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Commentary on Fritz von Haeseler’s paper :
”On a Problem in Information Dynamics of Cellular
Automata“
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Iwakura Miyake-cho 204-1
Sakyo-ku, 606-0022, Kyoto, Japan
Email: YRAQ5762@nifty.ne.jp

1 Introduction

This report is a commentary on the paper ”On a problem in information dynamics of cellular
automata® written and submitted by Friedrich von Haeseler (KU Leuven) [1]. He has developed
a general setting for studying a problem posed by II.Nishio and T.Saito in connection with
information dynamics of cellular automata (CA for short) [6]. Particularly he shows that the
lattice introduced by them is anti-isomorphic to a certain partition lattice.

First, we shall give an introduction to information dynamics of CA and then present von
Haeseler’s results utilizing (the LaTeX source of) his manuscript. The references are very
limited. For the general of algebra and polynomials over a finite field, we refer to 2] and (3},
respectively.

2 Information Dynamics of Cellular Automata

2.1 Cellular automaton on a finite field

One-dimensional CA on a finite field is defined by a 4-tuple (Q, Z, N, f), where @ is the finite
set of cell states, Z is the set of integers, N is the neighborhood and f is the local function.

State Set Q is assumed to be a finite field GF{g), where ¢ = p™ with prime p and positive
integer n.

N is the neighborhood (index) which is assumed here to be the elementary neighborhood
N ={-1,0,+1}.

The local function f : Q@ x @ x Q — @ is uniquely expressed by the polynomial form:

Fz,y,2) = uo + T +ugy + - +usalylF 4o
+ uq3-—2zq*lyq—1 277+ ’U«qs_wq—lyqdlzq“la
where u; € Q (0<i < ~1). (1)

z,y and z assume the state values of the neighboring cells —1(left), 0O(center) and +1(right),
respectively.

The global map F : C — C is defined on the set of configurations C =Q%: Forany i € Z,
F(e)(i) = fle(i — 1),c(i),c(i + 1)), where c(i) is the state of cell i € Z of c € C. For a
configuration ¢ € C, the dynamics of CA is defined by F*+!(c) = F(F*(c)), where F°(c) = c.
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2.2 Information X and polynomial states

Let X be a symbol different from those used in the polynomial form (1). It stands for an
unknown state or the information of the cell in CA and will be called the information variable. In
order to investigate the dynamics of information X in CA space, we consider another polynomial
form, which generally defines the cell state of the extended CA.

9X) =a+aX + - +aX 4 4 a1 XU, wherea; € Q (0<i<g-1). (2

The polynomial form g uniquely defines a function @ — @ and the set of such fuhctions is
denoted by Q[X]. Q[X] is a polynomial ring with identity. Note that pX =0and X~ X =0
in Q[X].

2.3 Extended CA[X] or Polynomial State CA

Based upon CA=(Q, f) we define its extension CA[X]=(Q[X], fx), where the set of cell states
is Q[X]. CA[X] will be called the polynomial state CA over GF{q). The local function fx is
defined on the same neighborhood and expressed by the same polynomial form f as in (Q, f).
The variables z,y and z, however, move in Q[X] instead of ¢. That is, fx : Q[X] x Q[X] x

QIX] - Q[X].

2.4 Information dynamics of CA[X]

Fx : Cx = Cx, where Cx = QX% Foranyi € Z, Fx(cx)(3) = flex(i—1),cx(3), ex(i +1)),
where ¢x (1) is the state of cell i € Z of cx € Cx. For a configuration cx € Cx, the dynamics
of CA[X] is defined by F5(cx) = Fx(F%(cx)), where FQ{cx) = cx.
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Fig.1. Information dynamics of CA[X]

Fig.1. illustrates an elementary information dynamics, which begins with the initial configura-
tion ¢§ = wXw', where ¢% (0) = X and w and w' are semi infinite strings of constant polynomial
functions. Obviously w and v’ do not contain any information about X. Then, by repeated
application of Fx, the information X spreads in time t among cells —t, ~t + 1,...,0,...,t ~ 1,¢
and at time ¢ we observe a configuration ¢, which might contain some polynomials in X. Note



that a same polynomial may appear at several cells. Such a set of polynomials is generally
expressed by Gc& = {g1,92, - 9r}- Gczx is considered to preserve some amount of information
of X contained by the initial configuration c%.

2.5 Completeness and Degeneracy

Among several notions pertinent to information dynamics, we concentrate here on the com-
pleteness and the degeneracy.

The paper [6] contains the following definitions and a basic result.

Definition 1 (complete configuration) A subset G C Q[X] is called complete, if G gen-
erates Q[X]. Any constant is allowed to be used at the computation. For any configuration
cx € Cx, define the set of polynomials G.,, = {ex(®)|i € Z} C Q[X]. A configuration cx is
called complete, if G., is complete.

Definition 2 (Degeneracy) For a configuration cx € Q[X%, let 1,(cx) be a substitution of
a in c. Then, cx 15 called m-degenerate, if

Healex) |a € Q} = QI —m.

It is easily seen that 0 < m < @] — 1. Such m will be called the degree of degeneracy of cx and
denoted as m{cx). A configuration cx is simply called degenerate if m(cx) # 0.

Theorem 8 A configuration is complete if and only if it is not degenerate.

2.6 Generation of subrings and value size

In {5], the notion of the completeness is generalized and the degree of completeness is defined
and related to the degree of degeneracy.

For a subset G C @Q[X], by (G) we mean the subring of Q[X] which is generated by G and
constant polynomial functions. Note that {G) is expressed as (G) v in von Haeseler’s formulation
below.

For any subset G C Q[X], the log-ring size or degree of completeness A(G) is defined by the
following equation.

A(G) = log, {G)| 3)
Note that 1 < MG) < ¢.

Suppose that a subset G C Q[X] consists of r polynomials: G = {g1,92,..,9- | g € QX];1 <
i < r}. Then an r-tuple of values (g1(a), g2(a), ..., g-{a)) for a € Q is called the value vector of
G for a and denoted by G(a). Note that G(a) € Q. The value set V(G) of G is defined by

V(G) ={Gla) | a € @}. 4

Finally we define the value size of G by [V(G)|. Note that 1 < [V(G)| < g. Then, we have the
following theorems which relate the degree of completeness to that of degeneracy.

Theorem 4
AG) = log, (&) = V(G- (5)

Proof: See [5]. In [4] is given a new proof based on the partition of value set V(G), which has
been inspired by von Haeseler’s results.

The following theorem, which is equivalent to the above theorem, has been given without proof
in the concluding remarks of [6]. Note that the case of m = 0 corresponds to Theorem 3, i.e.
Gy generates Q[X].
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Theorem 5
)‘(GCX) + m(cX) =4, fOT any cx € CX7 (6)

2.7 Problem posed by H.Nisho and T.Saito
The following problem arises from the above considerations on the degrees of completeness and

degeneracy and has attracted von Haeseler.

Characterize the lattice (by set inclusion) of subrings of Q[X] generated by arbitrary subsets G
of Q[X].

Besides Theorem 4, [5] contains several computational examples concerning the lattice structure
of subrings of Q{X], but H.Nishio has not succeeded in obtaining a complete solution.

3 F. von Haeseler’s results

3.1 Formulation

From now on F denotes a finite field with g elements. The set of all maps g : F — F is denoted
as F¥. Tt is a ring with pointwise addition and multiplication, i.e.,

(f + 9)(=) = f(z) + 9(z) and (fg)(z) = f(2)g(=).

Now let G C FF and let {G)n be the set of all finite sums of finite products of elements in G
together with the constant maps, i.e., an element f of (G)y is given as

n my
f=2 1l o
=0 ji=0
where g;, in G or a constant function.

Then H. Nishio and T. Saito ask for a description of the lattice consisting of all sets (G)n,
G C F¥. Moreover, they are interested in criteria for (G)n = FF.

We consider the above problem in a slightly more general setting, which can be described as
follows.

Let X be a finite set. The set of maps g : X — F is denoted as FX. Note that FX is a ring
with pointwise addition and multiplication. For a subset G of FX the set (G) denotes the set
of all finite linear combinations of finite products of elements in G, i.e., an element f of (G} is

given as
ke My
f = Z C; H Gii»

i=0  j;=0

where ¢; € F and g;, in G. Note that (G)y = (GUC), where C is the set of constant functions.

The extended problem is now: Describe the lattice given by this construction and the relation
with the lattice generated by H. Nishio and T. Saito.

It is clear that the following holds:

* (G) is the smallest (w.r.t.inclusion) subring R of FX that contains G and that is an
F-vectorspace, i.e., f € Rimpliesaf € Rforall o € F.

¢ (G)n is the smallest (w.r.t. inclusion) subring R of FX that contains G and the constant
functions, and R is an F-vectorspace.



Thus one has : £{X,F) = {{(G) | G C FX} is the set of all subrings of FX which are also F-
vectorspaces, and Ly (X, F) = {{(G)n | G C F¥} is the set of all subrings of F¥ which contain
the constant functions and are F-vectorspaces. Moreover,

Ly(X,F)y C L(X,F).

3.2 Characterization of generating sets

A generating set G is minimal if its cardinality |G| is smallest among all generating sets. A
generating set G is properly generating if no proper subset G' C G is a generating set. Later
we shall see that a properly generating set is not necessarily a minimal generating set. If
(G)n = FX, then G is called N-generating.
In order to characterize generating sets we introduce some notions. For G C FX the support of
G is the set

supp(G) = {z € X | there is g € G with g{z) # 0}.

Two points z, y € X are called G-equivalent, dencted as & ~g ¥, if
glz) = gly) for all g € G.

X/~¢ denotes the set of equivalence classes and 7 : X — X/~ G is the canonical projection.

Then one has
Lemma 6 [L1]
1. supp(G) = supp((G))-
2. z ~gy if and only if T ~(q) y.
The set G separates if for every pair z, y € X with z # y there exists a g € G such that
g(z) # 9(u)-
Theorem 7 [T1] The set G CFX is generating if and only if
1. G is separating and
2. supp(G) = X.
Corollary 8 [C1] {(G)x = FX if and only if G separates.
Theorem 7 also allows a description of (G) if supp(G) # X.
Theorem 9 [T2]
1. The ring (G) is isomorphic to the ring PuPP(@/~e,
2. The ring {(G)y is isomorphic to the ring FXi~e

Proof. Ad 1. For every g € G there exists a unique and well defined map g, such that the
diagram commutes.

G

supp(G)/~c

g Gma
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Moreover, (ag + Bh)ng = 0{g)ag + B(h)ng and (gh)ng = (g)ng(h)~ng for all o, § € F and all
g, h € G. This implies that for every A € {G) there exists a unique h., € {supp(G)/~g) such
that the diagram commutes

7

(6] (supp(G)/~a)

h B

F

Let Gug = {gog | ¢ € G}, then Gug C PPupP(G)/~G The above cousiderations show that
the rings (G) and (G.¢g) are isomorphic. Since G satisfies the conditions of Theorem 7 for
X = supp(G)/~g, this proves the first assertion.

The second assertion follows from (G)n = {(GUC) and the fact that supp{GUC) = X combined
with the first assertion.

|
This also gives
Corollary 10 1. [{GQ)] = ¢lsurp(&)/~al,
2. (Gn]| = gl X/~st,

Remarks by Nishio: We notice that the second equation of this corollary is equivalent to
Equation (5) of Theorem 4 given in the previous section.

3.3 The lattice L(X,F)

In this section we introduce the lattice (£(X,F), A, V) and show that it is anti-isomorphic to a
partition lattice. )

A lattice 1s any nonempty partially ordered set in which any two elements a and b have a least
upper bound, a V b, and a greatest lower bound, a A b. The operation V is called join, and the
operation A is called meet.

The set L{X,F) is via inclusion a partially ordered set; meet and join are given as

RiANRs=RiN ARy
Ry V Ry = (R URy)

ie, (L(X,F),A,V) is a lattice.

Of particular importance is the partition lattice of a finite nonempty set Y. A partition of ¥ is

given as P = {p1,...,ps}, where p; are mutually disjoint, nonempty subsets of ¥ such that
8
Y = U D;-
3=1

The set of all partitions is denoted as P(Y). If P = {p1,...,ps} and Q = {1,...,t} are
partitions of Y, then P < @ if every p € P is contained in a ¢ € @, i.e., P is finer than Q. This
defines a partial order on P(Y). Then meet, M, and join, LI, are defined, i.e., (P(Y),M,U) is a
lattice.

We also need the concept of (anti)-isomorphic lattices. Two lattices (L;, Ay, Vi), i = 1,2, are
isomorphic, if there exists a bijection £ : Ly — Ly such that

E(z AL y) = &(z) N2 E(y)
£z Viy) = &(z) V2 §(y)



holds for all z, y € L;. They are anti-isomorphic if

(@ A y) =£(z) V2 {(y)
€z viy) =€) M E)

‘We can now state the characterization of the lattice in question. Suppose 0 does not belong to
X, then Xy = {0} U X.

Theorem 11 [T9] The lattices (C(X,F), A, V) and (P(Xo),N, L) are anti-isomorphic.
Proof Definition of a bijective map from £(X,F) to P(Xp). Let R € L(X,F). Then one
has X = supp(R) U ker(R), where ker(R) = X \ supp(R). The projection = : supp(&) —

supp(R)/~g defines a partition of supp(R), namely P = {77! (u)|u € supp(£) /~r}
This induces a partition of Xy as

¢(R) = {{0} Uker(R)} U {r " (u) | u € supp(R)/~r}-

For the inverse consider i : P{X,) = L(X,F) is defined as follows. Let @ = {go,-..,¢} be a
partition of Xg such that 0 € ¢y, then

7(Q) = {Zain; | a; €F, i:l,...,s}

i=1

is in £(X,F). It is easy to see that £(n(Q)) = Q and n(¢(R)) = R. This proves the bijectivity
of ¢&. Tt remains to show that ¢ reverses the order, ie., if Ry C R, for Ry, Hp € L{X,F), then
E(Ry) > E(R,). If g € £(Ry), then the characteristic map x, is in Ry. Since By C Rs, it follows
that every p € E(R;) either has empty intersection with ¢, or ¢ is contained in p. In other
words every ¢ € £(Rz) is contained in a p € §(R;). This shows that { (Ry) < ¢£(Ry) and that §
is anti-isomorphic.

| |
Corollary 12 [C2] The lattice (Cn{X,F),A,V) is a sublattice of (L(X,F),A,V) and it is anti-
isomorphic to the partition lattice (P(X),N, ).
The proof is as the proof of Theorem 11 using &n : LN (X, F) — P(X) defined as

En(B) = {n""(u) | v € X/~c}

Examples

e Consider Fs = {0,...,4} and X = Fs and let p(z) = 2 +2° + 2%, ¢(z) =4z + 4z? +22° +
z* € B ® regarded as maps. Then (p)n and {g)n are different set. This follows from

jo 1 2 3 4
p|0 3 1 1 4
g{0 113 4

ie., the partitions £((p)n) = {{O}, {1},{2,3}, {4}} and £({0)n) = {{0},{1,2}, {3}, {4}}

are different. Note also that [{p)n] = [{g)n] = 5%, i.e., {p} and {g} are not generating,
since I]F‘g”l = 55,

o If g € ¥, then {g)n = I if and only if g is bijective. More general: Let g € FX, then
(g)n = FX if and only if g is injective; and (g) = FX if and only if g is injective and
0¢ {g(z) |z € X}
Remarks: von Haeseler notes on the number of elements of £{X,F):
Eﬁ(X,]F)) = B|XH'1 and iLN(X,F)l :lei’

where B,, is the n-th Bell number or the number of partitions of a set having n elements.
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4 Concluding remarks

von Haeseler’s paper consists of 17 pages with 5 references and includes more results like prop-
erties of generating sets and the case of a ring Z /mZ, which we have had to omit here. Many
thanks are due to him for his cooperation, especially for a LaTeX source of his manuscript. 1!
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