({fi}:)(2,k) = (x, @({fi}:)(x)(k)).
This is the most basic dynamics in this paper. We call it the interac-
tzon map.

1.A.2 Topological entropy of interacting maps: Below we de-
fine the topological entropy for maps on metric spaces into itselves. For
our purpose we will extend the underlying spaces for families of maps
{g* 1 Y — Y}°, which generalizes the single map h case by assigning
¢* corresponding to the i-th iterates of h.

Let (Y, d) be a compact metric space, and YN be the product space.

It is also compact and admits an induced metric by d({z;}:, {y;};) =
ZZQiO (zi,9i)

2i
A subset E C YN is called (n, €) separated, if for any {x;}; # {y;}: €
E, there is some 0 < 7 < n so that the inequality holds:

d(zj,y;) > €.
A subset F' C YN is (n,€) net if for any {z;}; € YN, there is some
{y;}; € F so that the inequalities hold:

d(zj,y;) < €
for all 0 < 5 <n.
For a subset K C YN let r,(e, K) € N be the smallest cardinarity
among (n, €) nets in K. Similarly let s, (e, K') be the largest cardinarity
of (n,€) separated sets in K. Then we define:

1
r(e, K) = lim sup —logr,(e, K),

n—oo M

1
s(e, K) = lim sup — log s, (€, K).

n—oo N

The following holds (see [MS] p164):

Lemma 1.2 (1) Both r(e, K) and s(¢, K) are decreasing with respect
to €.
(2) The inequalities hold:

1
rn(e, K) < sp(e, K) < rn(ie, K).
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For any subset KX C YN, the topological entropy of K is given by:
h(K) = lir%r(e, K) = lin% s(e, K).

Let {¢*: Y — Y}, be a family of maps, and S C Y be a subset.
Then we put the set:

K ={(z,9'(2),8*(x),...);z € S} C YN
The topological entropy with respect to ({g}z, S) is given by:
he({g"}r: S) = limr(e, K) = lim s(e, K).

For a single map f : Y — Y, the topological entropy h:(f; S is also
given by using its iterations {f*};.

Let fi,...,fa : [0,1] — [0,1] be a family of maps on the interval,
and @ : [0,1] x X, — [0, 1] x X, be the corresponding interaction map
with the regular set R = R(f1,..., f.)-

Definition 1.1 The topological entropy of the interacting map is given
by:
ht(f17 SR fa) - ht(q)u R x XCL)'

This is the most basic topological entropy in this paper. From mea-
sure theoretic view points, we will introduce other entropies in later
sections.

Let XN be the infinite product of X, with the product topol-
ogy. This is a compact metrizable space. We denote its elements
as (ko, k1, ...) = {k{}33_y There is a canonical shift on X} by:

O(I_Co,];}l,...):(%1,];72,...).

Let ® be the interaction map corresponding to fi, ..., f, and choose
r € R(f1,..., fa). Then one obtains a map:

U(r): X, — XN, V() (k) = (k, ®(k, ), ®(k,z)?, &(k,2)3,...).

This describes the iteration dynamics of ®(z). We also denote ¥ :
0,1] x X, — XN by U(x, k) = U(zx)(k).
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Now we put:

L(fla SEI) fa) - UxeR(ﬁ fa),IQEXa\Ij(x)(E) C XCIL\I

.....

and call it the orbit space of the interaction map. This is the shift
invariant subset.
For positive integers n,t > 0, let us put the set (X,)t and the
projections:
(X, = {k =iz k) € {1, a}},
Tt XN (Xa)ltle {k7}isen — {ki 82;;

n ?

We denote (X,), = (X,)} as the set of all words of length n + 1.
Now we define the topogical entropy of the orbit spaces by:

log 8t (L(f1,- -+, fa))-

1
h:(L R —l li
t( (fla 7f )) 1m 11 sup t—|—1

t—o0

Proposition 1.1 The equality holds:

he(f1y - fa) = (L f1, .05 fa))-

Proof: Let ® : [0,1] x X, — [0,1] x X, be the interacting maps and
R = R(fi,..., f.) be the regular set. Let S(e,t) C R x X, be an
(€,t) net for ®. Then for each large n, there is a small € > 0 so that
k, # k. € (X,), implies d(k,,k.) > €. So #S(e,t) > 4T, +(L({fi}:))
holds. Thus:

1
lim sup log 1S(e,t) > lim sup o

[ log 8 (L(1fi}i)

t—o00 t—o0

holds, and one obtains the inequality h:(®) > h(L({fi}:))-
Conversely, if two elements (z, k), (2/, k) € S(e, t) satisfy the equal-

ity m,:({®(2) (k) }:) = T ({®(2')'(k)};), then by e separation, |z —

/| > € must be satisfied. So 147,,(L(f,g)) > £S(e, t) holds. Thus:

lim sup - log £+ (L({i}:)
1 1 1
pu— 1 - T y y > ]
lim sup -——log| 47 (L({/i}:))] 2 lim sup - —— log £5(e, ?)
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holds, and one obtains the other inequality hy(®) < h(L({fi}:)).
This completes the proof.

FExample: Let f be the tent map and g be its reverse. Consider the
vertical projection g : XN — X, by {kf}is — {ki}s. Since Tpoo :
L(f,g9) = X gives a homeomorphism, the topological entropy is give
by:

hi(f.g) = log2.

Let us choose any x € R(f1,...,f.), and consider the pointwise
dynamics:
¢(x) : X, — X,

We see that the entropy of ®(x) is trivial.

Lemma 1.3 The topological entropy hy(®(zx)) is equal to O for any
r € R(f1,..., fa)-

Proof: Let us put ®(x)'(k) = (ki,k%,...), t = 0,1,... Then k! is
determined by (ko, ..., k) for any t.

Let Cy,...,C,~x C X, be all the set of cylinders of length N. If
one chooses elements k; arbitrarily from C;, then the set {k, ..., kon}
gives the largest (t, C%N) separated net for all ¢. Thus the topological

entropy 1is:

hi(®(x)) = lim

n=00 ¢ 41

loga™ = 0.
This completes the proof.

Later when one considers cell type interactions in 1.C.3, the point-
wise topological entropy becomes non trivial.

1.A.3 Topological entropy in micro scale: So far we have con-
sidered symbolic dynamics arising from families of maps. This is ob-
tained by wasting some detailed information on their dynamics by use
of projections. Here we will consider dynamics which will contain all
informations arising from families of maps.

Let T = [0,1] x [0,1] x ... be the infinite product of the interval
with the product topology. So a sequence {{z!}3°,}; C I converges
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when every restriction to finite length words {{z{}¥}; C I converges.
I is a compact metric space.

For Z = (g, x1,...) € I, when any of z; does not hit the set {£}¢=],
then the projection

(%) = (m(xp), w(x1),...)

gives an element in X,. So it determines a family of maps {h*}; as
above.
Let x € R(f1,..., fa).- Then the family of maps above gives a map:

d(z): I -1, (xg,21,...) — (W), R} (2),...).

By this way one obtains the interaction map:

O:[0,1]xI—1[0,1] xI, &(x,x)=(z,x)(x)).

The interaction maps we have considered so far are the reduction of
P as:
D : [0,1] X X9 — [0,1] X Xo.

Let R = R(f1,..., f.) be the regular set.

Definition 1.2 The topological entropy in micro scale is given by:
RM(f1, s fa) = he(®) = hy(®; R x 1),
Clearly the inequality holds:
hi*(fi, - fa) = he(f1, -0 fa)-

1.B Entropies for holizontal direction: A continuous map be-
tween metric spaces T : E — F'is called a fibration, if for each small
e > 0, there is 6 > 0 so that for any y,y’ € F with d(y,y’) < J and
xr € F with T'(z) = y, the inequality:

dz, T7'(y)) <e

holds.
Let 0 : E — FE and ¢ : ' — F be two metric spaces equipped
with continuous maps between themselves. We call these maps the
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shifts. A continuous map T : ' — F'is a factor map, if it is surjective
fibration which commutes with the shifts.

In 1.B we study structure of dynamics for holizontal direction from
topological entropy view point by use of fibration structure of the
dynamics.

Let {f1,..., fa} be a family of maps, and consider the corresponding
interaction map @ : [0,1] x X, — [0,1] x X,. ® has two directions,
holizontal and vertical ones. Here one will consider entropies of the
dynamics of maps for holizontal directions.

Let R = R(f1,...,fs) be the regular set, and put the total shift
dynamics:

XU{fi}) ={(k,®(z)(k),z) :x € Rk € X,} C X, x X, x[0,1].

Let o : X, — X, be the shift given by o(ko, k1,...) = (k1, ko, ...).
Then there is the induced one by:

7:X2x[0,1] — X2 x[0,1]

where 5 (k,[,x) = (o(k),o(l), fr, (7)), where k = (ko, ky,...). Then by
lemma 1.1, X ({f;};) is a & invariant subset in X2 x [0, 1].
The shift entropy for {fi1,..., f.} is given by:

ht(57X(f17 ceey fa))'
Let us put:
X({fi}ik) = {(®(2)(k),x) :x € R} C X, x [0,1].
This also admits a canonical shift by:
(@ (x)(k), ) = (o(®(2) (k). fr(x))

where ]% = (]{J(), ]Cl, . )
X ({f:};) admits the shift commuting fibration:

X({fitik) = X({fi}) = Xo.

The map X ({fi};) — Xa, (k,®(z)(k),z) — k is clearly a Lipschitz
map.
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Theorem 1.1 Let (X,d) and (Y,d") be compact metric spaces, and
E C XN and F C YN be shift invariant subsets. If T : E — F is a
Lipschitz factor map, then the inequalities hold:
h(F) < hw(E) < hu(F) + sup hi(T~H(y)).
y

Proof: When both E and F' are compact, then the conclusion is known
by Bowen’s theorem. In general let £ C X be the closure of E. Thus
both E and F are compact. Since 7' is Lipschitz, it extends to a shift
commuting Lipschitz map T : E — F. Thus the conclusion follows,
since the topological entropy gives the same values on the closure of
the spaces (cf. lem 1.4). This completes the proof.

We will verify such fibration theorem for more general cases in the
next section.
In particular one obtains the following:

Corollary 1.1 Let {h* : X — X} and {g* : Y — Y}, be two fami-
lies of maps on relatively compact metric spaces.

Suppose there is a Lipschitz factor map T : X — Y with T o hF =
g" o T. Then the inequalities hold:

hi({9"}) < he({h*}) < he({"}) + sup he({W"}; T7H(y).
y
Corollary 1.2 We have the inequalities:

hi(Xa) = loga < hy(X({£i}i)) < loga + sup hi(X({fi}i; k).

Thus in order to know about the value h(X ({fi};)), one needs to
study behaviour of hy(X ({fi}i; k)).

1.B.2 Equivariant Bowen’s theorem for Lipschitz fibration:
Let (X,d) and (Y,d') be two compact metric spaces equipped with
the shifts 0 : X — X and ¢’ : Y — Y. Suppose there is another
compact metric space with a shift (Z,0") so that families of subsets
E. C X and F, C Y are equivariantly assigned for each z € Z:

O'(EZ) C Eo”(z)a O'I(FZ> C Fg//(z).
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An equivariant map is a continuously parametrized map:
T.:E,—F,, ze€Z

so that
o' (T.(m)) = Tyn(z) (o (m))
holds.

An equivariant map T, : F, — F, is an equivariant Lipschitz fibra-
tion, if T : E — F' is a fibration such that the family {7.}.c7 has a
uniform Lipschitz constant with respect to z (the Lipschitz constants
for T, are uniformly bounded by a constant independently of z).

Lemma 1.4 Let T, : E, — F, be an equivariant Lipschitz fibration.

Then for any small p,e > 0, there is some 6 > 0 so that for any
y € F, and y € F. with d(y,y') < 6, and any u net R, C T, '(y),
there is an p+ € net R,y C T, (y') with the same cardinarity:

ﬁRu = ﬁR/H-e-
Our aim in this section is to verify the following:

Theorem 1.2 Let T, : E, — F, be an equivariant Lipschitz fibration.
Then for each z € Z, the inequalities hold:

yek,
Proof: The proof is given by a modification of the one in [MS] p165.

We put £ = U,czE., and E C X be its closure. F and F C Y are
similar. For z € E., we denote x; = 0'(x) € E(ymi(y).

Let S C F, be a maximal (n,e¢) separated set, and choose x €
T, Y(y) C E, from each point y € S. We denote the set of such points
by S C E,. Because T, is Lipschitz, S’ is also (n,Ce) separated net
for some C. Thus the first inequality hi(F.,) < h;(E,) holds.

Let R, = R,(n,¢) be a minimal (n,¢) net in T, '(y) C E., and
r(n,€) be its cardinarity. Let us put a = sup,cp (T, ' (y)), and fix
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small €, > 0. Then there is a large m(y) so that the inequalities
hold:

a+a>h(T y) +a> m%y) logr(m(y),e).

Put D,(z,2¢) = {2/ € E, : d(z;,2}) < 2¢,0 < i < n}, and U, =
Uzer, Din(y) (2, 2€). U, contains T '(y).

Let {W,,,..., W, } be a finite cover of F. so that T~1(W,,) C U,

Let us put M, = sup;{m(y1),...,m(yy)}. Let 6, > 0 be a Lebesgue
number, B(y,d,) C W,, for some ¢ = i(y).

We show that for each z € Z, one can choose these points so that
0, > > 0and M, < C are uniformly bounded from below and above
respectively, independently of 2z € Z. Then the rest of the proof is
parallel to [MS].

Let us put:
Gu(z,2¢) = {2’ € E : d(z;,7}) < 26,0 <i < n}

and Vy = Uger, Gy (, 2¢). V, contains T *(y).

Let {Yy,,...,Y, } be a finite cover of F so that T"(Y,,) C V,, for
y; € E., where T : E — F. Let § > 0 be a Lebesgue number,
B(y,0) C Y, for some i = i(y).

Firstly for ¢« = 1,...,p, we choose R, (m(y;),e) C T '(y;). For
each ¢y € F, choose i so that y' € Y, N F. holds. Then using
lemma 1.4, let us choose R, (m(y;),€e') C T '(y') with §R,,(m(y;),€) =
tR,y(m(y;),€). We choose all Y, so small that ¢ < 1.5¢ hold.

By this way for each y € F', one has chosen (m(y), 1.5¢) net R, C
T~(y) satisfying a + o > m}y) log 4R, where sup, m(y) < oo. Re-
choose a minimal (m(y),1.5¢) net R, C T '(y). Since {R, < {R,
holds, still the inequality a + a > %log fR;, hold. Thus for each
y € F, we have chosen m(y) among the finite set {m(y1),...,m(y,)}.
In particular their values are uniformly bounded.

For each z € Z, we take finite sets of points {y7,...,y;} C F. so
that y7 € V,, N F, = W7. By the construction, still the Lebesgue
number of the cover {W7,..., Wy} C F. is 6. This finishes the proof.
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1.B.3 Slice entropy: Let us choose a family of maps (f1,..., fa),
k € X, and the corresponding family of maps {h™},,. Let us denote
the regular set R = R(f1,..., fa)-

Recall X ({fi}:,k) C X, x [0,1] in 1.B. This again admits another
fibration as follows. Let us fix [ € X,. Then we put:

Y({fi}i,k) ={@(k)(2);z € R({f;}:)} C Xa,
Y({fi}i.k, 1) = {z € R({f:},): ®(k)(z) = I} C [0,1].
There are shift o on both spaces as:
o Y({fi}ik) = Y({fi}i,o(k)),
o Y({fi}ik D) = Y({fi}i,o(k),o(]))
where the former is induced from the one on X,, and the latter is

given by o(x) = fi, ().
Using this, one obtains the shift commuting Lipschitz surjection:

Y({fitis k1) = X({fiti, k) — Y({fi}i, k).
Lemma 1.5 The inequality holds:
hi(o:Y ({fi}i, k) < halos X({fi}is K))-
Proof: This follows from the first part of the proof of theorem 1.2.

Definition 1.3 A strange sequence with respect to k is {x;}3°, C

R({fi}i) such that there is a positive € > 0 so thalt ®(k)(z;) converges
to some | and a uniform estimate holds:

for all large 1.

Remark: (1) In particular Y ({f;}i, k,1) is non empty.

(2) Let {h™},, be the family of maps corresponding to k. If {z;};
is a strange sequence and a subsequence converges to some x € [0, 1],
then A™(z) = . must be satisfied for some m and i =1,...,a — 1.
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Lemma 1.6 Suppose there are no strange sequences for k. Then
Ty X({fiyir k) = Y({fi}i, k)
(®(x)(k),z) — ®(x)(k) is a fibration.
Proof: By the above remark (1), Y ({f;}:, k) is closed and so compact.

Then the conclusion follows from the definition of fibration (1.B). This
completes the proof.

By applying theorem 1.2, one obtains the following:

Corollary 1.3 Suppose there are no strange sequences for k. Then
the inequalities hold:

he(Y (03 { fi}i, k) < ht(a;X({fi}i,%:)) o
< hy(o; Y ({ fi}i k) + sup by(o; Y ({ fi}4, k. D).

leX,

Let {h™},, be the family of maps corresponding to k. kis called
monotone with respect to {f;}¢_,, if for each [ € X,, k™Y ({f;}i, k, 1)
are monotone for all m =0,1,...

Ezample: Let us put I; = |0, %) and I, = (%, 1]. We say that a map
f:10,1] — [0,1] is half dividing, if:
f(L) C I

hold for i = 1,2 and j = j(i).

Let f and g be both half dividing, piecewise monotone with their
turning points only at most %

Then each k is monotone with respect to (f, g).

Proposition 1.2 Suppose k is monotone and there are no strange
sequences for k. Then the equality holds:

hi(o:Y ({fi}i, k) = he(os X ({ fi}i. k).

Proof: 1t is enough to see hy(o; Y_({fz}z, k1)) = 0. Let {h" } be the
family of maps corresponding to k, and put K =Y ({f;}:, k,1). h™|K
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are all monotone. Let S,,(¢) C A(K) C [0,1] be an € net. Then

Ty = Upo(h™) ™' (Sm(e))
is an (n,€) net, and by monotonicity, its cardinarity is less that Cen.
So the result follows from the estimate:

he(o3 ¥V ({fi b, T 1)) < lim sup ~ log(Con) = 0.

n—oo 1

This completes the proof.

Corollary 1.4 Suppose all k satisfy the above two conditions. Then
the shift entropy satisfies an upper bound:

hi(a: X (f1,..., fa) < 2loga.

Proof: Since Y ({ fitis k) C X,, the topological entropy satisfies the
estimate h(Y ({f:}i,k)) < h(X,) = loga. Thus combining with cor
1.2, one obtains the desired estimate. This completes the proof.

1.C Cell type equations: So far we have considered dynamics of
the form:
O:[0,1] x YN = [0,1] x YN (%)
for some topological spaces Y, which induces families of maps by re-
striction:
Dpr [0,1] x YM 5 [0,1] x Y™ (5x)
where M =1,2,...

Cell type equations below can be also expressed as (x) above, but
they cannot admit such restriction as (*x). Such phenomena becomes
important in 1.C.3 where one considers pointwise topological entropy.

The discrete Lotka Volterra equation is give by the following ([HT]):

Vit 140V,
| AT R VA

Let us take a large L > 0, and put:
Sy = {{V!'},+: solutions of (x),0 < V! < L}.
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It is a compact subset in [0, L]N.

Recall that the topological entropy of orbit spaces is defined on
subsets in [0, L]N in 1.A. The topological entropy of the discrete Lotka
Volterra is given by:

hi(dLV') = lim sup hy(Sp).
L—o
1.C.2 From discrete to ultra discrete Lotka Volterra: By change
of variables as V! = exp(%) and 0 = exp(—£2), one can rewrite it as:

t+1 t

=, = elog(1+exp(

t t+1
v Un+1 — LO (Un—l - LO

)) —elog(1+exp

) ().
By letting ¢ — 0, one obtains the Lotka Volterra cell automaton:

t+1 t

_ t+1
n — Uy =

v max{0, v} ; — Lo} — max{0, v, — Lo}

For a large L >> 0, we put:
Ty, = {{v}},+ : solutions of (x),v! € {0,...,L}}.

It is a compact subset in X, ;.
The topological entropy of the Lotka Volterra cell automaton is given
by:
hi(udLV') = lim sup h(T%).

L—oo

Question: What are the relations between these entropies:
he(dLV),  hy(udLV).

Recall that the discrete Lotka Volterra map is parametrized by €. Does
it follow:
1in% he(dLV') = hy(udLV).

1.C.3 Pointwise topological entropies: In order to express geo-
metric cell automata including Lotka-Volterra cell automaton and box
and ball system by use of families of maps, one has generalized inter-
action of maps in [K3], [K4]. Here we study topological entropies for
the dynamics of the corresponding interaction pointwisely.
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The LV cell automaton admits the following type of the structure.
For simplicity we only use two maps. General cases are similar.
Let:
J:{0,1}* — {0,1}
be a map, and take two maps f and g on [0,1]. Then one obtains a
famliy of maps {h"},, inductively by:

hm—|—1 — dJ(k o B

m+17km+2)

where d; = f or g as in the introduction. We also call the family as
the interaction with respect to (f, g, J, ).
Then by the same way as before one obtains a dynamics:

d(r): Xo — Xy, ®(2)(k) = (n(z),7(h*(x)),...).

We call this interaction map cell type. )
Let us take k = (ko, k1,...) € Xy and put ®(x)'(k) = (ki, ki, ...),
t=0,1,... Notice the following:

Lemma 1.7 k! is determined by (ko, ..., ki)
Now we put the pointwise topological entropy for (f, g, J, x) by:

he(f,g,J,x) = h(P(x)).

When J(k,, k1) = kn holds, this is the interaction we have con-
sidered in 1.A, and h(f, g, J,z) = 0 holds by lemma 1.3.
Let us consider the cell type interaction.

Lemma 1.8 The estimate holds:

ht(faga J7 'CC) S 10g2

Proof: Let us put ®(z)"(k) = (k{,ki,...), t = 0,1,... Then k! is

determined by (ko, ..., knye) for any t. Thus as in the proof of lemma

1.3, at most 2™*" elements spans the largest (¢, %) separated net for

all t. Thus the topological entropy satisfies the estimate:
1
he(®(x)) < Jim n log 2™ = log 2.
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This completes the proof.

The above estimate is optimal.
Let us say that a pair of maps (f, g) is opposite, if for a.e. x € [0, 1],

m(f(x)) # m(g(x)) € {0, 1}

hold.

For example, f(zx) =1 — z and g(z) = x is an opposite pair.
Lemma 1.9 Let f and g be opposite, and J satisfies J(a,0) = a and
J(a,1) =a+1 fora=0,1 mod 2.

Then for the corresponding interaction ® and any x € R(f,g) C
[0,1],

ht(fa g, ‘]7 ﬂf) = 10g2
hold.

Proof: Recall the projections in 1. A:

et Xy — (Xa)™ {af}isen — {af 1025,

By the condition, it is easy to check that any element {aj}=i=} €
(X)itY is uniquely determined by the initial sequence (ko, . .., kpis).

The number of {(ko,...,k,¢)} is 27 Thus as in the proof of
lemma 1.4, hy(®(x)) = limy_. 7 log 2" = log 2 holds.
This completes the proof.

FExample: Let f be the tent map and g be its reverse. Recall that
for the non cell type interaction, the topological entropy is equal to

he(f,g) =log2 (1.A.2).
The pair (f, g) is opposite. Let us choose J as above. Then one has
the generalized interaction map:

O(f,9,J):[0,1] x X9 — [0,1] x Xo.
Lemma 1.10 The topological entropy satisfies:
ht(f: 9, J) = ht(q)(f,g, J)) = OoQ.
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Proof: Let L(f, g,J) C XN be the orbit space of the interaction. Then
the above proof shows that it coincides with XXN. Thus by prop 1.1,

1
hi(f,9,J) = limlimsup —— log 7, (L(f, g, J)
n ¢ t+1 ’

|
log 21 (1)
11 9%

= lim lim sup = 0.
K t 1

This completes the proof.

Let us fix x € [0,1] and Lo, L. In [K3], we have seen that the Lotka
Volterra cell automaton:

vl — ! = max(Lg, 0!, ;) — max(Lo, v

- t+1 )

n—1

can be represented by a cell type interaction from a family of piecewise
linear maps. In general the images of the flow are not bounded, and
so one has to denote it as:

B(x): Xpp1 — Xoow  (2)() = (kKL ...).

By a parallel argument as above, one may obtain some estimate of
the value of the pointwise topological entropy of the LV cell automaton
from below.

2 Vertical slices and amalgamation

Let us take a family of maps {fi,..., f,} and consider the corre-
sponding interaction map ® : X, x [0,1] — X, x [0,1] with domain
R = R(f1,..., fs). In this section we study its holizontalwise restric-
tions as:

@, : [0,1] x (X,)n — [0,1] x (X,)n

forn=1,2,... where:

(Xa)n =10,...;a} x---x{0,...,a} ={(ko,...,kn) : k; €{0,...,a}}
is all the set of words of length n + 1.
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Such restriction is impossible for cell type interactions (1.C'), and
here we will only consider non-cell type.
The topological entropy at n step is given by:

ht(q)n) = ht(q)na R x Xa).

Proposition 2.1 Suppose the value of the topological entropy of the
interaction by {f1,..., fa} is finite. Then the following holds:

ht(fh ceey fa) = ht(q)) = nh—>I£lo sup ht(q)n)

Proof: Let us denote elements a = (ay, . . .,a,). We restrict the metric
on (X,), as |a — b = B, lebl

Let S(®)(n,e) = {(z1,kY),..., (21, k")} be a largest (n, €) separated
net of ®. We denote ki = (k& kb ...), and its restriction by ];;}',L =
(k&KL .o kD) € (Xo)p fori=1,...,1.

Clearly the estimate
15(®)(n, €) = §5(Pm)(n,€)

holds. Thus hy(®) > hy(P,,) hold for all m = 1,2, ...

Conversely let S(®)(n,€) = {(z1,k'),. .., (x;,k")} be a largest (n, ¢)
separated net of ®. Then for large m = m(e), {(a1, kL), ..., (x;, k. )}
is an (n, 5) separated net. Thus one obtains the inequality:

€

ﬁS(@)(n, 6) < ﬁs(@m)(na E)

Let us denote s(®)(n,e) = 45(P)(n,€). By definition, this number
is independent of chioice of S(®)(n,€). Moreover s(®,,)(n, €) increase
with respect to m. At the same time it is decreasing with respect to
€. Thus from the estimate:

1
hi(®)(e) = lim sup — log s(®)(n, €)
non
€ , € -
< hu(@)(5) < Jim he(@,)(5) = Bu(@)(5)
one obtains the inequality:

hi(®) < lim hi(®)(€) = hy(®).
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Since hy(®P;,)(€) is decreasing for € and increasing for m, the limits
exchange:

hi(®) = lir%ﬂ%igr%o he(®,,)(e) = lim lim hy(P,,)(€) = lim sup hy(Py,).

m—00 e—( m—00
Thus the reverse estimate also holds. This completes the proof.

Definition 2.1 The interaction by {f1,..., fo} is of finite type, if the
equality holds for all large m > my:

ht(fh SR fa) = ht(q)) - ht(q)m)
In general hy(®) > hy(P,,) holds.

Ezamples: (1) Let Iy = [0,3) and I; = (3,1], and suppose f and g
satisfy both f(I;) C I; and g(I) C I, for some j = j(i),m = m(k)
(e.g., f(x) =1—2x and g(x) = x). Then (f,¢g) is of finite type. In fact
hi(®,,) = ht(P) = 0 hold.

(2) Let f be the tent map and g = 1 — f be its reverse. Then (f, g)

is of finite type. In fact hy(®,) = hy(P) = log2 hold forn =0,1,2,...

2.B Factor maps: Let us take a family of maps {f1,..., f,}, and
R(f1,..., fa) C[0,1] be the regular set. Let us put:

On = {(7} )20 : 2(2)'(7) = .0 € R({fi}:)} C (Xo)y
and its shift o by:
1 =2 1 =2

o((2°, 2k, 22, .. ) = (2}, 2%, ...).

O,, is a ¢ invariant subset.
The total subshifts Y, is defined by:

Y, = {(fln)lzo : q)(:cl)(ffl) = :Efjl,:cl S R({fl}z),l =0,1,... }
It is a subshift of finite type, and (O,,, 0) is a subshift of (V,,,0).

Question: Suppose O, is closed in (X,)N. When (O,, o) is a subshift
of finite type 7
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Clearly for the above example (1), (O, o) is a subshift of finite type.

Let us consider the family of subshifts:

{(Om 0)}n:1,2,...

as above. By the construction, one obtains a family of factor maps
(shift commuting surjection):

Tn; (On,0) = (On_1,0), 2 =(2),..., o) =z | =, . .. 2 )

’n
by projection. It also induces the factor maps m, : (Y;,,0) — (Y,-1,0).

We say that (Z)>0 and (#!);>0 form a diamond of length k > 0, if
there is some % so that

(1) Wn({$6,-~-,fﬁf@ ) —Wn({yo,---,yn ),

(2) {ah ol JiEF £ Ty oyl }itE, and
(3) L -} = (g3t} o Lt 2} = (g
hold.

Proposition 2.2 (1) Let W,, be O,, orY,,. If W,, does not contain any
diamonds, then m, is exactly a to 1 map. In particular hy(W,, o) =
hi(Wy-1,0) holds.

(2) If Y,, has a diamond, then m, is uncountable to one at some

point. Moreover if Y,, is irreducible, then the strict inequality hy(Yy,, o) >
hi(Y,-1,0) holds.

The proof is given in [Ki] p98.

Example: Let f be the tent map and g be its reverse. Then for
n > 2, O, does not contain any diamonds, 7, is two to one map and
hi(O,,) = log 2.

Y,, is the full shift (X3),. Thus h(Y,) = (n + 1) log 2.

2.C Amalgamation: In general it will not so easy to compare val-
ues of topological entropies for two symbolic dynamics with different
alphabets. An amalgamation is an operation to decrease the numbers
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of alphabets, which gives topologically conjugate pairs. In particular
they give the same values of the topological entropy.

Below we study the amalgamation of total subshifts. For any word
w € (Xg)n, let f(w) C (X,), be a subset so that any v € f(w)
satisfies ®(z)(w) = v for some = € R({f;};). Similarly p(w) C (Xo.)n
be a subset so that any u € p(w) satisfies ®(z)(u) = w for some
x € R({fi}i). p(w) is called the predecessor set and f(w) the follower
set.

Let us consider Y,,11. For a pair {w,w'} C (X,)n+1 and v € (X,)n,
we construct another symbolic dynamics Y (w,w’), whose alphabets
are [(Xo)ner\{w, '} U {o}

Suppose that w, w" € (X,),+1 satisfies the followings:

p([w]) = p([w]),  f(lw]) N f([w]) = ¢.

Then we define a new shift Y (w,w’) by the followings. Let us denote
by f and f’ the follower sets for Y;,11 and Y (w, w’) respectively. Then:

(1) for x # v, w,w’, f(z) = f'(x),

(2) for z # v and w,w’ € f(x), then f'(x) =

(3) if w,w’ # f(w) U f(w'), then f'(v) = f(w) U f(w'), and

(4) it w,w’ € F(w)Uf(u), then £/(v) = [f(w)0f (w )\ fw, w}] {0}

Thus by this way one has obtained a new symbolic dynamics Y (w, w’)
which is called the amalgamation. We say that (w,w’) is an amalga-
mated pair.

These are topologically conjugate:

(@) \{w, w'} U {o},

(Yn+17 0) = (Y(w7 w/)7 0)'

Suppose there is an involution 7 : (X,)ne1 — (Xa)ny1 without any
fixed points. Then it gives a division of the set into pairs:

{(wy, 7(wh)), ..., (wan, T(w))}.

We say that the involution induces an amalgamation, if each (w;, 7(w;))
is an amalgamated pair.
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When an involution induces an amalgamation, then the succesive
procedure above gives a symbolic dynamics Y’ with a" number of
alphabets, and one can assign each alphabet by an element in (X,),.

If one can choose an assignment of the alphabets so that the corre-
sponding Y’ is the same as Y,,, then we say that it is a reduction at
n + 1-stage. So when one obtains reduction at n + 1 stage, then Y, 4
and Y, are topologically conjugate. Thus:

Lemma 2.1 If there is a reduction at n+ 1 stage, then (Y,.11,0) and
(Y, 0) are mutually topologically conjugate.
In particular the topological entropies are mutually equal:

ht(a; Yn+1) = ht(a; Yn)

Ezxample: Let f and g satisfy the followings:

1 1 1 1
§<f(x)<1, 0<x<§, O<f(x)<§, §<x<1,
O<()<1 0< <1 1<()<1 1< <1
i - X - - T - Wi
g 27 27 2 g Y 2

Then each Y,,.1 admits an reduction for n > 1. For example, Y5 can
be described as:

(00,10) — (01,10), (01,11) — (00, 11).
Thus (X3)2 has amalgamated pairs
(01,10), (00,11).
Then letting:
{10,01} — 0, {00,11} — 1

one obtains V' = Y.
For Y3, one has the following table:

000 001 010 011 100 101 10 111
) 101 100 110 111 010 011 001 000
) 010 011 001 000 101 100 110 111
01 00 11 10 01 00 11 10

1
(?7 2
21

(
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where each vertical pair at the second and the third line is an amalga-
mated pair. The last line gives an assignment to (Xs)o. For example,
{101,010} is assigned by 01, and so on. By this way one obtains
Y' =Ys.

2.C.2 Amalgamation of maps: The symbolic dynamics Y, are
obtained from famililies of maps. Here we will consider deformations
of families of maps which induce amalgamation of the symbolic dy-
namics. In the case the families pass through some critial point at
which the dynamics change. We call the family at the point threshold.

Let us take a family of maps {f1,..., fi} and denote the projection
m:[0,1] = {1,...,1} by 7(];) = i where [;;; = (}, %), =0,...,1-1.
One obtains the total shifts of finite type Y,, and the subshifts O,, C Y,
of orbit spaces.

Let {f1,, f1,, f2,---, fi} be a family of [+ 1 maps and ®(z) : X;1; —
X1 be the corresponding interaction maps, where we have division
of the intervals as {Iy,, 1,, l2,..., [;} C [0,1] with I, U L;, Up; = I,
p1 = 14%1

We will consider to make amalgamation by contracting two maps
into one. Here we will only consider the case n = 0. In this case
amalgamation has rather combinatorial nature. If one considers higher
steps n > 1, then subtle analytic properties of maps will reflect.

Notice the inclusions:
01 cY C Xl+1-

We denote p(j) = {k : fi(z) € I; for some x € R(fi,..., fi)} and
FG) ={l: fi(z) € I for some = € R(f1,...,f;)}.

Suppose the following two conditions:

(1) p(11) = p(12) and (2) f(11) N f(12) = &

Then by amalgamation, there is Yy C X; with the alphabets {1,2,... [}
by changing both 1;, j = 1,2 to 1. This gives a topological conjugate:

(Y1,0) = (Y], 0).
When there is another map f; so that Y; corresponding to { f1, ..., fi}
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is the same as Y/, then we say that fo = {f1, f2,..., fi} is an amalgam
of fl = {f117f127f27"'7fl}'

Let us say that an amalgam f, of f; as above have a threshold, if
there are continuous families of maps (f{ , f{,) and f;{ which satisfy
fo fifor0<t<1,1<i<] andsome 0 <s <1 so that

(1) thO,S]:fl‘[O,S], f12|[571]:f1|[371]7

(2) the interaction maps for both { f{ , f{., f3,..., fi}and {f{, f3... ., f{})
are independent of ¢ respectively for all 0 <t < 1, and

(3) {ffantw"?flt}) Is an amalgam of {fltpffgaf%?"'?flt} for each
0<t<l.

Example: Let us consider two diagrams:

(1) = (3) (1) «— ()
Ali / \ A2: l T
(1) — (&) «— (2) (4) «— (2)

Each A; corresponds to a subshift of finite type Y; and Y/, where
Y1 € X5 and Y] C Xy. Y/ can be amalgamated to Y} by contracting
{11, 12} to 1.

These are constructed by interaction maps using families of maps

U115 f1a) fo, f3, fa} and { fi1, fo, f3, f4} respectively, where we will use
two projections m : [0,1] — {1,...,5} and 7y : [0,1] — {1,...,4} by:

1 1+ 1 . ) .
ﬂj((g,?)) =1, 1=2,3,4,7=1,2,
1—1 1 2
-N=1, i=1,2, 0,-)) =1.
Then we have families of maps satisfying:
3 4 4
—= < = - < <1
5 f 57 5 f12 )
3 4 3 4
= < < fi<l, fi(0) <5<f1(1), 5<f2<1, f2(0) <5<f2(1),
2 1 2 3
0< 0) < =< 1 - < < —.
f3 < = f3(0) = f3(1), 5 fa :
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These give interaction maps whose total shifts at the stage 1 are Y;
and Y] respectively.

It is easy to obtain parametrizations of maps { f{ , f1,, f3, f5, fi} and
{f1, 13, f4 fi} respectively, so that for all 0 < ¢ < 1, they satisfy the
above properties, where at ¢ = 1, {f{,](0, 1], f,|[3, 1]} and f{ coincide
mutually. Thus {fll, f12, fg, f3, f4} and {fl, fg, f3, f4} have threshold
mutually.

3 Block maps

Let t =1,2,3,..., X; be the one sided full shift, and X} be all the set
of words of finite lengths.

Let s > 1,m,r > 0 be integers, and ¢g : (Xo)mirs1 — X? be a
map. The corresponding (7, m, s)-block map:

0 Xy — Xy, (ko, k1, ...) — (ki by, - 2)

is given by:
k: - 900(]4351'—7'; ksz'—r—i—la ceey ksi+m)-
In this section we will consider the following cases of maps of the form:

(1) (r,m, 1)-block maps are called just block maps in symbolic dy-
namics.

(2) (0,m — 1,m)-block maps are called codings, and we will study
such maps in later sections. In particular we study contractions which
will be given by contractions of families of maps by codings.

(3) Let X, be the both sided full shift with the alphabets {1,...,a}.
Then by the same way one can obtain (7, m, s)-block maps ¢ : 3, —
from ¢y.

(4) Let us denote:

X;/:{(...,]{Z_n,k‘_n+1,...,k0)Ik?jE{l,...,a}}

and consider a continuous map:

wo: X)) —{1,...,t}.
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Then one can also obtain the corresponding (—o0, 0, s)-block map ¢ :
Yo — Xt A (—00,0,1)-block map will be used below in order to treat
some classes of infinite integrable systems.

Block maps are general in the sense of the following:

Lemma 3.1 Let ¢ : X, — X; be a continuous map which satisfies
quasi-commututativity with the shifts as:

p(a"(k)) = o(p(k)).
Then it is an (0,m,n) block map for some m.
See [Ki] p26.

3.B Transformations on interaction of maps: Let {fi,..., fi}
and {g1, ..., gm} be two families of maps, and ®({f;};) : [0,1] x X; —
0, 1) xX; and ®({g;};) : [0,1]xX,,, — [0, 1] x X}, be the corresponding
interaction maps respectively.

Let V; C X; and Y,, C X,, be subsets which are both invariant
under the iterations of the interaction maps respectively. For example

Let us take another family of maps {,},_;. Then using the projec-
tion 7 : [0,1] — {1,...,m}, one obtains the corresponding interaction
maps ®({ag}.) : [0,1] x X; — [0,1] x X,,.

We say that ®({f;}i) : [0,1] x¥; — [0,1] x ¥; and ®({g,};) : [0, 1] x
Y, — [0,1] x Y, are mutually equivalent, if there is a family of maps
{og} _; sothat on R= R(fs,...,fi) N R(g1,...,gm) C[0,1],

(1) the corresponding interaction maps admits the isomorphic re-
striction as ®({ay}a) : R X Y} = R X Y,, and

(2) the following diagram commutes for all x € R:

y D({at}o(@)) v
C({fiyi)(@) | ®({g5})(2) |
y @({at o @) Y.

The following is clear:
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Lemma 3.2 If ®({fi}:)][0,1] x Y; and ®({g;};) : [0,1] x Y,,, are mu-
tually equivalent, then they have the same topological entropy:

he(@({ iz [R X Y1) = he(®({g;};) - B X Yin).

3.B.2 Box and ball system: The box and ball system is a dynamics
on Yo which has arose in mathematical physics. It can be expressed
as a modified interaction of maps ([K4]).

We recall the BBS as follows.

Let 0 = (...,v_p,...,00,01,...) € ¥y be a bi-infinite sequence by
{0, 1} such that for all sufficiently large n >> 0, v, = v_, = 0. Let us
denote the set of such sequences by X9 C 3. It is shift invariant.

Let us choose an element ¢ € X and (i; < ia < -+ < i)
be all the indices with v;; = 1 in 0. Notice that o € |Sigma}
is uniquely determined by the index sets of 1 above. Let T(0); =
(...,vr, . v8,v1,...) € X be another element defined as follows;
let 51 > 71 be the smallest index with the property that it is larger
than ¢; and v;, = 0. Then v} = v except | = i and j;, and we put
vi, = 0 and v}l =1.

Next we do the same thing for v} = v;, in T(0);, and find another
smallest index jo > 79 with v}-z = 0. Then we exchange 0 and 1 in v}Q
and vj, as above. The result is denoted by T'(c),.

We continue this process for is, 4, ... until i,,, and finally one ob-
tains the desired T'(¢) = T(0),, € X9.

Thus one has obtained a continuous bijective map:

T:%)~=¥)

which is calld the box and ball system (BBS).
The topological entropy of BBS is given by:

hi(BBS) = hy(T; %9).

Let X3(N) C XY be the subset whose elements are consisted by

sequences with exactly N number of 1. Then the BBS system induces
a bijection T : L3(N) = LY(N).

36



Let mp : 32 — {0, 1}, mo({ki}iez) = ko be the projection. It induces:
0 - (EQ)N — X2
by mo({k}}iezi=01...) = {ko}i=0.1.....

Let L(BBS) = {(k,T(k),T*(k),...);k € %} be the orbit spaces
of BBS, and denote L(BBS)y = mo(L(BBS)y) C Xo.

Lemma 3.3 L(BBS)y is the subshift of finite type with the transition

matrix
01
A=)

In particular one obtains a rough estimate of the topological entropy:

1+5
5
The latter follows from the Perron Frobenius theory.

3.B.3 Transformation from BBS to LV: The BBS can be trans-
formed to Lotka Volterra cell automaton by change of variables as
follows.

The BBS and the Lotka Volterra cell automaton are given by the
equations respectively:

B = min{1 — B., %71 (B — BI)}

1=—00

vaﬂ — V,f = max{ L, V,fﬂ} — max{L, Vrffll

h(BBS) > log

A transformation between them is given by the succesive three proce-
dures:

Sttt — 8! =min{0,1 - 8., + S}, S =% B!

n 1=—00" 1)

Ut — Ul = max{0, U/ — 1} — max{0, U}, — 1}, U, =S, — S

n

VTf—H - vrf — maX{lv ‘/rf—l—l} - max{l, Vrfi_ll}7 ‘/;fgn — U?i
From block maps view points, the first is (—o0o, 0, 1)-block map.
Let us consider the second step:

(BBS,) : S;t1 — 5, = min{0,1 — Sj ., + 5,7}
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and denote its transformation by 7. We denote X(BBSy); C Xy all
the set of sequences {9;}iez C {0, ..., L—1} such that the correspond-
ing orbits {S'}; = T4({S:}i) h=o01.. € {0,..., L — 1} are all bounded
by L. Thus 75 gives a dynamics as:

TQ . Z(BBSQ)L — Z(BBSQ)L

Let g : {0,...,L —1}*> x [0,1] — R be a family of maps on the
interval, and 7 : [0,1] — {0,..., L — 1} be the projection. Then for
each k = (kg, k1,...), one obtains an infinite family of maps {h™},,

by:
Wt (g) = Gk, ey © W ().

Let us say that g is marked at —oo, if goy = 0 holds.

Lemma 3.4 The above automaton BBS; can be expressed as an in-
teraction of maps which s marked at —oo:

a—>b
L

+ min{z, E iy

g:{l,...,L}Zx[O,l]—>R, Gap(T) = 7

We have a map from BBS to BBS,:
dy: B9(L) — XY,
Let us denote its image as:
Y = ®y(%5(L)) C 5.
Proposition 3.1 The BBS and BBSs are mutually equivalent by
dy: XY(L) 2 Y.

Now put:
Y(BBSs) = UrenX(BBSy) 1

and Y = UrenYz. The topological entropy of BBS, is given by:
ht(BBSQ) = ht(TQ; E(BBSQ))
The above equivalence induces @5 : ¥ =Y C 3X(BBS;).
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Corollary 3.1 The estimates hold:

1++5
9

Proof of proposition: We have described BBS as an interaction map
using four maps { f1, fo, f3, f4} and some permutation ([K4]).

Let X9(L) C X9 be as above. Then we will construct a family
of maps ®({au}s) : XY(L) — Yy C ¥p which induce the desired
equivalence.

Notice that BBS and BBS, are related by the equations:

St=xyr B S-S =B

n 1=—00 1)

Thus one chooses a family of maps satisfying:
a:{0,1} x[0,1] = [0,1], «(0,z)=z,a(l,z) =2+ 1.

The corresponding interacting map is a (—oo, 0, 1) block map.
The converse direction is given by an automaton:

=l

{0, L=1}x [0, =R, Blky) =T .

It represents a (—1,0,1) block map.
This completes the proof.

Remarks: (1) Even though the number of maps in BBS is four, which
is much smaller compared with BBS, (L?), the former has to modify
the interaction by use of permutation groups ([K4]).

(2) For the third and the final steps also, they are invertible trans-
formations, but they do not preserve the time. We will treat these
cases below.

3.B.4 Block maps by line segments: Let Z x N C R x R,
be the integer lattice in the upper half plane, and let [ C R x R
be a line which may be unbounded. We put [j = [ NZ x N and
m = tlp € N U {oo}.
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Let FF': Z x N — Z x N be a function. Then we denote:
lo(n,t) = F(n,t) + 1y CZ x N,
Ly = {lo(n,t) : (n,t) S/ N}
Ly is all the set of parallel line segments.

Let {(k',,... ki, kL, ... ) }i>0iez be a flow. One may regard that
it is a function on Z x N by (n,t) — kf. We denote k(ly(n,t)) =
{kf}(i,s)elo(n,t)- We identify it as k(lg(n,t)) € (Xa)m-

Let ¢o @ (Xo)m — {1,...,t} be a map. The corresponding (ly, F')-
block map:

@ XN SN LR R O = (L )
is given by:
li = wo(k(lo(i, 1))
We say that it is a block map by the line segments (ly, F).

Lemma 3.5 The third and final transformations from BBS to LV are
both invertible, and they are all given by block maps by line segments.

Proof: From {S!} to {U!}, one has ly = {(0,1),(—1,0)} and F' = id.
From {U'} to {V'}, one has Iy = (0,0) and F(n,t) = (t — n,n).

Finally using the equality X2 Ult? = S! |  one sees that from
{U!Y to {St}, g = {(—s,5) : s € N} and F(n,t) = (n — 1,1).

This completes the proof.
By the same way, one can generalize the notion of equivalence so
that two interaction of maps are equivalent, if they are transformed

by invertible block maps by line segments which are all expressible as
interactions of maps.

Corollary 3.2 The third and final transformations from BBS to LV
are both equivalent by line segments.

4 Contraction

Recall that (X,),_1 is all the set of words of length n with the alpha-
bets {1,...,a}. Let po : (Xy)n-1 — {1,...,b} be a map. Then ¢,
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determines a continuous map:

@ Xa — Xb; k; — So(km; o 7x(i—|—1)n—1)'

It is an (0,n — 1,n) block map. Let o be the shift. Then it satisfies
commutativity:

for all k € X,.
The lexicographic order gives the corresponding map:
Yo (Xo)n1 — {1,...,a"}
which is called the contraction. So it induces the continuous map:
VX, — Xgn

foralln=1,2,...
Let {f1,..., fa} be a family of maps. For each kn € (Xo)n_1, One
can associate another map g(k,) by composition:

g(]%n) - fk’nq Of/fnfz O Ofko

where k, = (ko,...,k,—1). By this way one obtains families of maps
of cardinarity a:

Ch = Upex,),9ka) = {01, gan}

where the indices of the set is given by the lexicographic way. For
example when n =2 and a =2, g1 = fio f1, go = foo f1, g3 = fi10 fo
and g4 = fo o fo. It is called the n-th contracted family of maps.

Let m, : [0,1] — {1,...,a} be the projection. Then using 7,, one
has the interaction map ®({f;}¢_;) : [0,1] x X, — [0, 1] x X,,. Similarly
using 7. : [0,1] — {1,...,a"}, one obtains another interaction map:

(I)({gj}]) : [07 1] X Xon — [07 1] X Xgn.
using the famliy {g;};. So one obtains a diagram:

0,1] x X, -2 [0,1] X X
O({fi}i) | ({g;};) |
0,1] x Xy —2 [0,1] X Xgn
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which is not commutative in general.
Below we study entropy hehaviours of both sides restricted on the
spaces where the diagram above commute.

4.B Compression: Let us take a family of maps {f1,..., f,} and
choose n — 1. Then as above one obtains another family of maps
C= {917 SR 7ga”}'

Let us put C; = {g1,...,9i-1,9i+1,---,Gan} Whose cardinarity is
a" — 1, and fix another projection 7’ : [0,1] — {1,...,a" — 1}.

We say that C; and C; are equivalent with respect to 7', if the
corresponding interacting maps:

(I)(C@), (I)(C]) . [0, 1] X Xgn_1 — [O, 1] X Xan—1

give the same map mutually, after reordering the indices of them. We
say that C; or C; are compression of C with respect to 7’

By identifying ¢; with g;, one obtains another map g : (Xg)n-1 —
{1,...,a"™ — 1} which gives ¢ : X; — Xyn_1.

Ezample: Let {f1, fo} be two maps. Then the second contracted fam-
ily is denoted as Cy = {g1, g2, 93, 94}

Let fi be the tent map and fy be its reverse, fo(x) = 1 — fi(z).
Consider the set:

C= {91792793,94} = {f12>f2f1, f1f2,f22}-
Since fZ = fifs holds, Cy = {faf1, fifo, f3} and Cz = {fof1, [Z, f3}

are mutually equivalent.
One has the corresponding block map as:

0o (Xa)a — {1,2,3}, (1,1),(2,1) — 1,(1,2) — 2,(2,2) — 3.

For any subset J C {1,...,a}, let us denote by C; = {g; : j &
J}. Suppose (C;, C;) and (Cy, C;) are equivalent pairs where {7, j} N
{k,l} = ¢. Then one can again compress C; to obtain another C; .
By continuing this process, one obtains a compressed family of maps
C,; C C. Then finally one obtains a minimal element:

C' = {9, 9}
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which is no longer compressible.
Let us choose a compression C. Thus one obtains a map:

C: (X)) —{1,...,t}
and we denote the corresponding map by:
v Xy — Xq.
We call it the associated compression map.

FExample: Let us consider the above example. They also satisfy more

equalities f7 = fof1. So one obtains more equivalent pairs C; 3 and

Csy.4. Thus one obtains a minimal element C = { f1 fa, fof1} = {91, 92}
Thus the associated compression map is:

wo . (XQ)Q — XQ, (1, 1), (2, 1) — 1, (1, 2), (2,2) — 2

and the diagram:

X2 i) X2
O({f1, f2})(x) | D({g1,92}) () |
X2 L X2

which in fact commutes (prop 4.1).

Remark: Notice that in order to obtain equivalent pairs, one doesnot
necessarily require equalities of the maps themselves as above. For
example when fi(x) = 1 —x and g be the identity, C;and C,, Cs and
C3 are mutually equivalent. Still one obtains the same equivalences
when f; and fy are slightly perturbed away from %

Let {f1,..., f.} be a family of maps and C be a compression which
induces a map (X,),—1 — {1,...,t}. Then corresponding interaction
map:

®(C):[0,1] x Xy — [0,1] x X;
is called the associated interaction map with C. The following is clear:

Lemma 4.1 Let R(f1,..., f.) C[0,1] be the reqular set. Then the the
inclusion R(f1,..., f.) C R(g1,...,g:) holds.
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Definition 4.1 Let C; = {¢1,...,9:} be a compression. We say that
r € R(f1,...,fa) is a compressible point, if the following diagram
commutes:

X, AN X,
S({fiti)(x) | ®({g;}t;)(z) |
X, £, X,

where @ is the associated block map.

In that case it is an infinitely compressible point which saids com-
mutativities of the diagrams:

Xa i) Xt
®*({fiyi)(x) | ®*({g5};)() |
Xa i) Xt

for all s =0,1,... We denote all the set of compressible points by:
J(C) C [0,1].

Let C: (Xu)n—1 — {1,...,a} be a compression. Thus by definition
one has assigned some element k(i) = (ko(),...,kn-1(2)) € (Xa)n-1
foreacht=1,...,a.

We say that C depends only on the last factor, if for each C(ly, ..., l,—1) €
{1,...,a}, it satisfies the equalities:

kn(Cllo, - - - lnet)) = Lot

Proposition 4.1 Let C : (X,)n-1 — {1,...,a} be a compression so
that it depends only on the last factor.
Then the compressible points satisfy the equality:

‘](C) = R(fl;---;fa)*

We say that such compression is the n-th projection.

Proof: Let {f1,..., fs} be a family of maps and denote the com-
pression between maps by C: {f1,..., fo} — {91,---, 94}

Recall the notation g(k,) = fr._, © fr, , 0 -0 fr, for k, € (X,)n.
For any element k,_; = (ko,...,kn_2) € (Xu)n_1, We put k,_1i =

(k‘o,...,]{?n_g,i) c (Xa)n for ¢ = 1,...,a.
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~ Then by definition, C(g(kn-11)) = fi og(k!_,) are satisfied for some
k!l 1 € (X4)n_1. Thus the result follows. This completes the proof.

Examples: Let f be the tent map and ¢ be its reverse. Then the
compression satisfies the above condition. Thus J(C) = [0, 1]\ {451 <
E<2"—1,n=12 ...}

Since a compression by an n-th projection induces a surjection ¢ :
X, — X,, it follows from the above proposition that one obtains the
equality for the topological entropies of the corresponding interaction
maps:

Corollary 4.1 Suppose C: {f1,..., fo} — {91,--., 94} is a compres-
ston by an n-th projection. Then the topological entropies satisfy the
equality:

he(f1s - fas R) = ha(g1, - -, ga3 R)
where R = R(f1,..., f.) = J(C).

In the above example, f be the tent map and g be its reverse, then
the estimate holds:

hi(f,9) = h(f?, g%) = log 2.
Proof: Recall the orbit space:

L(fi,.... f.) = {{®@)(k);z € R(f1,..., f.), k€ X,} ¢ XN

in 1.A. For positive integers m,t > 0, let 7, @ XN — (Xo)
{af}isen — {af}gigﬁi be the projections.
Then by the assumption, the equalities hold for all m, ¢:

ljﬁ-nm,t(L(fh R fa)) - ﬁﬁm,t(L(gh s 7ga))-

By proposition 1.1, the topological entropy satisfies the equality
he(f1,-- -, fa) = he(L(f1,..., fa)), where the latter is given by

log 87t (L( f1,- -, fa))-

Thus the equality holds. This completes the proof.

t+1
m

lim lim sup
m—00 t—00 1
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5 Interaction entropy

In this section, we study several properties of interaction of maps from
measure theoretic view points. In particular we introduce measure
theoretic entropies which we call the interacting entropy. When the
interaction satisfies the Markov property, then it coincides with the
conditional entropy.

Later on we always assume that the regular set R(f1,..., f,) C [0,1]
has positive measure with respect to the standard one py. For simplic-
ity, we assume R(f1,..., f,) has full measure, ug(R(f1,..., fa)) = 1.

5.A Induced measure: Let {fi,..., f,} be a family of maps on the
interval, and consider the corresponding interacting map ®(z) : X, —
X,. We equip with the standard measure p on [0, 1].

For each pair Z,,, ¥, € (Xu)n, let

P(z, :g,) C [0,1]
be the set of regular points © € R(f1, ..., f,) satisfying ®(z)(Z,) = yn.

Definition 5.1 Let us fir T, € (X,),, and let Y, € (X,), be a random
variable. The induced probability from { fi,..., f.} is the one on (X,),
given by:
Qn(Tyn : Yn) = puo(P(Zy, 1 Yy)).
The informative entropy was introduced by Shannon ([S]). Let us
fix z,y € {1,...,a}. In our formulation it is by the following:

hs(x) = _Ewe{l,...,a}Ql(xa w) log Ql(xa w)

When the probability is memoryless, then this will be the suitable
one to analyze. In our case, interacting maps usually possess memory,
and so we introduce relative version of the informative entropy. This
plays an important role when the interaction is Markov. Let:

Qv y)) = L2 W)

Q")
be the conditional probability.
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The conditional entropy h.(x,x') is given by:

hc(x;x/) = _E(z,w)e{l ..... a}?
Q(z,2)Q((z', w)|(z, 2)) log Q((«', w)|(x, 2)).

Let us fix Z,, € (X,),. The conditional entropy with respect to this
word is given by:

1 n
— n + 1Ei:1hc(xi_1, xz)

Let * € X,. The conditional entropy of z is given by:
he(Z) = lim sup h.(Z,)
n—oo
where 7, € (X,), is the restriction of z.

5.A.2 Markov property: Let us choose Z,, € (X,)n.

Definition 5.2 We say that Q) s Markov with respect to x,, if for all
Un € (Xo)n, the following holds:

Qn((zoy -y xn) s (Y1, Yn))
= Q(z0, Yo) I Q((wi, yi) [(Ti-1, yi-1))-

We say that @) is Markov up to n, if it is so for any x,,. We also say
that it is Markov for T € X, if for its restrictions 7, € (X,),, it is so
with respect to x,,.

Example: A continuous map f on the interval is half dividing, if the
followings hold:

1 1

f(]z) C [j7 I = [075)7]2 = (57 1]7 J :](Z) S {172}'

Lemma 5.1 If two maps f and g are both half dividing, then the
measure () is Markov up to infinity.
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In fact,

Q) =1or 5, or 0, Q((xy)]('y/)) =1 or 0
hold.

Let us consider the tent map, f|[0, 5](z) = 2z, f|[3,1](z) = 2 — 2z,
and g(z) = —f(x) + 1 be its reverse.

Lemma 5.2 For f and g be as above, the corresponding @) is Markov
up to infinity, where the equality holds:

o 1
Qn(Zn 1 Yn) = on+1-

Proof: Since go f = ¢g? and f o g = f? hold, it follows h" = d,,_, o
---ody, = f" or g". Thus in any case they are all PL. maps with the
slopes £2"*1. All turning values are 0 or 1.

So it is immediate to see that h"|[52+, £t1] are monotone with the
range [0, 1] for k = 0,...,2"" — 1. Then by induction, one can check

that for each pair (Z,,y,), P(Zn,yn) C [0,1] is a union of (2,%, %)

for some k € {0,...,2""% — 1},
Then again by induction, one can see:

1

) ) o 1
Qni1(Tnt1 : Ynt1) = §Qn(fﬁmyn) T onr

In particular Q;((z,y)|(#',y')) = 5 hold.
This completes the proof.

From the proof, it follows the following:

Corollary 5.1 Let f and g be sufficiently small perturbations of the

above f and g on intervals (2,511, 5:;11), k=0,1,...,2"1 1.

Then the corresponding (), s Markov up to n.

5.B Interacting entropy: Let {fi,..., f,} be a family of maps, and
Qn(Z,, ) be the induced probability with respect to the standard
measure fg on [0, 1].
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The interacting entropy is defined by:
1
hz(fn) = _n I 12gn€(Xa)nQn(fm gn) log Qn(a_jm gn)
Let 7 € X, and Z,, € (X,), be its restriction. Then the interacting
entropy for Z is given by:

hi(Z) = lim sup h;(Z,).

n—oo

FExample: Let f be the tent map and g be its reverse as before. Then:
(n+ Dhi(z,) = Zgne(XQ)HZ_(”H) log 2" = (n + 1) log 2.
In particular for any z € X5 and its restriction Z,,
hi(Z) = hi(z,) = log 2

holds.
We will often use the following general estimate. It is called the
log-sum tnequality:

Lemma 5.3 Let {a;}; and {b;}; be two families by non negeative num-
bers with a = Y;a;,0 = X;b; < 0o. Then the estimate holds:
Y2 0a;log & > alog 4
b b
5.B.2 Basic properties of interacting entropy: Below we have
basic estimates and relations with other entropies.
Notice that #(X,), = a"™'. So from the log-sum inequality, one

obtains the a priori estimate. The above example is the optimal case.

Lemma 5.4
hi(z,) <loga.

Proof: By the log-sum inequality,

o E@nG(Xa)nQﬂ (jna gn) log Qn(fna gn)

o 2Qn(Tn, Un
< (S0, Qulr, 7)) og ~ 2o )

= loga™™ = (n+1)loga.

This completes the proof.
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Proposition 5.1 Suppose QQ is Markov up to n. Then the interacting
entropy satisfies the equality:

ha(n) = he(@n) + nilhs(xo).

Proof: By the assumption, one obtains the equalities:
_Egne(Xa)nQn(i.'nd gn) log Qn (f’fh gn)
= —2Q(z0, yo)ILL Q((zi, i) [(xi-1, Yi-1))
log Q(z0, yo) I Q((w4, yi)[(zi-1,Yi-1))
= — %, Q(20, yo) log Q(x0, yo)
— X1 Q@i-1, yi-1)Q((xi, yi) [(i-1, Yi-1))
log Q((l’l, yi)l(xi—h yi—l))
= hS(CC()) + Eznzlhc(xi_l, CI?Z) = hs(xo) + (n + 1)hc(fn)
This completes the proof.
Corollary 5.2 Let x € X, and Q be Markov with respect to x. Then
the equality holds:
hi(Z) = he().
Recall X ({fi}:,k) C X, x [0,1] in 1.B.
Lemma 5.5 ) ) )
ho(X({fi}i, k) = hi(k)
holds.
Proof: By lemma 1.5, the estimate h(Y ({f;}:,k)) < he(X ({fl} k))
holds. Thus it is enough to verify the inequality h(Y ({fi}:i, k)) >
hi(k).
Recall Y ({fi}i, kn) C (Xo)n and YV
satisfies the equality Q,.(Z,, ¥n) = po

standard metsure on [0, 1].
By the log-sum inequality, the estimate holds:

(n + 1)hl(fn> = _Eyne(Xa)nQn(jm gn) log Qn(fm gn)
= log 1Y ({ fi}i, kn)

(f,9,kn,1,) C[0,1] in 1.B.2. Tt
Y({ } a_jn;gn))a where fo 18 the

< —log

1
£V ({fi}i, kn)
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Thus by letting n — oo, one obtains the desired estimate. This com-
pletes the proof.

We say that @), is homogeneous, if
are the same for all g, € (X,),. We say that @) is homogeneous, if @,
issoforalln=1,2,...

It follows from the above proof, the equality h;(Y ({f;}:, k)) = h;i(k)
holds, if and only if @), is homogeneous.

FExample: Let f be the tent map and g be its reverse. Then @), is
homogeneous for any z,,.

Corollary 5.3 Suppose there are no strange sequences for the family
{fi}i, and k is monotone. Then the equality holds:

h(X({fi}i, k) = ha(k)
if and only if Q) is homogeneous.

Proof: This follows from combination of proposition 1.2 and the above
remark. This completes the proof.

Example: Let f be the tent map and g be its reverse. Then this pair
satisfies all the conditions above. Thus the equalities hold:

h(X(f,9,k)) = hi(k) = log 2.

5.B.3 Interacting entropy for the iteration: Let {fi,..., f,} be
a family of maps and @ : [0, 1] x X, — [0, 1] x X, be the coresponding
interaction map.

Let us choose two integers t,n > 1, and take a subset:

{yf}6§f§$ C (Xa)n = (Xa)n X -+ % (Xa)n-
Let us fix 7, € (X,), and put subsets in [0, 1]:
P(an, {y}oisn) = {z €R(f, - fo) ;
(@) (@) = (4 ) 1 <5 <1},
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Let ug be the standard measure on [0, 1]. Then the induced measure
on (X,)! is given by:

Q(@n; {y7 }0zi20) = po(P (T, {57 }0Z550)-
The interacting entropies with the intial data z,, are defined by:

— 1 — s — s
hi(xna t) = _gz{yf}i,se(Xa);Q(xn; {yz }z’,s) log Q(xm {yz }i,s)7

hi(®; Z,,) = lim sup h;(Z,, t).

t—00

Definition 5.3 The interacting entropy of the interaction map ® s
given by:

hi(fb R fa) = lim sup Ei'nG(Xa)na’_(n+1)hi((I); jn)

n—oo
Example: Let f be the tent map and g be its reverse. Then:

1
Q@n {yis) = i

hold for all z,, and ¢. Thus

hi(Z,,t) = (n+t)log2, h{(P;z,) =log?2.

hold respectively. In particular the interacting entropy for {f, g} is
obtained as:

1
hz(f> g) - Z@,G(Xg)nﬁ lOg 2= 10g 2.
We have the basic inequality:

Theorem 5.1 The topological entropy is larger than the interacting
entropy:

hi(fiy- o fa) < he(f1, o fa)-

Proof: Let @ : [0,1] x X, — [0, 1] x X, be the interacting map, and de-
note its orbit spaces by L({fi}{=1)(k) = User(sy) ¥ (2)(k) € X and

L({fi}{—1) = Ugex, L({ fi}i=1)(k). By proposition 1.1, the topological
entropy h(®) is equal to the one of its orbit space h(L({fi},)).
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For positive integers n,t > 0, let us put the projections:
Toe s X — (X {ad}isen — {a]}0550
Notice the inclusion:

{(@n; {07} i20201) - Q@i {yi}is) # 0} C Mg (L{FiH1) (@)
Since Yy, Q(Tn;{y; }is) = 1 holds, it follows by the log-sum in-
equality (lemma 5.3), one obtains the estimate:

— X1, Q(@n; {W }is) log Q (T {5 }is)

1 ) )
e L) @) 8L (i) ().

By concavity of log x, one obtains the estimate:

i g1 108 (L) (7)) < o —ptm (L f}o)

Thus by dividing by - 77 on the both sides, and letting firstly ¢ — oo

and then n — oo, one obtains the desired estimate.
This completes the proof.

— log

For the above case {f, g} where f is the tent map and g be its
reverse, the equality holds h;(f,g) = h(f, g9).

5.B.4 Compression and interacting entropy: Let us take a family
of maps {f1,..., fo} and C = {g1, ..., g} be a compressed family with

o (Xo)m — {1,...,t}.

Let J(C) C R(f1,-..., f.) be the set of compressible points (4.B).

Suppose J(C) has positive measure, and let us equip with the no-
malized measure p, = |J( oyt on J(C) so that 4(J(C)) = 1. Corre-
spondingly let Q(Z,, Y,) be the induced measure on (X, ),, with respect
to (J(C), )
Theorem 5.2 Let n+1 = (I +1)(m + 1). Then the interacting en-
tropies with respect to g satisfy the inequality:

(n + Dhi(@ni{ fi}is 1o)
< (U4 D)hi(o(@a); {9}is ) + sup log o™ (7).

me(Xeh
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Proof: By definition, the interacting entropy is given by:

(Tl + 1)}1@(.@”) = _Zyne(Xa)nQn(fm gn) 1Og Qn(fm gn)

By commutativity of the diagram, one obtains the equality:

Q(@(En)u gl) = E%Eg@”(ﬂg)@(jn; zn)-
So by the log-sum inequality, one obtains the estimates:
o= ()]

By summing both sides with respect to 7;, one obtains the desired
estimate.

—3:,Q(Zn, 2n) log Q(T, 2,) < —Q(p(70), 41) log

FExample: Let f; be the tent map and f; be its reverse. Then in 4.5,
one has obtained a compression C from { f1, fo} to {g1, g2} with m = 1.
In that case J(C) = R(f1, fo) = [0, 1\{&;k=1,2,....,n=1,2,... },
and so ph = po. |0 (7)) = 2"+ are all constant.

hi(Zn; {fi}i) =log2, hi(p(x,); {g:}i) = log2, and so in this case the
equality holds (n + 1)hi(Zn; {fi}i) = (I + 1) (Ri(@(Z0); {gi}i) +10g2).
5.C Divergence: Let {f1,..., f,} be a family of maps, and @ be the
corresponding measure.

Definition 5.4 7, is memoryless in time, if the two step probability:

Q((zi-1, i), (Y2, 1)) = Qy2, 1)
is independent of choice of (x;_1,x;), i =1,...,n.

Lemma 5.6 If ) is memoryless in time, then both one step proba-

bility Q(x;,y) = Q(y) and the conditional one Q((x;, y1)|(xi—1,y2)) =
Q(y1|y2) are also independent of i respectively.

Proof: By summing up with y, on both sides of Q((x;_1, z;), (y2,91)) =
Q(y2,y1), one can see that Q(x;,11) = Q(y1) does not depend on z;_;.

Then from the formula Q((z;, y1)|(zi—1,12)) = Q(y2,y1)/Q(y2), the
result follows. This completes the proof.
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Recall that for interaction maps ®(z)!(k) = {k!},., there are two
directions. One is n-direction and the other is t-one, time direction.
When () is memoryless in time, and Markov with respect to = €
X,, then by the above lemma, the conditional entropy h.(x;_1,x;) is
independent of choice of i.

Lemma 5.7 Suppose Q) is memoryless in time and Markov with re-
spect to x. Then the equalities hold:

he(Ti-1,2i) = he(T) = hi(T)
foranyi=1,2,...

Proof: By definition, (n 4+ 1)h.(Z,) = X" 1 he(xi1, ;) = nhe(zi_1, ;).
So letting n — oo, the first equality holds. The second is corollary
5.2. This completes the proof.

When () is memoryless in time and Markov with respect to z, then
we will denote:

ho(Q) = ho(xi_1,7;), * =8, ¢, 1.

For any word ¢, = yoy1 - - - Yn—1 € (X4)n and m < n, we denote its
prefixes as T, = Yo - - - Ym.
Let us put the cardinarities by:

N(O|g,) =t{i;yi =b;i=0,...,n— 1}
and put the set of the succesive pairs of elements by:
S(n) = {(Wi-1, vi) Yiy € X2,
Similarly we put the number of (z,w) € {1,...,a}* in S(§,) by:
0 < N((z,w)[gn) < n.
2

The type of g, is the conditional probability on {1,..., a}*:

N((z, w)|gn)
N(zgn)
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We put P(z) = W This gives a Markov process on(X,), by

Pa(yn) = P(yo) P(y1lyo) - - - P(yn|yn—1)-
We say that two words ,, 4, € (X.), give the same type, if the
equalities hold:

N(z|yn) = N(215,),  N((z,w)|gn) = N((z,w)|y,,)

for all w,z € {1,...,a}.
Let us fix n and a type P on {1,...,a}?. We put the set of words
with the same type P by:

T"(P) C (Xa)n-

Thus for any element g, € T"(P), the corresponding type P(%,) is
equal to P.
We also put the set of types of length n by:

B ={P(z,) : Zn € (Xo)n}-
Notice the following;:

Lemma 5.8 The number of the set of types of length n, §, grows
polynomaally with respect to n.

The conditional entropy of the type P is given by:
he(P) = =X wef1....ap2 P(2) P(w[2) log P(w|z).
Let us fix x,2" € {1,...,a} and put Q(w|z) = Q((z,w)|(2’, 2)).
Definition 5.5 The divergence of a type P is defined by:
P(wlz)
Q(wlz)

Proposition 5.2 (1) If P(z|lw) = Q(z|w) hold, then the divergence
vanishes D(P||Q) = 0.
(2) D(P||Q) = 0 holds.

Proof: (1) is clear.

D(P||Q) = X wyeft,....ap P (2) P(w|2) log

.....
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.....

1. Thus from the lemma 5.3, the estimate holds

.....

Plwlz)
Q(w|z)

D(P||Q) = X, p(x)20P(2) 2w P(w|z) log > 0.

This compeletes the proof.

5.C.2 Measure estimates: Let us put:
N — — Qn(i'na gn)
Qn TnyUn) = —~7 -
( ) Q(7o, Yo)

Proposition 5.3 Let P be the type of y,.
Suppose () is memeryless in time, and Markov with respect to T,.
Then the equality holds:

Qu(Tn : Jn) = exp(—n(h(P) + D(P||Q))).
Proof: By the assumption, the equalities hold:

Qn Ty : Yn) = Q(wo, yo) I Q((@i, yi) | (wi-1, Yi-1))
Q(yo) I Q((yilyi-1))
= Qo H(wz)e{l ..... a}QQ(w| z)N{ewllsn)

@

@

[Texp(— (P(z)P(w\z)logP(w\z)
P(w\z)))

Q(w|z)
= Q(y0) exp(—n(h(P) + D(P|Q)))-

This completes the proof.
Corollary 5.4 (1) P,(7,) = Pau(3n)/P(yo) = exp(—nh.(P)) holds. In
particular the estimate P,(y,) > + exp(—nh.(P)) holds.

(2) —210g Q. (Yn) > he(P) holds.
(1) follows by applying P(w|z) = Q(w|z). (2) follows from positivity
of the divergence, proposition 5.2(2).

+ P(2)P(w|z) log
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Let us take two types P, P’ € 3,,. We say that P’ is associated with
P, if the following holds:

P(T"(P)) = Sup P(T™(Q)).

P’ may not be unique with respect to P.
Proposition 5.4 (1) For any type P € B,,, the inequality holds:
T"(P)| < nexp(nhe(P)).
(2) If P’ is associated with P, then the inequality holds:

G p(n(he(P) + D(PI|P)) < [T"(P)] < nexp(nhe(P)

where C, a are both universal constants.

Proof: (1) Notice the estimate P, (y,) > %ﬁn(gn) for any g, € T"(P).
Moreover for g, g, € T"(P), one obtains the formula:

B (- N((z,w)|¥n)
Po(9n) = Un((z0)[5,)>0 NCl7)

Nz wllt) _ 5
=m0y~ Frlo)

So P, (i) are constant for any 7, € T"(P). Thus the estimates:
n/qm 1 n D ([~ n 1

L2 PYT(P)) 2 —|T"(P)|Pu(gn) 2 |T"(P)|  exp(—nhe(P))

hold from cor 5.4 (1).
(2)

1 =3P (T"(Q)) < P (T"(P)) < Cn P, (T"(P))

< Cn*P(T"(P)) < Cn|T"(P)| exp(—n(h(P) + D(P||P")))
where we used prop 5.3 and lem 5.8. This completes the proof.

Theorem 5.3 Suppose @) is memoryless in time, and Markov with
respect to T,,.
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(1) Let P be any type. Then the inequality holds:
Q(T"(P)) < nexp(—nD(P||Q)).

.....

If P is associated with P, then the inequality holds:

© exp(-n(D(P]Q) + D(P||P))
< QUT(P)) < nexp(—nD(P|Q),
Proof:

Q"(T"(P)) = Xy, ern(p)Q" (Tn, Un)
= Xy, ern(p)@1(yo) exp(—n(he(P) + D(P||Q))
< (2)(O)T"(P)|exp(—n(he(P) + D(P||Q)).
Thus combining with the prop 5.4, one obtains the desired result.
This completes the proof.

Let us take any = € X, so that the corresponding () is memoryless
in time and Markov with respect to . Let us denote its restriction by
Tp € (Xo)n-

Let P be types of degree n. We define the minimum decay exponent
by:

my, = m(ZT,) = i%fD(PHQ).

Corollary 5.5 Let {f1,..., fu} be a family of maps, and take T € X,.
Suppose () s memoryless in time and Markov with respect to x. Let
hi(Z,) be the interacting entropy.

Then there is a polynomial p such that:

hi(Zn) < p(n) exp(—nmy,)

holds. In particular when m, > X > 0 satisfies a lower bound by a
positive number, then h;(z,) — 0.

Proof: Notice that when Q(g,) > 0 is positive, then the estimates
hold:

Q(@n, Yn) = "

99



where o = min, Q(y) > 0 and § = min, , Q(y,y’).
By the log-sum inequality;,

"(P
_ ZgneT”(P)Q(gn) 10g Q(gn) < —Q(TH(P)) log W
< nexp(—nmy)log(a™ 37" T"(P)|)
< p'(n) exp(—nmy,)

hold. Since the number of the set of types ‘3, is at most polynomial,
the estimate h;(Z,) < p(n)exp(—nm,) holds. Moreover when m,, >
A > 0 satisfies a lower bound by a positive number, then h;(z,) — 0.
This completes the proof.

One may expect more precise bound by use of divergences and com-
binatorics of types. Let us put:

D(P) = sup D(P||P")
P//

where P” are all types.

Question: Does the estimate holds:

:; exp(—n(D(P||Q) + D(P))) < Q(T"(P))

This will depend completely on combinatorics of types, whether there
could exist some P for each P’ so that P’ is associated with P.
Let us put the maximum decay exponent:

ln = U(Zn) = sup D(P]|Q) + D(P).

Congecture: There exists a universal polynomial ¢ of types so that the
estimate
hz(j;n) < (Q(n) + n(ln + log a)) eXp(_nmn)

holds.
This will follow by assuming the existence of the associated type P’
for each P.
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5.D Stationary distribution and low of large numbers: Let ()
be an a x a probability matrixz. We say that () is ergodic, if there is
some ng > 1 so that for ny-times multiplication of the matrix ()"°, the
following positivity hold:

g5>0, i,je{l,...;af, Q" =(q9)
Let u = (u1,-..,p1e) be a distribution of probability. Thus each
w; > 0 and ¥;u; = 1 hold.
The next is well known ergodic theorem for Markov chain:

Theorem 5.4 Let us choose & so that the corresponding () is memo-
ryless in time and Markov up to infinity.

Suppose @) is ergodic. Then there is a unique distribution of proba-
bility u° = (Y, ..., 1) so that the followings hold:

(1) 1'Q = 1’ and

(2) lim,, .« gj'; = u? for j = 1,...,a, where the convergence is of
exponential order.

We say that pg is the stationary distribution.

Let us choose a family of maps {fi,..., f,} and = € X, so that
the corresponding () is memoryless in time and Markov up to infinity.
Let Q((z;, w)|(x;—1,2)) = Q(w|z) be the conditional probability for @,
and regard @ = {Q(w|z)}.wex, as an a X a matrix.

Definition 5.6 () is ergodic with respect to x € X, if it is memoryless

and Markov up to infinity and Q1 = (Q(1),...,Q(a)) is the stationary
distribution.

FExample: Let f and g be tent map and its reverse correspondingly.
Then Q = (%) which is ergodic, and the stationary distribution is given
by 1’ = (3,3) = (Q(1),Q(2)).

Now we have the low of large numbers obtained by Kolmogorov:

Theorem 5.5 Suppose ) is ergodic with respect to x. Then for any
positive € > 0 and w,z € {1,...,a},

pr(MEDR) ool > ) -0

n
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as n — Q.

Remark 5.1: Let us put:

Q(fn : (yO;yn)) = Eyl ..... Yn_1€{1,..., a}Q(fn : (yanh cee 7yn))

For non Markov case, still one can define a notion of ergodicity, by
requiring that for z € X, and its restrictions z,,

Jim Q(zy : (b, a)) = Q(a)

converges exponentially which is independent of choice of b. In this
case also one may expect to hold low of large numbers type statement.

5.D.2 Neighbourhoolds of the standard measure: Let us take
a famliy of maps {f1,..., f.}, and choose Z so that the corresponding
() is memoryless in time and Markov up to infinity.

We say that g, is e-typical, if for any pair (z,w) with Q(w|z) # 0,
the inequalities:

en@(z)Q(w|z)
loga

[N ((z, 0)[(Zn, Yn)) — nQ(2)Q(w]2)| <
hold. We denote the set of e-typical words by:
THQ) € (Xa)n.

In the memoryless in time case, the conditional entropy h.(x1, )
does not depend on (z1,72) € {1,...a}? and so we have denoted it

as h.(Q) (5.C).
Proposition 5.5 (1) For any g, € T)'(Q), the inequality holds:

2¢h.(Q)
loga

Ii log Q(Tp, §n) + he(Q)] < € =

for all large n = n(e).
(2) If Q is ergodic, then for any small A > 0, the estimates:

Pr(Y"eT"(Q))>1-\
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holds for all large n = n(\).
(8) Under the assumption, the inequalities hold:

(1= A exp(n(he(Q) — €)) < |THQ)] < exp(n(h(Q) + €)).
Proof: (1) The estimates hold:

‘i 1Og Q(fm gn) + hc(Q)| S —ib 1Og Q(xly yl)
N W) 140 0 w]2) = . Q()Q(1w]2) Tog Quw]2)]

ME) o) Quulz)pog Q=) + &
QE)Qu12) g Q=) |, C

loga n

+ 12z w)

< |Z(z,w){

< Yzw) —

_chl@)  C

loga n

(2) By theorem 5.4 (1) and the definition of ergodicity, Q(z) # 0
for all z. Then by the assumption and theorem 5.4,

Pr (Y, € T(Q)) < Xz PrAIN((z,w)[7n) — nQ(2)Q(w]2)|

enQ(2)Q(z, w)
~ log a Jh=0

as n — 00. S0 (2) follows.
(3) Since the inequalities hold:

1= 5,Q(:) > SyerioQE) > [T(Q) exp(~n(h(Q) + )

one obtains the estimate:

[THQ)| < exp(n(he(Q) + ).

Conversely, one obtains the another estimate:

(1=X) <3y, ern@@n) < [THQ)| exp(—n(he(Q) — €))

where we have applied (2) above. Thus one obtains the desired result.
This completes the proof.

63



5.E Complexity: Let X! = {zg..., 212, € {1,...,a},k=1,2,...}
be all the set of words of finite length.

Let us decompose any word z, = zg...x, € (X,), into mutually
different subwords as:

T, =17%...7°

where 7,77 € X? are mutually different.

The largest numger s is called the Lempel-Ziv complezity (LV com-
plexity):

c(Z,) =sup{s: T, = 2'7°... 2% % # 7 ,i #j}.

For example, for 7, = 0010 = (00)(1)(0) and ¢(0010) = 3.
The following estimate is known:

Lemma 5.9 (LZ) There are constants €, — 0 so that the inequalities

hold:
n+1

(1= 1) log,(n + 1)

Let 7, = #'Z%?...2° be a decomposition. Then correspondingly
one defines a family of numbers ¢; s as the number of j such that
|77, 41 = and i’fl]__ll ends with s € {1,...,a}.

So X s¢ 5 = ¢ and X 4lc; s = n hold.

2n+1)— 15 < c(z,) <

Lemma 5.10 (Ziv’s inequality) Let us choose %, so that the cor-
responding () is memoryless in time and Markov up to n. Let us de-

compose any Y, into mutually disjoint subwords. Then the inequalities
hold:

log Q(i'na gn) S _Zl,scl,s log Cls-

Theorem 5.6 (LZ) Let us choose T so that the corresponding @ is
memoryless and Markov. Then ther is a bound by the interacting
entropy:

_n7 5777/ 1 _n7 Yn
lim sup EQ(C(x ) 10g c(Zn, Y1)

n—00 n

) < hi(Z).
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Proof: For convenience we give an outline of the proof.
By the Ziv’s inequality,

log Q (2, ) < —clog e — cX " log &2
c c
hold. Thus:
1 1 s s
— 108 Q(Zn, ) > 2 = O3y L 1og &
n n n c c

holds. Using lemma 5.9, one can verify the second term converges to
Zero as n — 00. S0:

1 clogc clogc

- log Q(*/fna gn) Z
n

where §(n) — 0 as n — oo.
By taking the expectation of the both sides, one obtains:

+d(n) > —d(n)

n

LB (el Vi) log e{, ¥,) < hil, ¥a) + 6(n)

holds. Thus letting n — oo, one obtains the desired estimate.
This completes the proof.

6 Codings

6.A Coding: A codingis a reverse operation to contraction. Below we
will define a regular coding from {g;}; to {f;}; given by a contraction
from {f}i to {g;};-

We denote by X} the set of all words of finite length by {1,...,¢}.
Let {fi}{_, be a family of maps on the interval, and £ C X} be a
finite subset. An inhomogeneous contraction is a possibly multi-valued

surjection:
o B C X} — (Xo)n

A coding ¢ : (Xo)n — E C X? is given by a map ¢y = 1, for an
injective multi-valued inhomogeneous contraction .
A coding induces a continuous map:

w: Xy — Xq.
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wq is called reqular if ¢ is an isomorphism.

Definition 6.1 A regular coding @o from {g;}j—; to {fi}i=, is given by
wo = 1y, where {g;}; is obtained from { f;}; by the regular contraction
¢0 B = (Xa)n-

Ezample: Let f be f][0,3](z) = —z + 1 and f[[3,1](z) = z, g(x) =
—z+ 1 and h(z) = —f(x) + 1. Then one has the equalities:
gf=h, fg=f ¢ =id
Thus one obtains a contraction from {f, g} to {f, h,id} as:
Yo {1l —1, (1,2)—2, (2,2)— 3}

It is a regular contraction, and so ¢y = 1)y gives a regular coding
from {f, h,id} to {f, g}

Let oy be a regular coding.

Theorem 6.1 (Kraft’s inequality) A reqular coding o : (Xo)n —
E C X} satisfies the inequality:

S o 0 < 1
where |po(Ty)| is the length of the word.

Ezample: Let a be a power of 2 and consider a map ¢ : {1,...,a} —
XY, For simplicity suppose a = 2. One can naturally associate
0 — (0,0),1 — (0,1),2 — (1,0),3 — (1,1). This assignment has
a canonical extension to the general case of a. They are all regular.

Definition 6.2 Let {fo,..., fa_1} be a family of maps with the inter-
action map ®({fi}:) : [0,1] x X, — [0, 1] x X,.

A commutative coding at x € [0, 1] consistes of a coding vg : (X4)n —
XP from {g;}i to {f;}; so that the following is a commutative coding:

Xa i) Xt
®({gi}i)(x) | C({fi}y)(@) |
Xa i) Xt
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We denote the set of the commuting points above by I C [0, 1].

Example: Let f; be the tent map and fo be its reverse. Let us put
g1 = fifoand g2 = fofi. Then g : {1 — (2,1),2 — (1,2)} is a regular
and commutative coding on I = R(fy, fo) = [0, 1]\{2x; k,n=1,2,...}
(4.B).

6.B The average code length: Let o : (X,), — E C X? be a
coding.

We will estimate the average code length of ¢y by the interacting
entropy. Let n + 1 = |g,| be the length of the word.

Definition 6.3 Let © € X,, T, € (X4)n be its restriction, and @ be
the corresponding measure. The average code length is given by:

1

n(o, Tn) = ntl

ﬁ((p()u 'f) = lim Sup ﬁ((p()u 'fn)

Yie(X)n @ (T Un) 0 (Tn) |,

Proposition 6.1 Suppose a coding ¢ is reqular. Then the average
coding length has a bound from below by the interacting entropy:

Proof: Since a regular coding satisfies the Kraft’s inequality, it follows:

EQnE(Xa)nQ(jm gn)
Zt_|<p0(gn)|

0 S - log Etihﬁ()(yn)‘ - Zgne(Xa)nQ(fn’ gn) 1Og

o Q(Zn, Yn)
< Bye(x,), @(Tn, o) log — =7

- Zgjne(Xa)nQ(fm gn) 10g Q(jna gn) + log tzgne(Xa)nQ@m gn) ‘@O(gn)‘
= —(n+ 1Dhi(z,) + (n+ 1)n(pg, T,) logt.

This completes the proof.

In particular one has the estimates:

Ao, ) logt > he(T) = hi(%).
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Shannon constructed an algorithm of regular codings which satisfy
small avarage code lengths. In our setting, it may depend on the initial
data z,,:

Theorem 6.2 (S) There erxists a reqular coding po : (Xu)n — X}

which may depend on x,, so that the following inequalities hold:
hi(Z,) < (o, Tp) logt < hi(Z,) + logt.

6.C Undecodability: Let ¢y : (X.), — (X¢)m be a coding. The

rational number:

R=—
n

is called the coding rate.

Theorem 6.3 Let us choose x € X, so that the corresponding () 1s
ergodic.

If a coding g : (Xo)n — (Xi)m satisfies the inequality:

Rlogt < hi(Z)
then for any other map 1y : (X¢)m — (Xo)n, A > 0 and for all large
n, the estimate:
P.=Pr(pop(Y,)#Y,)>1-\

holds.
Proof: By lemma 5.7, the equalities h.(Q) = h.(Z) = h;(Z) hold.

Let us put C = {9, : Y o p(¥n) = Un)} C (Xa)n. One can choose
a positive 0 < X and d > 0 so that the inequalities A < § < h.(Q) —
Rlogt hold. Since ¢ is an injection on C, the estimates hold:

|C| <" = exp(mlogt) < exp(n(h.(Q) — 9)).

Recall T7(Q) in 5.D.2.
By the assumption and proposition 5.5, for any small A > 0, there
is € > 0 so that the estimates:

Pr(Y" € TMQ)) = 1— A\

0 Q. 5) + h(Q) <A, T € TQ)
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holds for all large n = n(\).
Thus the inequalities hold:

1-P,= Pr(Y,cC)
= Pr (Y, € CNT(Q))+ Pr (Y, € CNTIQ))
<A+H|CNTHQ)| sup Q(Tn, )

gn€T(Q)

< A+ exp(n(he(Q) = 9)) exp(=n(h(Q) = A))
= A+ exp(—(0 — A)n) < 2.

This completes the proof.

Ezxample: Let fi be the tent map and fy be its reverse. In 4.5, one
has obtained a compression C : {f1, fo} — {¢1,92}. This is a critical
case in the sense that the equality holds:

Rlog2 =log2 = h;(z) = log 2.

In fact this coding is invertible.

7 Interacting bonds

In [K4], we have constructed dynamics of weighted graphs from a
family of maps. Here by using algebraic structures of interaction like
contraction, we will construct multi graphs which is given by an inclu-
sion of a pair of graphs. We would interpret it as a state of interact-
ing molecules, where each component of the smaller graph will be a
molecule by covalent bond, and larger one will represent an interacting
state of them by hydrogen bond.

7.B Interaction graphs: Let f,g : [0,1] — [0,1] be two interval
maps and ®(x, f, g) : Xo — Xy be the interaction map. Let us choose
another map d : [0,1] — [0, 1].

Suppose for a point z € [0,1] and some k € X, the following
equality holds:

O, f,9)(k) = m((d(2),d(2),...)) = (n(d(2)), 7(d*(2)),...).
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Then we express this by a marked oriented edge as:

(f.2) “8 (d,2).
Let us choose families of maps { fo, ..., fx} and points {zo, ..., z;}.
For each (i,7,2) € {0,...,k}?> x {xq,...,2;}, let us assign an element

k(i,j,z) € X». By this way we have chosen a family of elements
{k(i, 7, xh)}iﬁi{}:l C X3. Then we put two sets:

V={(fi,z;) : 0<i<k,0<j<I} (the set of vertices),
E={eijr: (fi,xn) ™ (fy kg gzn) (fx,y) :} (the set of edges).

The interaction graph is a marked oriented graph, where the set of
vertices V and edges E are given as above. We denote it by:

T Jj=k,h=l
G} i} kG, Goen) Yt ™)
7.B.2 Multi interaction graphs: Let us fix a triple of families,
20, -+t Lk, g, 2p) YT = and {16, 4, 2,) Y75 Suppose that
{ } { J 1,7,h=0 J 1,5,h=0
for each pair (f;, f;), a compression:
{fzaf]}ﬁ{glvgj}a SOZX2_>X2

is assigned.
Let us have two different sets:

Ey ={eijr: (fi, h) fkigmn) (fx,xy)} (the set of weak edges),
fja L jvl_ iv .,ZL'
Be = {ewgi s (Fomn) P (f ), (g1n) 5 (g1, 20}
(the set of strong edges).

The set of vertices V = {(fi,z;) : 0 <i < k,0 <j <[} are the same
as before.

Definition 7.1 The bi-interaction graph is a pair of the weighted graphs:

G({fi}i:{g:}i) = (G C Gy)

where the set of edges are E. and E}, for G. and G), respectively. The
set of vertices are both the same V' abowve.

70



We will say that G, is the c-graph, and G}, is the h-graph.

Proposition 7.1 Suppose all x;, are compressible points. If one chooses

[(i,7,zn) = @(k(i,4,21)), then the c-graph and h-graph coincide each
other:

G. = Gp.

Notice that the bi-interaction graphs are determined by the ini-

tial values {k(i, 7, :ch)}zﬁig:l and {l(4, 7, xh)};ﬁigzl We will denote
the set of bi-interaction graphs arising from the families { fy, ..., fi},
{gla S 7gk‘} and {:CO) s ,$l} by

S({fi}i, {gitis {z;}im0).
Let us put:
B = X2UHDHHD _ oy w Xy % - x X,
Then the family of the interaction map gives a continuous map:
¢ : By — By

where:

O({k(i, g, 2)} 1G04, 2)}) = (K G5, 2)} {6, 2)}),

/_{'(z’,j,x) = (I)(fzy fjax)(_k(27]7 l’)),

(i, j,2) = (g, 95, ) (1(i, J, x)).
This induces a dynamics on the set of the bi-interaction graphs as:
O, S({ fitiio, {gi}is {x}i—0) = S{fitizo, {gi}ii {z;} )=o)
by
(G S} Agibis LYy kG, g, an) ), {l_(i:jyﬂfh})) i
= GU{fi}7 g} (=} @R, 4, 20) ), {1 5, 2) 1)

Let us choose an infinite set of points {x;}7%,, and equip with a
topology on:

S({fi¥imo Lot {x5}30) = VB fi}iz: {gi}is {25} =0)
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induced from its finite subsets. Now one obtains the topological entropy
of the interaction graphs by:

he(®s5 & ({fi}io, {9i}is {235%0))-

One can choose a canonically (i, j, z,) = @(k(7,j,z1)). Thus one
obtains a sequence of the bi-interaction graphs as:

(G5, Gp), (G5, GY), ),
(G5, GY) = G gt {5} B
O (({k(i, , xn) }, {o(kli, 4, 20)) it 320 7).

This gives the dynamics of the interaction graphs.
Suppose all x;, are compressible points. Then the equalities hold:

G¢=Gl i=0,1,...

Thus the above sequence gives a dynamics of the single interaction
graphs.

References

[B] J.A.BUCKLER, Large deviation tehchniques in decision, simula-
tion and estimation, Wiley, New York (1991).

[G] R.G.GALLALER, Information theory and reliable communication,
Wiley, New York (1968).

[HT] R.HIROTA AND S.TSujiMOTO, Conserved quantities of a class

of nonlinear difference- difference equations, Journal of Phys. Soc.
Japan 64 pp. 3125 (1995).

[KS] I. KARATZAS AND S. SHREVE, Brownian motion and stochastic
calsulus, Springer GTM 113 (1988).

[K1] T.KATO, Operator dynamics in molecular biology, in the Pro-
ceedings of the first international conference on natural computa-
tion, L.N. in computer science 3611 pp. 974-989 (2005), Springer.

72



[K2] T.KATO, Interaction states by iterating maps in molecular biol-
ogy, in RIMS kokyuroku 1420 pp. 1-17 (2005).

[K3] T.KATO, Interacting maps, symbolic dynamics and automor-
phisms in microscopic scale, Kyoto University preprint (2004).

[K4] T.KATO, Geometric representations in interacting maps, Kyoto
University preprint (2005).

[Ki] B.KITCHENS, Symbolic dynamics, Springer (1998).

[MS] W. DE MELO AND S. VAN STRIEN, One dimensional dynamics,
Springer (1993).

[ST] J.SATSUMA AND D.TAKAHASHI, A soliton cellular automaton,
Journal of Phys. Soc.Japan, 59 pp. 3514 (1990).

[S] E.SHANNON, A mathematical theory of communication, Bull.
Syst. Tech. J. 27, 379-423, 623-656 (1948).

[T] A.M.TURING, The chemical basis of morphogenesis, Phil. Trans.
Roy. Soc. B237, pp. 37-72 (1952).

(W] S.WoLFRAM, Cellular automata and complexity, Addison Wesley
(1994).

[LZ] J.Z1v AND A.LEMPEL, A universal algorithm for sequential data
compression, IEEE Transactions on information theory, I'T-23-3

pp. 337-343 (1977).

Tsuyoshi Kato,
Department of Mathematics, Faculty of Science,
Kyoto University, Kyoto 606-8502, Japan

73



