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Abstract. We extend previously known two-dimensional multiplication tiling systems that
simulate multiplication by two natural numbers p and g in base pq to higher dimensional
multiplication tessellation systems. We develop the theory of these systems and link
different multiplication tessellation systems with each other via macrotile operations that
glue cubes in one tessellation system into larger cubes of another tessellation system.
The macrotile operations yield topological conjugacies and factor maps between cellular
automata performing multiplication by positive numbers in various bases.
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1. Introduction

Cellular automata (CA) are symbolic dynamical systems that act on either = (one-sided
CA) or £7Z (two-sided CA) for some finite symbol set ¥ and that are defined by using a
local rule. The CA appearing in this paper are multiplication automata I1, y that simulate
multiplication by some o > 0 on base-N representations of numbers. These are not defined
for all pairs of & and N. In [1], possibly the first paper featuring such CA, it is shown that
in the case of one-sided multiplication automata (meaning that multiplication is performed
only on the fractional part of a number), I1, y is defined precisely when « is an integer
all of whose prime factors divide N. The paper [2] shows for « dividing N that I, x
is topologically conjugate to the left shift map on EEI with ¥, =1{0,1,...,a — 1} if
and only if @ and N are divisible by the same prime numbers. This left shift map is in
fact equal to Iy, which is the simplest way to represent the operation of multiplying
by «. Considering two-sided multiplication automata makes it possible to also talk about
automata multiplying by proper fractions, as was done in [5] in the special case o = 3/2,
N = 6. From [1], one can infer that in the two-sided case, I, y is defined precisely when
o is a rational number whose numerator and denominator are products of factors of N.
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In this paper, we consider explicitly only the case of two-sided multiplication automata
and look further into topological conjugacies of multiplication automata with other
multiplication automata that are not necessarily shift maps as was the case in [2]. We
show in Corollary 5.10 that multiplication automata Iy y, and Iy y, are conjugate when
N7 and N; are divisible by the same prime numbers. Even when this condition is not
satisfied, we can consider topological factors. We show in Corollary 5.13 that I, y, has
Ty, N, as a factor if every prime factor of N, is a prime factor of N;. The conjugacies and
factor maps we present for connecting these multiplication automata essentially transform
base-N| representations of any non-negative real number to base-N, representations of the
same real number.

To prove the results mentioned in the previous paragraph, this paper takes the approach
of considering so-called multiplication tessellations formed by multiplication cubes.
These turn out to be interesting mathematical objects in their own right as a family of
multidimensional subshifts with good structural properties. In [11], multiplication by p
and ¢ is essentially implemented by tilings of the plane with the tiles being base-pg
digits and multiplication by p and ¢ corresponding to shifting the tiling either horizontally
or vertically. The tiling terminology appears explicitly in [3] in the special case p = 2,
q = 3. Instead of restricting to two-dimensional tilings, we will introduce multiplication
tessellation systems using multiplication (hyper)cubes of arbitrary dimension.

Our construction of multiplication cubes is based on mixed base representations of
natural numbers, the basics of which we cover in §3. Section 4 is all about multiplication
cubes, and mixed base representations of numbers are used to define multiplication cubes
and their tessellations in §4.1. Briefly put, associated to any vector of positive integers
(n1,na,...,ng), there will be N =nnj - - -ng different d-dimensional hypercubes
corresponding to the base-N digits and having various labels on their lower dimensional
hyperfaces, and in valid d-dimensional tessellations, neighboring cubes have to have
matching labels on adjacent (d — 1)-dimensional hyperfaces. The underlying idea is that
then one can associate any real number & > 0 with a valid tessellation containing a base-N
representation of £ along the main diagonal (Corollary 4.39), and moving along the
direction of the ith coordinate axis in a tessellation corresponds to multiplication by n;
(Proposition 4.26).

We proceed to investigate various structures appearing in multiplication tilings in later
subsections of §4. In Theorem 4.6 of §4.2, it turns out that the matching condition of
(d — 1)-dimensional hyperfaces in valid tessellations automatically implies that also the
labels of lower dimensional hyperfaces in adjacent cubes match. In §4.3, we define the
notion of a path integral over a path in a tessellation. This terminology is justified by
Theorem 4.11, according to which the path integral over a cycle in a valid tessellation is
always equal to zero. This is then used as a technical tool to define labels between directed
line segments connecting any two points in a tessellation. These labels are used in §4.4,
which introduces the macrotile operation. The macrotile operation groups multiplication
cubes into larger cubes that can also be viewed as multiplication cubes. More generally,
with some restrictions, it is possible to draw a grid of parallelepipeds within a tessellation
and interpret each individual parallelelepiped as a new multiplication cube. The way this
works is that the labels of the edges of the parallelepipeds in the original tessellation yield
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the labels of the edges of the new multiplication cubes. The grid of parallelepipeds may
be of a lower dimension than the original tessellation, which in particular means that a
lower dimensional cut along the ith, isth,. .., ixth coordinate axes in a d-dimensional
tessellation is a k-dimensional tessellation over the multiplication cube set associated to the
vector (n,, nj,, . . . , 1, ). By Theorem 4.38, the macrotile operation has in some cases an
inverse map, the microtile operation. Even when the macrotile operation is not invertible,
by Theorem 4.40, it is always a surjection between sets of valid tessellations.

In §5, we turn to multiplication automata, which are defined in §5.1. In §5.2, multiplica-
tion automata are connected to multiplication tessellations: by Theorem 5.7, multiplication
automata are topologically conjugate to shift maps on sets of valid tessellations by
multiplication cubes. Due to this connection, conjugacy and factor relations between
various shift dynamics on multiplication tessellations imply the conjugacy and factor
relations between multiplication automata mentioned earlier in this introduction. As a
minor application, we use these conjugacy and factor relations in §5.3, together with some
earlier results, to completely classify multiplication automata according to their regularity
status in the sense of [8].

2. Preliminaries

We denote the set of positive integers by Z and define the set of natural numbers by
N =7, U{0}. For n € Z4, we denote X, = {0, 1,...,n — 1}. Whenever A and B are
sets, A8 denotes the collection of functions from B to A. We often denote the value of a
function f € AB atb € B by f[b] instead of f(b). When B is countable and A is finite, the
set A8 is a compact metrizable space with respect to the prodiscrete topology, and every
closed subset of A® is also compact and metrizable with respect to the subspace topology.

We interpret the notation A" for a set A and n € N as a shorthand for AlL2..n} the set
of sequences of length n over A indexed by 1, 2, . . ., n. The elements of this set can be
represented by (ay, . . ., ay), by (a;)!_,, or for short, just by (a;) when the index i and the
length of the sequence n are clear from the context. As in the previous paragraph, given
a=(ay,...,ay) € A", wemaydenote al[i] = a; for 1 <i < n.We alsodenote a[i, j] =
(@i, aiy1...,aj)fori, j €{l,2,...,n}: this is the empty sequence wheni > j.

By substituting R for A in the previous paragraph, we get the set of n-dimensional real
vectors. We define a partial order for v, w € R" by v < wif v[i] < w[i]foralll <i < n.
A stronger inequality is v < w, which means that v[i] < w[i] for all 1 <i < n. For any
x € R, we define the constant vector X = (x, ..., x), so in particular, 0 = (0, ..., 0)
and 1 = (1, ..., 1). The Kronecker delta is defined by 6;; =0 when i # j and §;; =1
when i = j. Using this, the standard basis vectors ¢; € R"” for 1 < k < n are defined by
exli] = 6x; for 1 <i <n.In matrix multiplications, we interpret vectors as column vectors.

To present some of the main results of this paper, we will use the terminology of
topological dynamical systems, one reference for these is [9].

Definition 2.1. If X is a compact metrizable topological space and T : X — X is a
continuous map, we say that (X, T') is a (topological) dynamical system.

As a particular example, for a finite set X (an alphabet), d € 74 and z € 74, we define
the shift maps o : »z g2 by 0. ()] = flz' + z] for all f € 2 and 7' € 7¢.
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Then (ZZd, o) is a dynamical system. Whenever X C 2% is closed and o (X) =X,
then (X, o;) is also a dynamical system. Note that we used the same notation for both
o, and its restriction to X: in practice, this will not cause confusion. Let us also mention
that if o, (X) = X for all z € Z%, then X in fact becomes a system with multidimensional
dynamics called a d-dimensional subshift. Throughout the text, we let d, d’, d” € Z, and
use d, d’, and d” to indicate dimension. In the one-dimensional case, we define o : £Z —
»Z by 0 = o1 and for a closed subset X C »Z satisfying o (X) = X, we call (X,0) a
(one-dimensional) subshift. One can also define o : »N_, ¢N by o (x)[i] = x[i + 1] for
i € N, and then (X, o) for a closed X C »N satisfying o (X) C >N is called a one-sided
subshift.

The structure preserving transformations between topological dynamical systems are
known as morphisms.

Definition 2.2. We write ¢ : (X, T) — (Y, S) whenever (X, T) and (Y, S) are dynamical
systems and i : X — Y is a continuous map such that ¢ o T = S o ¢ (this equality is
known as the equivariance condition). Then we say that ¥ is a morphism. If ¥ is surjective,
we say that i is a factor map and that (Y, S) is a factor of (X, T) (via ¥). If ¢ is bijective,
we say that i is a conjugacy and that (X, T') and (Y, S) are conjugate (via ¥r).

The particular dynamical systems under consideration in this paper will be shift maps
on tilings (which are special kinds of d-dimensional subshifts) and cellular automata
(which are self-maps of subshifs, particularly of £%, that are continuous and satisfy the
equivariance condition).

3. Mixed base representations of numbers
A vector m € Z’i such that m[i] divides m[i + 1] for 1 <i < k is called a mixed base.
Given a mixed base m € le_, any a € N has a base-m representation a = Zﬂ;o aimli]
(with the convention m[0] = 1), where a; are the unique integers satisfying this equation
such that 0 < a; < m[i + 1]/m[i] for 0 <i < k and a; > 0. For expressing such a rep-
resentation, we also define the shorthand base(a, m) = (ag, a1, . . ., ax), so in particular,
base(a, m)[i] = a;—1 for 1 <i < k + 1. For example, the base-10 representation (in the
usual sense) for a € N arises by choosing m = (10, 102, . . ., 10%) for a sufficiently large k.
We may also use a single vector n € fo_ as a starting point for forming many different
mixed bases as various products of n[i]. For v € 74, we let

d
mn, v) = [ nlj17*V!
j=1

(this is a positive integer in the special case v <0). For a d-directive sequence,
that is, a decreasing sequence of vectors (vi)f‘zl satisfying 0 > vy > v, > -+ - > v € 74
(a binary d-directive sequence in the case v; € {—1,0}), we define a mixed base
m(n, (v;)) € ZX by

m(n, (W)ljl =mn,vj) forl <j <k

We also define base, (a, (vy, . . ., vg)) = base(a, m(n, (v;))) fora € N.
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Remark 3.1. Our definition of m(n, v) where a negative coordinate v[j] corresponds
to raising n[j] to a positive power may seem strange. Throughout this paper, negative
numbers will appear at points where positive numbers could be expected. Our conventions
are ultimately motivated by the peculiarity that the usual method of writing down the
digits of a number causes the more significant digits to appear to the left (that is, toward
the negative direction of the x-axis) instead of to the right.

We also mention some telescoping properties for the base representations. For x € A"
and y € A™ with any set A, define the insertion xV;y € A"™" for 0 <i < n by
(xeviyll, il = x[1, i,
xvinli+Li+m]=y,
xvii+m+1,n4+m]l=x[i +1,n]

and the overwrite x X/;y € A"~ for1 <i <nby

i =11 =x[1,i — 1],
@l i+m—1]=y,
Xl +mn+m—1]=x[i +1,n].

LEMMA 3.2. Letm € Zﬁ, m' e Zli, and mvim' € Zl_frk/ be mixed bases with 0 < i < k.
If a € N and base(a, m) = (ag, . . ., ax), then (with the convention that m[0] = 1)

base(a, mv;m') = base(a, m) }/; base(a;, m'/mli]).

Proof. Let (b, ...,by) =Dbase(a;, m'/m[i]). By assumption, a = Z]]‘-:O ajm[j]
(0<a; <m[j+1]/m[j] for 0 < j <k, ax = 0) and a; = by + Z’;/zl bim'[j1/ml[i])
(0 <by <m'[1]/m[i], 0 <bj <m'[j+ 1]1/m'[j] for 1 < j <k’, by > 0). By substi-
tuting the base-m’ representation of g; into the base-m representation of a, we find that

i—1 k
a= Z ajm[j1+ bomli] + Z bjm'[j]+ Z ajmlj].

This is equivalent to the claim of the lemma,
base(a, mv;m') = (ao, . . . ai—1, bo, . . ., by, Ait1, - . ., ax),
assuming that we can verify the inequalities

0<a; <ml[j+1]/m[j] forO<j<iandi+1=<j <k,
0 < bo < m'[1]/mli],
0<bj <m'[j+11/m'[j] forl <j<k', and
0 <by <mli +1]/m'[k'] (inthecasei < k),
but everything except the last inequality follows directly from the definition of a; and b;.

Because a; < m[i + 1]/m[i], it follows that by < a;m[i]/m'[k'] < m[i + 1]/m'[K'], and
we are done. O]
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LEMMA 3.3. Letn € Zi, and let (Uj)];:p (wj)]]‘./=1 and (vj)l;zl\/,-(wj)’;./:l be d-directive
sequences with O < i < k. Ifa € N and base, (a, (vj)ljzl) = (ao, . . . , ax), then (with the
convention that vop = 0)

base, (a, (v;)5_;Vi(w;)s_)) = base, (@, (v;)5_)) ¥ 11 base, (ai, (wj —vi)s_)).

Proof. Let M = m(n, v;). We note that for | < j' <k/,
d .
m(n, wj —v;) = l_[ n[j](_wj’+vi)[./]

j=1
d ) d ‘
= [T rti1™" VT nli1"V = m@n, wj /M.
j=1 j=1

By assumption, base(a, m(n, (Uj)];=1)) = base, (a, (vj)l;zl) = (ag, ..., ar) and

base, (a, (v;)%_, Vi(w/)¥_) = base(a, m(n, (v;)Vi(w;)))

= base(a, m(n, (vj)l;zl)vim(n, (wj)]]‘./zl))

22 base(a, m(n, (v)%_ ) Wiy base(ar, m(n, (w))E_) /M)

= base, (@, (v;)5_) ;11 base, (ai, (w; — vi))5_)). O
LEMMA 3.4. Letn € Zi, let (vj)];.:l and (wj)';.,:1 be d-directive sequences, and let 0 <

i <k, 0<i’ <k’ besuchthat v =w; and v;y] = w11 (with the convention vp = wy = 0).
For any a € N, it holds that

base, (a, (vj))[i + 1] = base, (a, (wj))[i/ + 11.
If vk = wy, then

base, (a, (v;))[k + 1] = base, (a, (w;))[k" + 1].

Proof. For the first claim of the lemma concerning 0 <i <k, 0 <i’ < k/, it suffices
to show that base, (a, (v;, vi+1))[2] = base, (a, (v;))[i + 1], because from this, it follows
that
base, (a, (v;))[i + 1] = base, (a, (vi, vi+1))[2]
= base, (a, (wir, wir41))[2] = base, (a, (w;)[i" + 1].

Let (ag, a1, az) = base,(a, (v;, vi+1)). By one application of Lemma 3.3,

base, (a, (v1, ..., v, vit+1)) = base,(a, (vi, viy1)Vo(vi, . .., vi—1))
= (ao, a1, a2) X1(bo, . .., bi—1) = (bo, . .., bi_1, a1, a2)

for some b; € N. By another application of the same lemma,

base, (a, (vj)) = base,(a, (v, ..., Vit D) Vit1 Vit2, - - .5 V)
=(bo,...,bi—1,a1, @) Vi o(cix1, ..., cx) = (bo,...,bi—1,a1,¢cit1, ..., Ck)

for some c; € N. Therefore, base, (a, (v;, vi+1))[2] = a; = base,(a, (v;)[i + 1].
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In a similar manner, for the last claim of the lemma, it suffices to show that
base, (a, (vk))[2] = base, (a, (v;))[k + 1]. Let (ag, a1) = base, (a, (v¢)). By Lemma 3.3,

basen(aa (U], AR ) Uk—ls Uk)) = basen(as (Uk)\/()(vl, AR} Uk—l))
= (ao, a1) ¥1(bo, . . ., bg—1) = (bo, - . . , br—1, a1)
for some b; € N. Therefore, base, (a, (vk))[2] = a1 = base, (a, (v;))[k + 1]. ]

LEMMA 3.5. Let n € Z‘i, let a € N, and let p1, p2,q1,q2 € 74 be such that q1 > @2
and p1 > p1+q1 = p1+ q2 = p2 are d-directive sequences. If base,(a, (p1, p2)) =
(ap, a1, a), then

base, (a, (p1 + q1, p1 + q2))[2] = base, (a1, (g1, q2))[2].
Proof. By applying Lemma 3.3,
base, (a, (p1, p1 + q1, p1 + g2, p2))
= base, (a, (p1, p2)) X, basey (a1, (q1, q2)),
and therefore by Lemma 3.4,
base, (a, (p1 + q1, p1 + q2))[2]
= base, (a, (p1, p1 +q1, p1 + q2, p2))[3] = base, (a1, (91, q2))[2]. O

For a map ¢:{l,...,d'}—>{1,...,d} and p € 74, there is an affine map I, :
RY — RY defined by I, (0)=pandl, (¢;) =p+eqforl <i<d.

LEMMA 3.6. Let t:{1,...,d'} — {l1,...,d} be injective and let n € Zi, n e Z‘_{
satisfy n'[i] = n[t(i)] for 1 <i <d'. For a d'-directive sequence v| > - -- > v, for
w; =g, (v;) and a € N, it holds that base, (a, (v1, . . ., vx)) = base,(a, (Wi, . . ., Wi)).

Proof. Observe that for any v € 741 < Jj < d',and j = ((j’), it holds that Iy, (v)[j] =
v[j’]. If j is not in the image of ¢, then Iy, (v)[j] = 0. Using the substitution j = ¢(j’) for
0 < j’ < d’ below, we can compute for 1 < i < k that

d
mn, w;) = m(n, Ip,(v;)) = 1_[ n[j]*lo,L(vi))[J]
j=l1
d’ d
= [ neqOr et = T w170 = man', v,
J'=1 j=1

and therefore
base, (a, (w;)) = base(a, m(n, (w;)) = base(a, m(n'(v;))) = basey (a, (v;)). O
4. Multiplication cubes

4.1. Preliminaries on multiplication cubes. Our model for the d-dimensional hypercube
is the set [—1, 0]¢. The bottom and top (d — 1)-dimensional hyperfaces orthogonal to e;
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FIGURE 1. The multiplication cube set T(2,5) and a part of a tiling from X(2,5) = X7, (with the upper right

corner of the cube at the origin marked by a black dot). Consecutive powers of two (starting with 4, 8, 16, . . .)

can be found in the tiling along diagonals that go from bottom left to top right: for an explanation of this, see
Example 4.21 or Proposition 4.26.

are
Bi={vel[-1,01%|v[i]=—-1} and 7, ={ve[—1,01¢v[i]=0l}

respectively.

One can take a collection of hypercubes, color their (d — 1)-dimensional hyperfaces §;
and 7; with various colors, and form tessellations of the space with these cubes in such
a way that the adjacent hyperfaces of neighboring hypercubes have matching colors. An
example of such a colored set of two-dimensional cubes and a part of a two-dimensional
tessellation is presented in Figure 1. More precisely (and more abstractly), this is done as
in the following definition.

Definition 4.1. Let T and C be finite sets (the set of hypercubes and the set of colors)
and for some d € Zy, let B; : T — C and 7; : T — C be functions for 1 <i <d (the
labeling functions). The set T (with associated, implicit C, §;, and t;) is then called a
Wang hypercube set. A valid tiling or tessellation over 7 is a map f : Z¢ — T satisfying
T (flz]) = Bi (flz + ¢;]) forall z € Z¢ and 1 < i < d. The set of all valid tilings over T
is denoted by X7.

The pair (X7, o) is a dynamical system for all z € Z¢, and as a d-dimensional subshift,
X7 is in fact an example of a so-called subshift of finite type. Wang hypercubes and their
tessellations are the most commonly studied in the case d = 2, and particularly, then the
elements of T are called Wang tiles. These originate from Wang’s paper [13].

We will proceed to define a particular class of Wang hypercubes which could be called
multiplication hypercubes, but which we will call multiplication cubes for simplicity.
Two-dimensional multiplication cubes have previously appeared in [3] as elements of the
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so-called Collatz tile set. Higher dimensional such cubes will in fact have labels on all
of their lower-dimensional hyperfaces, not just the (d — 1)-dimensional ones. The set of
k-dimensional hyperfaces within the d-dimensional hypercube is denoted by Sy and the
set of all hyperfaces is denoted by S;. Given s € Sy, the set of all hyperfaces that are
subsets of s is denoted by Sy (s).

We develop two different sets of notation to refer to individual hyperfaces. For the
first notation, whenever p, u € {—1, O}d are orthogonal (in other words, p[i] = u[i] = —1
cannot happen for any 1 <i < d), we say that the hyperface at p along u is

faceAt(p, u) = {v € [—1,0] | v[i] = pli] when u[i] = 0}.
For the second notation, let
Va={(v1, 1) € (=1, 0})? | v; > vo).

For any (v1, v3) € Vy, the minimal k-dimensional hyperface of [—1, 0)¢ containing both
vy and vy is faceAt(vy, vy — v1), where k is the number of ones in v; — vy. This gives a
one-to-one correspondence between V; and Sj;.

Letn e Zi. To any @ € Xy with N = Hflzl nli], we will associate a d-dimensional
Wang hypercube, a so-called multiplication cube cube, (a), whose underlying structure is
that of a function:

cube,(a) : V4 — Xy, cube,(a)lvi, v2] = base,(a, (vi, v2))[2] for (v, v2) € Vj.

The interpretation is that cube, (a)[v;, v2] is the label of the hyperface spanned by the
vectors vy and v;: this way, we get labels on all lower-dimensional hyperfaces. If s € Sy
is the hyperface spanned by v; and vy, we may also define s(cube,(a)) = s cube,(a) =
cube, (a)[v1, va]. In particular, the labels of the bottom and top hyperfaces of cube,(a)
orthogonal to e; are

Bi(cube, (a)) = cube,(a)[—e;, —1], ti(cube,(a)) = cube,(a)[0, —1 + ¢;],

respectively. To write this out more explicitly, let a = ajn[i]+ap be such that
base(a, (N, n[i])) = (0, a1, ap) and let a = aé l‘[j# i _,_ai be such that base(a,
(ITj4 nlil, D) = (a3, ay, 0). Then we see that

Bi(cube,(a)) = ai, ti(cubey(a)) = aj.

An example of a three-dimensional multiplication cube together with (some of) the labels
of faces and edges is presented in Figure 2.

For n € Z‘i and N = ]_[;1=1 n[i], the set of base-n multiplication cubes and the
valuations of cubes are defined as

T, = {cube,(a) | a € Ty}, val,(¢t) =1t[0,—-1] fort e T,.

In other words, val,(¢) is the label of the unique d-dimensional hyperface of ¢. More
importantly, this also equals the original value that was used to form the hypercube and
the maps val,, cube, are inverses of each other, because a =0-N +a-14+0-1 and
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FIGURE 2. The multiplication cube cube(;35)(10) with the faces 7| (right), 8> (front), and 73 (top) visible.
One can also verify that these faces and their adjacent edges yield the lower-dimensional multiplication cubes
cubess)(10), cube(25)(3), and cube(2 3 (4).

base(a, (N, 1)) = (0, a, 0) for any a € Xy, and therefore
val, (cube, (a)) = cube,(a)[0, —1] =a and cube,(val,(cube,(a))) = cube,(a).

The set of valid tilings over T, is denoted by X,, = X7r,.

Later we will see that calling the elements of 7,, multiplication cubes is justified. If a
tiling contains a base-N representation of a real number on its main diagonal, then shifting
the tiling by o, corresponds to multiplying this real number by n[i] as will be seen in
Proposition 4.26. The tilings will also be connected to so-called multiplication automata
in §5.2.

We observe that in the one-dimensional case n = (), the labels of top and bottom
hyperfaces satisfy Bi(cube(y)(a)) = t1(cubeyy(a)) =0 for all a € ¥y and therefore
XNy = T(%V). For a higher dimensional example, Figure 1 shows the tile set T(5) and
a part of a tiling from X5 5). In the higher dimensional cases, it is not necessarily obvious
that there exist any valid tilings except the trivial one consisting only of copies of cube,, (0),
but in Corollary 4.39, we will see that any arrangement of multiplication cubes on the main
diagonal of the d-dimensional space can be extended to a valid tessellation of the whole
space.

LEMMA 4.2. Letn € Zf{_. For a d-directive sequence (vj)];:1 and a € N, it holds that

k—1
base, (a, (v1, vi))[2] = ) m(n, vi — v1) base, (@, (vi, vi11))[2].

i=1

Proof. The cases k <2 are trivial. If k > 3, let (a(, a}, a;) = base,(a, (vi, vr)) and
(aj)];:0 = base, (a, (vj)lj.zl). It follows that

k
ay+aym(n, vi) + agm(n, vg) = a = Z a;m(n, v;)

i=0

(with the convention that vg = 0). From Lemma 3.4, we see that

a; = base, (a, (vj)ljzl)[i + 1] = base, (a, (vi, vi+1))[2] for0 <i < k.
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The first part of Lemma 3.4 shows that ap = a;, and the last part of Lemma 3.4 shows that
/
ax = ay, so

k—1 k—1
ay =) aim(n, v)/m(n, vi) = ) m(n, v —v1) basey (@, (vi, vip D2 O

i=1 i=1

LEMMA 4.3. Letn € Zi. For a binary d-directive sequence (vi)i.‘zl and t € Ty, it holds
that

k—1

m(n, v1)t[vy, v] = Z m(n, vj)t[vj, vjt1].
j=1

Proof. Lett = cube, (a). We rewrite the statement of the lemma

k—1
m(n, vy)cube, (a)[vy, vk] = Z m(n, v;) cube, (a)[vj, vj1]
Jj=1
k—1
<= m(n, vy) base, (a, (vi, vg))[2] = Z m(n, v;) base,(a, (vj, vjy1))[2]
j=1
k—1
= base,(a, (v1, v))[2] = Y m(n, v; — v1) base,(a, (vj, vj41))[2],
j=1

and the last equality holds by Lemma 4.2. O
4.2. Lower dimensional matchings in tilings by multiplication cubes. Throughout this

subsection, let n € Zi. The (d — 1)-dimensional hyperfaces match in a tessellation of
X, by definition, but there are also lower dimensional matchings as we will see in

Theorem 4.6.

Recall that any s € S; can be represented in the form s = faceAt(p, u) for some orthog-
onal p,u € {—1, O}d. If u contains d’ non-zeroes and ¢ : {1,...,d'} = {1,...,d} is an
injection with the image set {i | u[i] = —1}, then the injective affine map I,,, : R — R?

defined by I, ,(0) = pand I, (e;) = p + e, forl <i < d’ satisfies I ([—1, O]d/) =s.

LEMMA 4.4. Let s = faceAt(p, u) € Sy, let s’ € Sy, andlett € T, Let ¢ : {1, ...,d'}
— {1, ..., d} be an injection with the image set D = {i | u[i] = —1} and let n’ € Zi/ be
defined by n'[i] = n[t(i)] for 1 <i <d'. Then (I,,(s"))(t) = s'(cube, (s(1))).

Proof. Let p/,u’ € {—1,0} and let a € N be such that s’ = faceAt(p/,u’) and
t =cube,(a) (it follows that I,,(p’) <I,,(0) and I,,(p'+u’)>1,,(—1)). Let
(a0, a1, az) =base, (a, (15,(0),1,,(=1))) and (bo, by, b) =base, (a1, (I, (p') —1,,(0),
I,.(p +u’) —1,,(0)). Then by Lemma 3.3,

base, (@, (1,0(0), I (p'), 1p (p" +u'), 1p (=1))) = (ao, bo, b1, b2, a2).
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From this, we can see that
Ip (SN =t (PN, Iy (p" + u")] = base, (a, U, (p"), 1, (p" +u"))[2]

L.34
=" base,(a, (I5,(0), 1,,(p"), L, (p" +u), 1, (=D))[3] = b;.
On the other hand,

s(t) = base,(a, (1,(0), [,,(=D)[2] = a1
and

s'(cube, (s(1))) = cube, (s(1))[p’, p’ + u'] = base, (s(1), (p', p" + u"))[2]
= base,/ (a1, (p’, p' + u'))[2]

L2 base, (ar, To (p) Yo, (p) + u)))[2] = by.

We conclude that

(Ip(s)N(@) = by = s'(cube, (s(1))). O

LEMMA 4.5. Let s1, 50 € Sy, let u € Z¢ be such that s» = s1 + u, and let t|, 12 € T, be
such that s1(t1) = s2(t2). Then for any s| € Sq(s1) and s}, = s} + u € S;(s2), it holds that
s1(t1) = s5(t2).

Proof. Let p,v € {—l,O}d be such that s; = faceAt(p, v), which means that s; =
faceAt(p + u, v). Assume that the cardinality of D = {i | v[i]= —1} is d’ and let
t:{l,...,d'} > {1,...,d} be an injection with image D. Let n’ € Z‘i be defined
by n'[i] =n[i(i)] for 1 <i <d'. Lets" € Sy be such thatI,,(s") = s, which means that
Ipyuu(s’) = s5. By Lemma 4.4,

s1(t1) =1, (s)(11) = ' (cubey (s1(11)))
= s'(cubey (52(12))) = Iptu () (12) = 55(12). O

THEOREM 4.6. Let f € X, and let s, s +v € Sq for some v € Z¢. For any z € 74, it
holds that (s + v)(f[z]) = s(flz + v]).

Proof. Since v is a sum of vectors in the standard basis, the claim follows by induction
if we show that (s + ¢;)(flz]) = s(flz+ei]) for 1 <i <d such that s,s +¢; € Sg.
We know that s + ¢; € S;y(7;) and s € S4(B;). From f € X, it follows that 7; (f[z]) =
Bi(flz + ¢;]) and Lemma 4.5 implies that (s 4+ ¢;)(f[z]) = s(f[z + e;])- O

The results of this section allow us to speak of values on edges in a tiling without
referring to individual cubes. To be more precise, we imagine Z¢ to be the vertex set of an
infinite directed graph, the d-dimensional grid, having an edge (z — ¢;, z) (the edge from
z—e; toz) forevery z € Z¢ and 1 < i < d. When we consider a tiling f € X, and say
that the cube f[z] is at position z € 74, we visualize this as the unit cube [—1, 0]¢ whose
‘top-right’ corner, the point 0, is positioned at z. Then the edges of the cube f[z] overlap
with some of the edges of the d-dimensional grid: an edge of the form s = faceAt(p, —e;)
overlaps the directed edge D,(s) = (z + p — e;j, z + p) in the grid. We also define the
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FIGURE 3. Left: A tessellation with cube(2 3 5)(10) positioned at the origin in 73. Middle: Z3 as a directed graph
together with labels given by cube(z,35)(10). Right: The weights wgt, 3 5)(v) of the points v € 73 have been
added to the grid, the point 0 is at the upper right with wgt; 35,(0) = 1.

undirected edge E;(s) = {z + p — e;, z + p} and the (undirected) label of the undirected
edge E,(s) in the tessellation by

M, EZ(9)) = sfzl.

To see that this is well defined, let z,z0 € Z¢ and s| = faceAt(pi, —e;), 52 =
faceAt(p;, —e;) be such that E; (s;) = E;,(s2). Then in particular, z; + p1 = 22 + p2
and 51 = 52 + (p1 — p2). Because of this,

Ay Ey(s1)) = s1flzil = (s2+ (p1 — p2)) flz2 — (p1 — p2)]
T.4.6
=" saflz2l = A(f, Ez,(52)).
We note that each edge {z —e;,z} has a label, because E,(faceAt(0, —e;)) =
{z —e;, z}. For an example of how a tessellation yields labels on the directed edges,
see the left and middle parts of Figure 3 (for the drawn part of the grid, the definition can
be applied in the form A(f, Eo(s)) = sf[0]).

4.3. Path integrals over tilings. Throughout this subsection, let n € Zi. We assign
to every point v € Z¢ a weight by wgt, (v) = m(n, v). A path (of length k — 1) is a
sequence P = (P,-)f.‘=l € (Zk, where for 1 <i < k, we have Piy1 — P; = aej for some
ae{-1,1},1<j<d Forl<i<k-—1,let Ep(i) = Pi4+1 — P;. Given a valid tiling
f € X,, and a pair of vectors p, p’ € Z¢ satisfying p’ — p = ae; for some a € {—1, 1},
1 < j <d, we denote sign(p’ — p) = a and

(p, P) f =sign(p’ — p) wgt, (max{p, p’DA(f, {p, P'D.

Then the path integral of f over P is

k=1
Pf =Y (P, Piy1)f.

i=1
See the right part of Figure 3 containing labels given by a tessellation together with the

weights of the points. Computing the path integral over a path of length 1 consists of
looking at the corresponding edge, multiplying its (undirected) label with the weight at its
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P = (P07P17P2)

P" = (po,p},p2)

(p1,p2) Pf=Pf

(p07p1)

FIGURE 4. Let P, P’ be the two paths between two opposite corners of a square. The path integrals of a tessellation
fover Pand P’ are equal.

end point (now considered as a directed edge), and possibly multiplying the result by —1
in the case when the direction of the path opposes the direction of the edge.

For v € Z¢, we denote P +v = (P; + v)i.‘zl. We prove an equality connecting the
integral of a tessellation f over a shifted path P + v to the integral of a shifted tessellation
oy(f) over a path P.

LEMMA 4.7. ForapathP, f€X,,andv € 74, it holds that (P + v) f = wgt,(v)Po,(f).

Proof. We denote a; = sign((P;j+1 +v) — (P; +v)) =sign(Pi+1 — P;) and directly
compute that
k—1
(P+v)f =Y a wet,(max{P; + v, Piy1 + vHA(S, {Pi + v, Pix1 +v))
i=1
k—1
=Y a; wet, (v) wat, (max{Pi, PipiDA(0y(f), (Pi, Piy1})

i=1

= wgt(v) Poy (f). O
Next we note a simple cancellation property.

LEMMA 4.8. Let f € X,, and let p, p' € 7% satisfy p' — p = ae; for some a € {—1, 1},
1 <i<d Then(p,p)f+ . pf=0

Proof. We may compute

(P.P)f+ (. pf
= a wet, (max{p, p'HA(f, {p, p'}) — a wgt,(max{p’, pHr(f. {p', p) =0. DO
In the following lemma, we will show that the path integral over two consecutive edges
around a square is equal to the path integral over the other two consecutive edges of the

same square, see Figure 4. This may also be tested on the concrete examples of labels and
weights in Figure 3.
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LEMMA 49. Let f e X, and let po, p1, p» € Z¢ satisfy p1 — po =aje;, and
P2 — p1 = azej, for some ay, ay € {—1, 1} and 1 < iy #ir < d.If p} = po+ (p2 — p1)
then (po, p)) f and (p}, p2) f are defined, and (po, p1) f + (p1. p2) f = (po. P f +
(Py- P [

Proof. We first note that p| — po = p2 — p1 = aze;, and py — p| = p1 — po = aie;, .
Therefore, (po, p}) f and (p] + p2) f are defined. To prove the lemma, it is sufficient to
consider the case a; = ap = 1 (the case in Figure 4). To see this, we show how to reduce
the other cases to this one.

Case 1:a; =1,ay = —1.Letqo = p|,q1 = p2, g2 = pr.and q] = qo+ (g2 — q1) =
Py + (p1— p2) = po. Then q1 —qo = p2 — p} = a1ei;, 2 — q1 = p1 — p2 = (—a2)e;,
and

(po, P f + (p1, p2) f = (po. P + (Pl P2 f
< (g1, 9 [ + (g2, ) [ = (41, 90) [ + (90, q1) f

2 @0 aD S+ @]9 f = @090 + (@142

Case 2: a; = —1,ay = 1. Letqo = p1. q1 = po. g2 = pj. and q; = qo + (g2 — q1) =
p1+ (p} — po) = p2. Then g1 — qo = po — p1 = (—a1)ei;, g2 — q1 = p} — po = azei,
and

(po, PO f + (p1s p2) f = (po, P f + (Pl p2) f
< (q1,90) f + (q0. 41 f = (q1.92) [ + (q2, 9))

S (@04 f + (41 920 = (@090 + (@192

Case 3:ay =ay=—1.Letqo = p2,q1 = p}. g2 =po.and q| = qo + (g2 — q1) = p2 +
(po — ) = p1. Then g1 — qo = p| — p2 = (—ar)ei;, g2 —q1 = po — p} = (—ax)e;,
and

(po, P f + (p1, p2) f = (po. P + (p1. P2 f
< (g2, 9 f + (g1, 90) [ = (g2, q1) [ + (q1, q0) f

E (0. a0 f + @19 f = (o, 4D f + @} a) f-

We will therefore assume that a; =a; =1 and thus py < p; < p2. We will now
represent all terms in the claimed equality in terms of a single cube t = f[p>] in the
tessellation f as follows:

(po. p1) f/wgt, (p2) = wgt, (p1 — p2)A(f, Ep, (faceAt(—e;,, —e;,)))
= nlizlfaceAt(—e;,, —e;, )t = nlizlt[—ei,, —ei, — €],

(p1, p2) f/wet, (p2) = wgt, (p2 — p2)A(f, Ep, (faceAt(0, —e;,)))
= faceAt(0, —e;,)r = 1[0, —e;, ],
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(va pi)f/Wgtn(PZ) = Wgtn(pi - P2))¥(f’ E[?z (faceAt(—eil, _eiz)))
= n[i]faceAt(—e;,, —e;,)t = nli1]t[—e;,, —e;;, —e;,] and

(p1» P2) f/wet, (p2) = wet, (p2 — p2)A(f, Ep, (faceAt(0, —e;))))
= faceAt(0, —e; )t = 1[0, —eq].

From this, we see that
((po, p1) f + (p1, p2) f)/wet,(p2)
= n[iZ]t[_eip —€i, — ei]] + t[o’ —€i2]
((po. P f + (P} p2) )/ wet, (p2)
4.

. L.43
=nlitlt[—e;, —ei, — e, ] + 1[0, —e;;] =" 1[0, —e;; — e, ]. O

L.43
=" t[0, —ej; — eiz] and

For a path P = (P,-)ﬁ.‘:1 and for 1 <i <k, let aq; € {—1,1} and let 1 <m(i) <d
be such that a;e,, )y = Ep(i). We say that an integer i with 1 <i <k — 1 is a return
if m(i)=m@ +1) and a; # a;+1. We say that i is an inversion if m(i) > m(i +1i).
The abelianization of P is the unique path Ab(P) = (Pl./)f,‘,:1 with ale,, ;) = Ep/ (i) for
1 <i < k' that satisfies:

e P[ = Pjand P = P; (P’ and P have the same start and end points);
o ifl<i<k —1,thenm'(i) <m'(i +1) (P’ has no inversions);
o ifl <i<k'—landm'(i) =m'(i + 1), then aj = a | (P" has no returns).

We will use the abelianization to show that the integral of a tiling over a path depends
only on the choice of the start and end points of the path. For the proof of the following
lemma, let £(P) be the natural number whose base-d expansion is m(1) - - - m(k).

LEMMA 4.10. For any path P and any valid tiling f € X, it holds that Pf = Ab(P) f.

Proof. 'We will manipulate any given path P # Ab(P) into another path P’ which satisfies
£(P’) < £(P). We also make sure that P’ has the same start and end points as P (so
Ab(P’) = Ab(P)) and that P’ f = Pf. Since £(P) is a natural number, this argument
can be repeated only finitely many times and it will eventually yield the path Ab(P).
Assume therefore that P 7% Ab(P) and let a;e, i) = Ep(i) for 1 <i < k. There are two

possibilities.

Case 1, a return: m(i) =m( + 1) and a; # a;4+1 for some 1 <i <k —1. Let
P = (P, ..., P, Piys, ..., P). Then, using the fact that P;1, = P;, we see from
Lemma 4.8 that (P;, Pi+1) f + (Pi+1, Pi+2) f = 0 and therefore

i—1 k—1
Pf= Z(Pj, Piy ) f + (Piy2, Piy3) f + Z (Pj, Pi+1) f
j=1 j=i+3

i—1 k—1

=Y (Pj, Pix))f + (P, P3) [+ Y (P, Piy) = P'f.

j=1 j=i+3

The path P’ has the same start and end points as P, and it is shorter than P, so
L(P") < £(P).
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FIGURE 5. A partial valid tiling f using T(2 5). There is no way to complete the tiling, because the path integral
around the non-tiled part is not zero.

Case 2, an inversion: m(i) > m(i +1) for some 1 <i <k —1. Let Pl.’Jrl =

Pi+ (Piip — Pix1) and let P =(Py,..., P, Pi/+1’ Piyr, ..., Py). It follows from
Lemma 4.9 that (P, Piy1)f + (Piy1, Piy2) f = (P, P,./_H)f = (Pl.’H, P,»)f and

therefore Pf = P’ f. Letting bje, ) = Ep/(j) for 1 < j < k, we check that
biew iy = P/ 1 — Pi = Piya — Piy1 = aiv1€m(i+1)
and thus m’(i) = m(i + 1) < m(i), so £(P") < £(P). L]

THEOREM 4.11. If two paths P, P’ have the same start and end points, and f € X, then
Pf = P'f. Inparticular, if P is a cycle, then Pf = 0.

Proof. This follows from the previous lemma, because Ab(P) = Ab(P’). O]

Remark 4.12. The inspiration for the terminology of ‘path integral’ comes from line
integrals of holomorphic functions, and Theorem 4.11 is analogous to the fact that the
line integral of a holomorphic function over a closed curve is equal to zero. In the case
of meromorphic functions, if the line integral over a closed curve is not zero, its interior
necessarily contains a non-removable singularity. Similarly, if we are given only a partial
tiling of the plane and the path integral around a non-tiled part is not zero, then the interior
of the path cannot be completed into a valid tiling: see Figure 5 for an example.

The situation here is reminiscent of the tiling group approach of [12] for determining
whether a collection of polygonal tiles can tile a finite region of the plane. In that approach,
the tiles can be interpreted as describing relators in a group, and if the group element
describing the boundary of the region is not the identity element, then tiling the region is
not possible.

Now, given a tessellation f € X, and a pair of vectors p, p’ € Z4, define

(p, P f =Pf
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for any path P going from p to p’: by Theorem 4.11, the choice of the path P does not
matter. For the directed pair (p, p’), we also define the (directed) label

)‘-(fv ([7, P/)) = (P9 P/)f/Wgtn(P/)

The directed and undirected labels agree in the sense that A(f, (z —e;,2)) =
AMf,{z—ei,z)) forz € Z¢ and 1 <i < d. As one would hope, the labels do not change
when the tessellation is shifted.

LEMMA 4.13. Let f € X, and let p, p’ € Z°. For any v € Z2, it holds that
AfL(p+ v, p'+ ) = Aou(f), (p. P)).
Proof. We have
Af.(p+v, p' +v) = (p+v. p +v)f/wgt,(p +v)

=7 wet, )(p. Pou(f) /W, (P +v) = (p. pow(f)/wet, (p)
= 1ov(f). (p. P)). -

The labeling map inherits a summation property from the summation property of paths.
The next lemma associates to any label in a tiling a mixed base representation of sorts,
where the digits also come from labels in the tiling. In a special case, the base consists of
powers of a single number m (n, v) € Q, which is however not necessarily an integer.

LEMMA 4.14. Let po, p1, . . ., px € Z¢ and let f € X,,. Then
k—1
M(fs (P p0)) = Y m(n, pi = pOA(fs (i1, Pi))-
i=0

In particular, for v € 7Z¢ and k € N, it holds that
k=1
W(f (kv + po. po) = 3 m(n, v)'A(f. (G + Vv + po.iv+ po)).
i=0
Proof. We have
k—1
M(S 5 (prs PO)) = (pis po) /Wty (o) = Y _(pit1 pi) f/wet, (po)
i=0
k-1 k-1
=" wet, (pOA(Sf> (Pig1, p))/wet, (o) = Y wet, (pi — pO)A(f (i1, pi))-
i=0 i=0
For the latter part, choose p; = iv + po and note that
d
m(n, pi — po) = mn,iv) = [ [ nlj1""V = m(n, v)'. 0
j=1
The base m(n, v) of Lemma 4.14 is a natural number at least when v < 0. In that case,
the ‘digits’ A(f, (@ + 1)v + po,iv + po)) are actually just usual base-m(n, v) digits,
which follows from the next lemma.
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LEMMA 4.15. If p<p €Z% and f € X,, then A(f,(p,p’)) €N and 0 < Ar(f,
(p, p) <m(n, p—p").

Proof. By Lemma 4.13, it is sufficient to show that if p < 0, then A(f, (p,0)) € N and
A(f, (p,0)) < m(n, p). The proof is by induction on the distance of p from the origin, the
base case p = 0 is simple. Assume then that the claim holds for some p < 0 and consider
the vector p — ¢; for some 1 <i < d. Then

A‘(f’ (p — €, 0)) = (P — €, O)f = (P — €, P)f + (P» O)f
= wgt, (p) A(f, {p —ei, p}) + A(f, (p, 0)) < m(n, p) faceAt(0, —¢;) f[p] + m(n, p)
eN eN eN

= m(n, p)(base, (f[pl. (0, —e))[2] + 1) < m(n, pynli] = m(n, p — e),
where we use the fact that base, (f[p], (0, —e;))[2] < m(n, —e;)/m(n, 0) = n[i]. O]
LEMMA 4.16. Let py <--- < poandlet f € X,. Thenfor1 <i <k' <k,

base, (A(f, (pk» P0))» (pj — poYs_DIil = A(f, (pi» pi-1)).

Proof. By Lemma 4.14,

k—1
M(fs (Prs po)) = Y m(n, pi — p)A(S. (piy1s Pi))-
i=0
From this, the claim follows for k¥’ =k by the definition of a mixed base rep-
resentation, because by Lemma 4.15, 0 <A(f, (piv1, pi)) <m@n, piy1 — pi) =
m(n, pix1 — po)/m(n, pi — po) for 1 <i < k. The claim for general k' follows from
the case k' = k by Lemma 3.4. O

LEMMA 4.17. Let f € X, and let z € Z%. Then val,(f[z]) = A(f, (z — 1, 2)).

Proof. Up to shifting f, we may assume that z = 0. Let t = f[0]. For 0 <i <d, let
e = Zl/: 1 ¢j. Then e form a binary d-directive sequence. Using the definition of the
undirected label of a single edge, we see that

A(f, {ei 41, e}) = faceAt(e], e;11) f[0] = t[e}, ef ]

Using this, we compute that

d—1
W (1,00 BE S mn, )AL, () €l
i=0
d—1
= Z m(n, e)tle;, €]
i=0
For a face s = faceAt(p,v) and z € 74, denote D.(s) =+ p+v,z+ p) (this
generalizes an earlier definition where s was an edge). We generalize the defining formula
for the label of an edge in the following lemma.

L2310, 11 = val, (1), 0
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LEMMA 4.18. Let f € X,,. For s = faceAt(p, v) and z € 74, it holds that
A(f, Do (s)) = sflz].

Proof. Up to shifting f, we may assume that z = 0. Let a € N be such that cube, (a) =
f10]. Then, by applying Lemma 4.16 with the choice (po, p1, p2, p3) = (0, p, p + v, 1),

A(fs (Do())) = A(f, (p + v, p)) =" base, (A(f, (=1, 0)), (p, p + v)[2]
L.a17 base, (a, (p, p + v))[2] = cube,(a)[p, p + v] = sf[0]. O

As we shall see, by Lemma 4.17, labels along the direction of 1 can be found by
reading the values of a sequence of cubes and interpreting this sequence of values as the
representation of a number in base N = 1—[?:1 n[i]. We actually prove a more general
statement by using Lemma 4.18.

LEMMA 4.19. Let p <--- < po with piy1 —pi = —1 for 0 <i <k and let | € X,,.
Then

k—1

WS (prs po)) = ) m(n, pi — po) faceAt(0, pir1 — pi) f[pil-
i=0

In particular, for any k € N and v € 74,

k—1

Mf 0=k ) =D N val,(flv—il).

i=0

Proof. The first claim follows from Lemmas 4.14 and 4.18. The second claim follows from
the first with the choice p; = v —ifor0 <i <k. O

We conclude this subsection with some justification for why the elements of 7,, are
called multiplication cubes.

PROPOSITION 4.20. Let p, p' € Z¢, v € Z4, and let f € X,,. Then

A(f, (p+v, p'+v) =mm, —v)A(Sf, (p, p))
+m@n, —p' —v)(p+v,p)f+ @, p +v)f).

Proof. By Theorem 4.11, (p+v, p'+v)f =(p+v,p)f +(p, p)f+ (P, p +v)f,
and by replacing path integrals with labels, we find

m@n, p'+v) A(f, (p+v,p +v)=(p+v,p)f
+m@, pPYMS, (p, PN+ (PP +V)f.

The claim follows by dividing both sides of the equation with m(n, p’ + v). O

The message of this proposition is that moving in Z¢ by a vector v changes the values
of the labeling map by the factor of m(n, —v), possibly up to an error term. In particular,
moving to the direction of a basis vector e; corresponds to multiplication by n[i] in this
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sense. Sometimes, the error term can be made equal to zero. We also remark that another
type of tile set performing multiplication in a similar sense has appeared in [4].

Example 4.21. We may now explain the powers of two in Figure 1. Observe that in the
figure, (=3 +e1, —3)f = (0, ¢1) f = 0. Then by applying the previous proposition for
p=-3,p =0,and v = ¢y, it follows that

)‘(f’ (_3 + €1, el)) = m((zs 5)’ _el))"(f’ (_37 0)) = 2)"(f7 (_3’ 0))

Alternatively, by using the latter part of Lemma 4.19, the values A(f, (=3, 0)) = 64 and
A(f, (=3 + €1, e1)) = 128 can be read directly from the figure. Similar arguments connect
the other powers of two appearing in the figure with each other.

Next we show that Proposition 4.20 can be extended to path integrals over some infinite
paths so that the error terms vanish under very natural assumptions, thus connecting
multiplication operations to moving around tessellations in an even more satisfactory
sense. Given vectors p, v € Z¢ with v < 0, we consider the infinite path going through
p along v, and given [ € X, we denote

frac,,(f) = lim (p, p —iv) f andint, ,(f) = lim (p +iv, p) f.
1—>0Q0 11— 0

Alternatively, we can rewrite

fracy.y(f) = ) (p —iv. p = (i + Do) f

i=0

= wet,(p) Y wet, ) VA, (p—iv, p— (i + Dv)) and
i=0

inty,(f) =Y (p+G+Dv, p+iv)f

i=0

[e¢]
= wet, (p) Y wet, ) A(f, (p + (i + Dv, p + iv)),

i=0
where A(f, (p —iv, p — (i + 1)v)) and A(f, (p + (i + 1)v, p +iv)) are natural num-
bers less than wgt,(v) by Lemma 4.15. The names of these quantities come from the
fact that these are essentially (up to ignoring the factor wgt, (p)) the fractional parts and
integral parts of some quantity represented in base wgt, (v): frac, ,(f)/wgt,(p) € [0, 1]
and int,, , (f)/wgt,(p) € Nif it is finite.

We write

real, , (f) = int,,(f) + frac, ,(f) = ,E)rgo(p +iv, p—iv)f

= wet,(p) Y wet,W)'A(f, (p+ (i + Dv, p +iv)).

i=—00

In the special case p = 0, we may omit the subscript p, and in this case, the sum above
yields a base-wgt, (v) representation for real, (f). If additionally v = —1, we may also
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omit the subscript v and say that the tessellation f represents the number real(f), but
in Proposition 4.25, it will turn out that the choices of p and v do not matter much. By
Lemma 4.17, the number real( f) can be read directly from the cubes on the main diagonal
of the tessellation f:

o0

real(f) = ) wat, (=D val,(f[=iD) = Y N valy(f[-iD.

i=—00 i=—o00

If wgt, (v) > 1, then in the sum defining int,, , ( f), the part wgt, (v)! tends to infinity and
so the finiteness of the sum is equivalent to the equality A(f, (p + (i + Dv, p +iv)) =0
(or equivalently (p + (i + 1)v, p + iv) f = 0) holding for all sufficiently large i. In fact,
finiteness of int, ,(f) also implies that many other labels are equal to zero.

LEMMA 4.22. Let f € X,. The implications (1) = (2) = (3) hold for the statements:
(1) intp(f) is finite for some p, v € 7% with v < 0 and wgt, (v) > 1;
(2 Af. (p2, p1)) = (p2, p1) f =0 whenever p> < py and wgt,(p1) is sufficiently
large;
(3) int,y(f) is finite for all p, v € 74 with v < 0 and wegt, (v) > 1.
In particular, finiteness of inty, , (f) does not depend on the choice of p and v among
vectors such that v < 0 and wgt, (v) > 1.

Proof. To show the implication (1) = (2), assume that int,,(f) is finite for some
v < 0 and wgt, (v) > 1, and consider any p, < p; such that wgt, (p1) > real, , (f). Since
v K 0, we may fix some I € Nsuchthat p;y < p—Ivand p 4+ Iv < p,.If it were the case
that A(f, (p2, p1)) > O, then

real, ,(f) = (p+1v,p—Iv)f =(p+1v, p2) f+ (p2, p)f+ (p1.p— IV f
> (p2, p1) f = wgt, (pOA(S, (p2, p1)) > real, ,(HA(f, (p2, p1))

and A(f, (p2, p1)) > O implies that real,,(f) > 0, but dividing by real, ,(f) in the
inequalities yields 1 > A(f, (p2, p1)), which is a contradiction.

To show the implication (2) = (3), assume that A(f, (p2, p1)) = 0 whenever p» < p;
and wgt, (p1) is sufficiently large. The number wgt,, (p + iv) tends to infinity as i tends to
infinity, so by the assumption, A(f, (p + (i + 1)v, p + iv)) = O for sufficiently large i and
thus int, (f) is finite. O]

LEMMA 4.23. For p,q,v,w € 74 satisfying v, w < 0 and wgt, (v), wgt,(w) > 1, and
for f € Xy, it holds that frac, , (f) = (p, q) f + fracy . (f).

Proof. 1t suffices to prove that frac_x(f) = (0, p) f + frac,, , (f) for sufficiently large
k € N, because then,

0, p) f +frac, » (f) = frac_x(f) = (0, q) f + fracy . (f).

Let therefore k € N be so large that —k = v + v' for some v’ « 0. For sufficiently
large i € N, it holds that p —iv < —iv — v/, and so an application of Lemma 4.15 at
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the position indicated below shows that the following expression is non-negative and
simultaneously bounds it from above:

frac_(f) — frac,»(f) — (0, p) f = il_i)lgo((), iK)f = (. p—iv)f -0, p)f
= lim (0, ik) f — (0, p —iv) f = lim (p —iv, ik) f
= lim (p — iv, —iv — V') f = lim A(f, (p — iv, —iv — iv')) wat, (v + V')~

1—> 00

L.415 . .
< lim wgt,(p +iv)wgt,(v +v)7" = lim wegt,(p) wet,(v) ™" = 0. O
1—> 00 1—> 00

LEMMA 4.24. Let p,q, v, w € 74 satisfy v < 0, w < 0 and wgt,, (v), wgt,(w) > 1, and
let f € Xy. Ifinty, , (f) is finite, it holds that inty, () + (p, q) f = inty 4, (f).

Proof. From Lemma 4.22, it follows that inty ., (f) is also finite. By using Lemma 4.22,
choose a sufficiently large I € N so that (p/, p+Iv)f =0 and (¢',q +1Tw)f =0
whenever p’ < p+ Iv and ¢’ < g + Iw. In particular, int,,(f) = (p + Iv, p) f and
int, , (f) = (g + 1w, q) f.Fix somer € Z% suchthatr < p 4+ Ivandr < p + Iw. Then

int,,(f)+(p.)f =@ p+IVf+pP+1v,p)f+ (. f =@ f
= (g +Tw)f +(q+ 1w, q)f = inty,(f). 0

PROPOSITION 4.25. Let p,q,v,w € 78 be such that v <0, w <0, and wgt, (v),
wgt, (w) > 1, and let f € X,,. If realy, ,(f) is finite, it holds that real, ,(f) = realy ., (f).

Proof. Combine the two previous lemmas to see that

frac, o (f) +intp o (f) + (p, @) f = (p, @) f + fracg () + intg,w (f)
and subtract (p, q¢) f from both sides of the equality. [

We are now ready to present the analogue of Proposition 4.20 for infinite paths. The
following proposition shows that shifting a tessellation by o, multiplies the real number it
represents by wgt, (—v) without additional error terms.

PROPOSITION 4.26. For f € X, such that real(f) is finite and v € 72, it holds that
real(oy, (f)) = wgt, (—v)real(f).

Proof. We compute

real(o,(£)) *=" real , _1(0y(f)) = lim (—v —1i, —v + Do, (f)
“27 wat, (—v) lim (—i, i) f = wet, (—v) real(f). O

4.4. Macrotiles and microtiles. In Figure 6, tiles of T(3 5y (left) are grouped into 2 x 2
squares (middle), values in the centers of the new squares are given by computing the
labels from the bottom left to the top right in the original 2 x 2 squares, and labels for
the edges of the new squares are given by computing the labels of the boundaries of the
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FIGURE 6. Tiles from 7> 5) (left) grouped into larger macrotiles of 7425y (middle) and T{16,625) (right).

original 2 x 2 squares. For example, assuming that the top right corner of the top right
square is at the origin of a tiling f, the value in the center of the new top right square comes
from computing

1
S, (2,00 B2 Y@ 5y valy (f[-i) =8 4103 =38
i=0
and the label for the right edge of the new top right square comes from computing (with
the choices pp = 0, p; = —e3, and p = —2e; in Lemma 4.19)

1
(f. (=22, 00) = " m((2.5). pi — po) faceAWO, piy1 — pi) £1pi]
i=0
= faceAt(0, —e>) f[0] + 5 - faceAt(0, —e2) f[—e2] =34+ 5-2 = 13.

It turns out that the resulting squares are tiles of 7(425). Grouping these new tiles again
into 2 x 2 squares yields tiles of T(j¢625). In this subsection, we show how partitioning
a valid tessellation into larger squares, and even into more general (multidimensional)
parallelepipeds, yields new multiplication cubes.

Throughout this subsection, let n € Zi and let A be a d x d’ natural number matrix.
We interpret the columns Ae; of A as the generating vectors of the parallelepiped which
will yield the new multiplication cubes, e.g., in the case of Figure 6, we would choose
A = diag(2, 2). We denote n* = m(n, (—Ae;)"_,), in particular, n/ = n for the identity
matrix /. We define the A-macrotile map M4, © X,, — X, 4 (usually written just as M4 ) by

Man(f)lv] = cube,a ((—A1, 0)o 4, (f)) = cube,a (A(f, (A(v — 1), Av)))
for f € Xy, v e 74" One needs to check that M4 ( f) really belongs to X, 4. It is simple
to verify that A(f, (A(v — 1), Av)) € Xy’ with
d d
N' =[] =[] m@. —Aei) = m(n, — A1),
i=1 i=1

because A(f, (A(v — 1), Av)) < m(n, —Al) = N’ by Lemma 4.15.

In Theorem 4.27, it will turn out that labels in the original tiling correspond to the labels
of faces in the macrotiling. From this, it follows that the hyperfaces of neighboring cubes
match in M4 (f) and that M4 (f) € X,,4.
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Let us observe that
d’ d
mn®, v) = [ [ me, —Ae)) U = [ [ m(n, Ailjle;)) = m(n, Av)
j=1 j=1
and

base, 4 (a, (v;)) = base(a, m(nA, (v;))) = base(a, m(n, (Av;))) = base, (a, (Av;)).

THEOREM 4.27. Let f € Xy, let z € Z%, and let t = MA(f)[z). For s = faceAt(p, u)
with p,u € 74, it holds that st = MS,(A(z+ p+u), A(z+ p))). In particular,
T Ma(HlzD) = BiMa()lz +e]) forany 1 <i <d'.

Proof. By applying Lemma 4.16 with the choice

(po» P1, P2, p3) = (Az, A(z + p), A(z + p +u), A(z — 1)),
we have
st = s cube, a(A(f, (A(z — 1), Az)))
= base, s (A(f, (A(z — 1), Az), (p, p + u))[2]

= base, (A(f, (A(z — 1), Az2)), (Ap, A(p +u)))[2]

L2l (f (A + p+u), A+ p)),

which proves the first claim. To prove the second claim, we apply the first claim twice:

7;(Ma(f)lz]) = faceAt(0, —1 + e;) Ma()z] = A(f, (A(z — 1+ ¢), A2))
= faceAt(—e;, =1+ ¢;) M (f)lz + ;] = BiMa(f)lz + e;]). O

Remark 4.28. Consider the special case where the columns of A are the first d” elementary
basis vectors of Z¢. Then for every z’ € 74", we have A7 = 7'V 0, where 0 € 74-d'.
Fix z € Z and let z = AZ. Let s’ = faceAt(p/, u’) for p/,u’ € Z¢ and let p = Ap/,
u = Au'. Then p, u € {—1, 0}¢ are orthogonal, so we may define s = faceAt(p, u) and it
follows that

SMAHIED = MEL AC + P +u), AC + p)))

L.4.18

=Af, D;(s)) =" sflzl.

The meaning of this equality is that the tessellation M4 (f) is formed by looking at a cut
of the tessellation f along the first d’ coordinate axes.

As a more concrete example, consider f € X (235, and let the columns of A be the
basis vectors e = (1,0, 0) and e; = (0, 1, 0). For any 7/ = (71, z2) € 72 and any face of
the two-dimensional cube s = faceAt((p1, p2), (u1, u2)), one finds that

faceAt((p1, p2), (u1, u2)) Ma(f)(z1, z2)]
= faceAt((p1, p2, 0), (u1, u2, 0)) f(z1, 22, 0)].

Assuming that the cube in Figure 2 is equal to f[(z1, 22, 0)], then the values of all the
hyperfaces of M4 (f)[(z1, z2)] are equal to the values on the corresponding hyperfaces of
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fl(z1, z2, 0)] on the plane z = 0. This explains why the top face and its adjacent edges in
Figure 2 yield a multiplication cube from 7(2 3).

LEMMA 4.29. Let f € X, and let p, p’ € Z%'. Then
AMA(S), (p. P = A(f, (Ap, Ap")) and (p, p") Ma(f) = (Ap, Ap)f.

Proof. The two equalities are equivalent, so it suffices to prove the first one. We first show
forz, v € Z4, v > 0, that

AMA(f), (z —v,2) = A(f, (Az — v), A2)).

In the special case v = ¢; forsome 1 <i < d’,letr = M4(f)[z] and s = faceAt(0, —¢;).
Then by Theorem 4.27,

AMa(f), (z —ei, 2)) = AMa(f), Ez(s)) = st = A(f, (A(z — &), A2)).

In general, v = Y ., e;, for some m € N. Denote v; = Y /_, e;, for 0 < j < m. Then

m—1
AMA(). @ =v,2) "= Y meA, —u) AMA(). @ = vi — €1z — Vi)
i=0
m—1
=Y m(n, —Av) A(f, (Az — v; — eit1), Az — v7)))
i=0

L2 0(F, (A — v), A2).

To prove the statement of the lemma, let p” € Z¢ such that p” > p and p” > p’. The
previous part is applied in the following with the choices z = p” and v = p” — p or
v = p” — p/, thus yielding

AMa(f), (p, P
L. 4.14
=" m@”, p" = pHAMa(f). (p. P") + AMa(f). (P", ")
=m(n, A(p" — pP'NA(f, (Ap, Ap") + 1(f, (Ap", Ap")
L.4.14
=" Mf, (Ap, Ap")). 0O

Now we can show that the real number represented by a tessellation is preserved by the
macrotile map M4.

PROPOSITION 4.30. Let A be a dxd natural number matrix such that

N’ = wgt,(—A1) > 1. For any f € X, such that real(f) is finite, it holds that
real(My4 (f)) = real(f).
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Proof. Finiteness of real( f) will be required for applying Lemma 4.25. We compute

realMu (f)) = il_i)rglo(—i, D) Ma(f)

L.4. .42

? lim (—iAL i A1) f = real_s1(f) =" real(f). 0
1—>00

In the following lemmas, we show that the composition of macrotile maps corresponds
to matrix multiplication.

LEMMA 4.31. Let A be a d x d' and let B be a d’ x d" natural number matrix. Then
(B =48
Proof.

B = m@?, (—Bep)™)) =mn, (—ABe)? ) = n"E, .

LEMMA 4.32. Let A be a d x d’ and let B be a d' x d”’ natural number matrix. Then
MB,nA © MA,n = MAB,n-

Proof. For f € X,, andv € 74" we compute

231 cube, 4z (A(Ma,(f), (B(v — 1), Bv)))

* cube, a5 (A(f, (AB(v — 1), ABv))) = Maga()v]l. O

M4 Ma,(f)[v]
L.é

Now let A be a d x d’ natural number matrix all of whose rows contain a positive
integer. Then the A-macrotile map is going to have an inverse, the A-microtile map
HaAn: X,a = X,. By the assumption on A for every element x € 74, there is a z; € Z4'
such that Az; > x and thus x can be written in the form x = Az; — v withv € 74, v > 0.
Letzo € v/ satisfy z1 > z2, x — 1> Azp,leta = A(f, (z2, z1)) for f € X,4 and define
the map p4 , (usually written just as ju4) by

man(f)x] = cube, (base, (a, (—v, —v — 1)[2]).

We need to verify that wa(f)[x] is well defined (which we will do in Lemma 4.33)
and that 4 (f) is indeed in X, (which we will do in Theorem 4.35). It is simple that
base, (a, (—v, —v — 1))[2]) € Xy with N = ]_[fl:1 n[i], since

base, (a, (—v, —v — 1))[2] < m(n, —v — 1)/m(n, —v) = m@n, —1) = N.

The assumption that all the rows of A contain a positive integer will hold until
Theorem 4.40. Frequent appearances of the map p 4 (which is not defined for other kinds
of matrices) are also reminders of this.

LEMMA 4.33. Let f € X, and let x € 7¢. Let 1, 7)€ 74 v, v € 74, v, v’ > 0 be such
that x = Az; —v = Az} — V. Let 2,7} € 74 satisfy z1 > 22, =25 x—1> Az,
AZ). Denote a = M(f, (22, 21)) and a’ = A(f, (25, 2})). Then

base, (a, (—v, —v — 1))[2] = base, (d’, (—v', —v' — 1))[2].
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Proof. It is possible to choose z/, ) € 74 and v" € 74, v" > 0 so that x = Az =",
7{ =25, x — 1> AZj, and furthermore, z{ > z1, 2} and z) < 2, 2}, that is, z{ and 2 are
common upper and lower bounds for z1, z’l and 77, z’z. Therefore, to prove the lemma, it is
sufficient to consider the case of z| > zj and 2}, < z5.

Observe that

O

mn?, z2 — ZDOA(S, (25, 22))
+m(n?, 21 — ZDA(S, (22, 20)) + A(f, (21, 2)
=m(n, A(z2 — Z/l)) )”(f’ (Z/2’ 22))
N—— —
az

+m(n, A(z1 — 2))) A(f, (22, 21)) + A(f, (21, 2})) -

ap ao

By Lemma 4.15,
ag <mn?, z1 — 2) = m(n, A(z1 — 7)),
ar <mn®, 25— 2)/mmt, 2 — 2) = m(n, A(za — 2)))/mn, A(zi — 2})),
and therefore,
base, (A(f, (5, 2})), (A(z1 — Z}), A(z2 — 2}))) = (a0, a1, a2).
Let

(bo, b1, by) = base, (A(f, (22, 21))), (—v, —v — 1))
= base, (a1, (—v' — A(z1 — z}), —v' — A(z1 — 2)) — 1)).

To see that the mixed base expression after this paragraph contains a valid d-directive
sequence, we need to check that A(z; —z}) > —v' and —v' —1> A(z2 —z}). By
definition, Az; — v = Az} — v’ and thus —v" = A(z1 — 2}) — v < A(z1 — z}). The other
inequality is shown by

- —1=—Az] +x —1> Az} + Az = A(z2 — 2)).
By Lemma 3.3,
base, (A(f, (25, 2})), (A(z1 — Z}), =V, =v' — 1, A(z2 — Z}))) = (ao, bo, b1, b2, a2).
We conclude by computing
base, (a, (—v, —v — 1))[2] = base, (A (f, (z1, 22))), (=v, —v — 1))[2] = by
= base, (A(f, (z5, 2})), (A(z1 — 2}), =V, —=v' = 1, A(z2 — z)))[3]
P2 base, (M(f, (2h, ), (=0, =0 — I)[2] = base, (@', (v, —v' — D)[2]. O
LEMMA 4.34. Let f € X, 4 and let x € 74, Let Z] € Zd/, veZ v>0 be such that

x =Az1 —v. Let 70 € 74 satisfy z1 > zp and x — 1 > Azp. Denote a = A(f, (22, 21))-
For any face s = faceAt(p, u), it holds that

s(a(f)lx]) = base,(a, (v + p, —v+ p +u))[2].
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Proof. Let (ag, a1, az) = base, (a, (—v, —v — 1)). By Lemma 3.5,
base, (a, (—v + p, —v + p + u))[2] = base, (a1, (p, p + u))[2],
SO we can compute

faceAt(p, u)(ua(f)[Az1 — v]) = base, (base, (a, (—v, —v — 1)[2], (p, p +u))[2]
= base, (a1, (p, p + u))[2] = base, (a, (—v + p, —v + p +u))[2]. O

THEOREM 4.35. Let f € X,a. Then pua(f) € Xp.

Proof. We need to show that 7; (ua(f)[w]) = Bi(ua(fw + ¢;]) for any w € 74 and
1<i<d. Letz,zne 74" be such that Lemma 4.34 can be applied at coordinates
wand w+e;. Let w = Az; —v and w+ ¢; = Az; — u, from which it follows that
—v+e; = —u. Denote a = A(f, (22, z1)). By applying Lemma 4.34 two times, we see
that

T (na(F)w]) = base,(a, (—v, —v — 1+ ¢;))[2]
= base, (a, (—v +¢;) —e;, (—v+e;) —e + (=1+¢)))[2]
= base, (a, (—u —e;, —u — e¢; + (=1 +¢;)))[2]
= Bi(na(Hlw + ). O
LEMMA 4.36. Let f € X, 4 and let p, p' € Z¢ . Then
Mpa(f), (Ap, Ap") = A(f, (p, p) and (Ap, ApHua(f) = (p, p)f.

Proof. The two equalities are equivalent, so it suffices to prove the first one. We first show
forz; € Zd/, veZ v>0that

Aa(f), (A(z1 —v), Az)) = A(f, (21 — v, 21)).

We can represent Av = 3} e;, for some m € N. Denote v); = S eip for0<j <
m, so in particular, Av = v;n. Denote s; = faceAt(0, —e;) for any 1 <i < m. Choose
22 € 7% so that Lemma 4.34 can be applied to faces s;,,, of the microtiles at coordinates

of the form Az; — v}. Leta = A(f, (22, z1)). Then

Mpa(f), (Az = v), A2)) = A(ua(f), (Az = v,,, Az — 1))
m—1

Lin Y mn, =) Aua(f), (Az = vy, Az =)
j=0

m—1
= D mln —v)) siyy, (a(HIAZ = v})
j=0

m—1

L. 434
= Z m(n, —v}) base, (a, (=v}, =v; —e;;,,))[2]
i=0 Vi
L22 base, (a, (=g, —vy,))[2] = base, (a, (0, —Av))[2]
L.4.16

= base,a (A(f, (22, 21)), (0, —v))[2] "="A(f, (z1 — v, 21)).
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On the last line, we need that (z1, z1 — v, z2) is a d’-directive sequence, but this can be
achieved by choosing z, suitably.

For the general case, let p” € Z¢ such that p” > p and p” > p’. The previous part is
applied in the following with the choices z = p” and v = p”’ — p or v = p” — p/, thus

yielding
Aa(f), (Ap, Ap)) "= mn, A(p” — P')A(a(f), (Ap, AP")) + Alua(f), (Ap”, Ap)))
= m, p" — PSS (o ")+ 2L (07 ) FES AL () P
O

Now we can show that the real number represented by a tessellation is preserved also
by the microtile map 4.

PROPOSITION 4.37. Let A be a d x d’ natural number matrix all of whose rows contain a
positive integer. For any f € X,,a, it holds that real(;a(f)) = real(f).

Proof. We observe that wgt,(—1) > 1 if and only if wgt,(—Al) > 1. The case
wgt, (—1) = wgt, (—A1) = 1 is simple because then real(;a(f)) = real(f) = 0.
Assume then that wgt, (—1) > 1 and wgt, (—A1) > 1. Because —1 < 0 and —A1 < 0,
it follows from Proposition 4.25 that the equality real(u4 (f)) = real_41(u4(f)) holds if
one these quantities is finite (and it trivially holds if both of them are infinite). Therefore,

real(ua(f)) = real_ar(ua(f)) = lim (1AL iADpa(f)

L. 436

i

lim (—i, i) f = real(f). O]

THEOREM 4.38. Let A be a natural number matrix all of whose rows contain a positive
integer. Then M4, and (4, are inverse maps of each other.

Proof. Let f € X, and consider x = Az; — v withz; € Zd/, veZl v>01letz € 74
satisfy z; > zp and x — 1 > Az,. Then

1aMa(f)[Az1 — v] = cube, (base, (A(Ma(f), (22, 21)), (—v, —v — 1)[2])
F=" cube, (basen (M (Az2, Az1). (—v, —v = 1)[2)
L. 416 cube, (A(f, (Az1 —v — 1, Az1 —v)))

L2 cube, (val, (f[Az) — v]) = flAz) — vl.

For the other direction, let f € X,4 and z € Z¢ . Then

Ma(pa(f)lz] = cube, s (A(a(f), (A(z — 1), A2)))

2 cube, A O(f, (2 = 1,2) U= cube,a (val,a (f[2) = flzl. O

As a corollary, we can show that any bi-infinite sequence of cubes occurs on the main
diagonal of precisely one valid tessellation.

https://doi.org/10.1017/etds.2024.44 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2024.44

Multiplication cubes and multiplication automata 31

COROLLARY 4.39. Foreveryx € ZI% with N = wgt, (—1), there is a unique f € X, such
that val, (f[i]) = x[i] foralli € Z.

Proof. Let A be the d x 1 matrix with all entries equal to 1, so n4 = (N) and there is
ageXa=Xuy = Tg,) such that valyy(g[i]) = x[i] for all i € Z. For f € X,, the
equality M4 (f) = g holds if and only if

val, ()] = A(f, (i — L) = A(f, (AG — D), A)) 27 AMa(f), (i = 1,1))
= val(v)y(Ma ()[i]) = val(y)(gli]) = x[i] foralli € Z,

so we need to show that there is a unique f € X, such that M4 (f) = g. This follows
because by Theorem 4.38, the map My is bijective. O

L4

We will show that M4 is surjective for a d x d’ natural number matrix A even without
the assumption that all its rows contain a positive integer.

THEOREM 4.40. Let A be a d x d' natural number matrix. Then My is surjective.

Proof. We have My = My, withn € Zi. Let B be ad’ x 1 matrix with all entries equal
to 1. By Theorem 4.38, the map My ,4 is bijective, so My , is surjective if and only if
Magn =Mp 4 oMy, is surjective. Since AB is a d x 1 matrix, by rewriting AB as A,
we may assume without loss of generality that A is a d x 1 matrix. Then n = (N’) for
some N' € Z4 and X4 = Tg,,).

The case N’ = 1 is simple because then X,,4 contains only one point, so we may assume
that N’ > 1. By continuity of My, it is sufficient to show that the image of M4 contains
a dense subset of X, 4. One dense subset is given by g € X, 4 such that real(g) = & for
some & € R\ Q, and for any other g’ € X, 4 with real(g’) = &, it follows that g’ = g,
because irrational numbers have a unique representation in any integer base. Thus, for
any fixed £ e R\ Q and g € X4 with real(g) = &, we will present an f € X,, such that
M (f) = g. We choose f € X, with the property that real( f) = real(g). This is possible,
because real( f) depends only on the choice of cubes on the main diagonal of f, and these
can be chosen freely by Corollary 4.39. By Proposition 4.30, we have real(M4 (f)) =
real(f) = real(g) = &. But because for any g’ € X, the equality real(g’) = & implies
g = g, it follows that M4 (f) = g. O

COROLLARY 4.41. Let A be a d x d' natural number matrix. Then (X,,oa;) has
(X,4, 07) as a factor for every z € 74" via M. If every row of A contains a positive
number, the map My is a conjugacy.

Proof. By Theorem 4.40, the map M4 is surjective, so it remains to show that o, o M4 =
My ooy, Let f € X, andv € 74 be arbitrary. Then

o:Ma(f)Ivl =Ma()lz + vl = cube,s (A(f, (A(z +v —1), Az + v))))

L2 cube,a (Moa=(f), (A — 1), Av))) = Ma(oa-(/)IV].

In the case when every row of A contains a positive number, the map My is bijective by
Theorem 4.38. O
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5. Multiplication automata

5.1. Preliminaries on multiplication automata. Let ¥ be an alphabet. Concatenations of
symbols from ¥ are called words, and for k € Z, the set of words of length k is denoted by
. Elements of the one-dimensional subshift £ are bi-infinite sequences that are called
configurations. As previously in this paper, the value of x € % at a coordinate i € Z is
denoted by x[i]. More generally, given an interval I = [i, j] withi < j € Z, x has a finite
subword denoted by x[1] = x[i, j] = x[i]x[i + 1] - - - x[j] € B/ 7+,

Definition 5.1. Let ¥ be an alphabet. We say that a map F : £% — %% is a cellular
automaton if for some m <n € N, there exists a map f : nm—ntl o % (a so-called
(m, n) local rule for F) such that F(x)[i] = f(x[i +m, i + n]) fori € Z.

If F: ¥2 — %7 is a cellular automaton, then (%, F) is a dynamical system. Bijective
cellular automata are often called reversible, because their inverse maps are also cellular
automata (see e.g., [6, Theorem 2]).

For a CA F:3%Z 5 3% 4 configuration x € X, and an interval I = [i, j] with
i < j €Z,the I-trace of x (with respect to F) is the sequence Trz j(x) over the alphabet
»J/=i+1 (that is, the symbols of the alphabet are words over X) defined by Trr ;(x)[t] =
F'(x)[I] for t € N. If I = {i} is the degenerate interval, we may write Trr;(x) and if
i = 0, we may write Trr (x). If the CA F is clear from the context, we may write Tr; (x).
The I-trace subshift of F is (Ej(F), o), where

81(F) = Trp (%) € (/DN

It is easy to see that E; j1(F) = &p;—j,01(F) and, therefore, the set of all trace subshifts
satisfies

{(BujgF),o) i <jeZ)={(E—kn0,0) | ke€Zy}
We call (E[—-1),01, o) the width k trace subshift of F.
For examining multiplication CA, it is convenient to define
N(Zy) = {x € £Z | there exists j € Z : x[i] = 0fori < j} and
F(En) = {x € L | x[i] # 0 for finitely many i € Z} € N (Zy).

The elements of A/ (X y) are analogous to the usual base-N representations of positive
numbers, where there may be infinitely many digits to the right of the decimal point but
always a finite number of digits to the left of the decimal point (and then the representation
can be extended to a bi-infinite sequence by adding an infinite sequence of zeroes to the

left end). The elements of F (X ) correspond to numbers whose representations are finite
to both directions.

Definition 5.2. Let N > 1 be an integer. If £ > 0 is a real number and & = Z?i—oo gN!
is the unique base-N expansion of & such that & # N — 1 for infinitely many i < 0, we
define configy (&) € N (Zn) by

configy (§)[i] =&
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foralli € Z. In reverse, for x € EI%, we define
o0
realy(x) = Y x[—i]N'.
1=—00

Clearly, realy (configy (§)) = & and configy (realy(x)) = x for every & > 0 and every
x € N(Zy) such that x[i] # N — 1 for infinitely many i > 0.

Additionally, in the special case N =1, we define config; : {0} — ZIZ and real; :
Elz — {0} in the only possible way.

Definition 5.3. (Multiplication CA) Let N € Z,.. For p € Z dividing N, we define a
(0, 1) local rule g, v : Xy x Xy — Xy fora CA II, y as follows. Let g € Z, be such
that N = pg. The numbers a, b € Xy are represented as a = a1q + ap and b = b1q + by,
where ag, by € X, and a1, by € X,: such representations always exist and they are unique.
Then

gp.N(a, b) = gp pglaiq + ap, brg + bo) = aop + b1.

It can be shown that the map g, y performs multiplication by p in base N in the
sense that IT, ,(F(Zx)) € F(Zn), M vn(N(En)) € N(Ew), and realy (I, y(x)) =
prealy (x) for x € N(Zy). To put it shortly, this is because g,y encodes the usual
algorithm for long multiplication by p in base N (for more details, see e.g., [5, 7]). All
these maps commute because

Iy, v (T1p, N (x)) = configy (p1 p2 realy (x)) = Iy, n (T, N (X))
for p1, pa dividing N and for x in the dense set F(Xy). They are reversible, because for
pq =N,
1, v (TTg v (x)) = configy (N realy (x)) = o (x)

for x in the dense set F(Xy) and o is reversible. Whenever « = p/q, where p and
q are products of factors p; and ¢; of N, we may define I, x as the composition of
corresponding I1,, y and H;’,}N. The map I, y does not depend on the choice of the
composition into p; and g; by arguments similar to those above.

5.2. The connection between multiplication cube tessellations and multiplication
automata.  Throughout this subsection, let n € Z% and let N = ]_[7:1 n[i]. From any
configuration x € »Z one can form a tessellation tess,(x) € X, as follows: for any
z € Z4, we define a(z, n) = ]_[§l=1 n[i1°! and define

tess, (x)[z] = CUben(Ha(z,n),N (x)[0])

(one still has to verify that this is indeed a valid tiling, which we will do in Lemma 5.4).
On the other hand, from any tessellation f € X,, one can extract a configuration
diag,(f) € E]%, by looking at the tiles on the main diagonal: let

diag, (f)[i] = val,(f[i]) fori € Z.

LEMMA 5.4. Forevery x € »Z it holds that tess, (x) € X,,.
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Proof. Let z € Z¢ and 1 < i < d be arbitrary. We need to show that t; (tess, (x)[z]) =
Bi(tessy (x)[z + e;]). Let y = Mo(zm,n(x). By writing y[0] = a1 [];; nljl+ag for
0<ap< ]_[j#i nliland 0 < a; < n[i], we see that I, n (¥)[0] = aon[i] + ai for some
0 < a} < n[i]. Then

7 (tess, (x)[z]) = zi(cube, (Ma(zn).N (X)[0]))
= i (cube, (y[0]) = 7i(cubey (a1 [ | nlj1+a0) = ao and

J#i
Bi(tess, (x)[z + e;]) = Bi(cube, (Mg 4e;m),n (X)[0]))
= Bj(cube, (M8 (M[0]) = Bj(cube, (apnlil + a})) = ao. O

THEOREM 5.5. Foranyz € 74, it holds that 00 tess, = tess, o Iy(zn),N-
Proof. Letx € Z% and 7’ € Z¢ be arbitrary. Then

o (tess, (x))[z'] = tess, (x)[2' + z] = cube, (Mg (/42 m),n (X)[0])
= cube, (M (/)N Ma(zn,n (0))[0]) = tess, (Mg m.n ()] O

We define ‘partial’ shifts on macrotilings by conjugating to a microtiling. For the rest of
this subsection (unless specified otherwise), let A be a d x d’ natural number matrix and
let N = ]_[fl/:1 nA[i]. If additionally all the rows of A contain a positive integer, we define
oAz Xya = Xabyoa, =Myo o 0y forany z € Z@. The assumption that all the
rows of A contain a positive integer will hold until Theorem 5.12. Appearances of the maps

o4,z and p4 (which are not defined for other kinds of matrices) are also reminders of this.

LEMMA 5.6. For any z € Z¢, it holds that Iy n),nrodiag,a = diag,a o 04 ;. In the
special case A = 1, it holds that Ty, ) nyodiag, = diag, o o;.

Proof. First observe that Iy, ) N always exists, because every factor of N is a factor
of N'. It is sufficient to show for any 1 < k < d that [T,y o diag,a = diag,s o 04,.
After composing by M4 on the right, we need to show for all f € X,, and i € Z that
[Tk, v (diag,a M4 (f))[i] = diag,a Ma (o, (f)))[i]. We compute

i), n (diag,a Ma (fONE] = gnpxynv (diag,a Ma(f)Ii], diag,a Ma(f)i + 11)
= guk. v (A (f, (A — 1), AD)), A(f, (Al, A(i +1))))
a b

and

diag, s My (o¢, (f))i] = val,a My (oe, (f)))I]
= iog (), (A — 1), AD) = A(f, (A —1) + &, Ai+¢))),

c

where a, b, c < N' = m(n, —A1). We need to show that g,k n'(a, b) = c. After defining
ao, ai, by, by by
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(ag, a1) = base(a, (N'/n[k])) = base, (a, (—Al + ¢;, —A1))[0, 1]

= base, (a, (A(i—1) +ex) — Ai, AG — 1) — Ai))[0, 1] and
(bo, b1) = base(b, (N'/n[k])) = base, (b, (—A1 + ¢x, —A1))[0, 1]

= base, (b, (Ai+ex) — A1+ 1), Ai — A1+ 1)))[0, 1],

it amounts to showing that ¢ = agn[k] + b1. By Lemma 4.16, we see that
ar =A(f, (AG—1),Ai—1)+e¢)) and by =Ar(f, (Al Ai+ e)).
By Lemma 4.14, we see that

aiN' +¢
=Af,(AG—1,AG—1) +e))ym(n, —AD) + A(f, (AG—1) +e;, Ai+¢;))
=A(f, (AG = D), Ai+¢))
=Af, (Al - 1), Ai))m(n, —ex) + A(f, (Ai, Ai+ ¢;)) = an[k] + b;.

From this, one can solve ¢ = (a — aiN'/n[k])n[k] + b1 = apn[k] + b1, and we are
done. ]

THEOREM 5.7. The maps tess, and diag, are inverse maps of each other. For any z € 74,
the system (21%/’ Mgz n),N7) is conjugate to (X, a, 04 ;) via tess,a and (21%, My n),N) is
conjugate to (X, 0;) via tessy,.

Proof. First, letx € EI% and i € Z be arbitrary. It holds that
tess, (x)[i] = cube, (ITyi y(x)[0]) = cube, (ai(x)[O]) = cube, (x[i])

and therefore diag,, (tess, (x))[i] = val,(cube, (x[i])) = x[i].
Next let f € X, and z € Z¢ be arbitrary, and denote ' = o (f). It holds that

tess, (diag, (f))[z] = o (tess, (diag, (/)))[0]

T2 tessy (Mo (diag, (/0] “2° tess, (diag, (f/)[0]
= cube, (diag, (f)[0]) = cube, (val, (f'[0])) = f'[0] = flz].

Since tess, is the inverse of diag,,, the last claim follows from Lemma 5.6. O

It is a simple observation that the maps we have defined for mapping between
tessellations and configurations are such that the represented real numbers are preserved.

PROPOSITION 5.8. It holds that real y o diag, = realp 1 and realp_1 o tess, = realy.

Proof. The first equality follows directly from definitions. The second equality follows
from the first one because tess,, is the inverse of diag, by Theorem 5.7. O

THEOREM 5.9. The system (E]%,, Mgz ny,N7) is conjugate to (E%,, o n),N) via
¢ = diag, o pa, otess,a. Additionally, realy o ¢ = realy.
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Proof. The system ()31%,, Mg (z,n),n7) s conjugate to (X4, 04,;) via tess,a by Theorem
5.7. The system (X,4,04;) is conjugate to (X,, o;) via u4 by definition. The system
(Xn, 07) is conjugate to (Z]%, Mgz n),n) via diag, by Theorem 5.7. The last claim follows
by Propositions 4.37 and 5.8. O

Let us specify one particular type of conjugacy. For any N > 1, let N = ]_[flz 1 pff
be its prime decomposition (with k; € Z, and with the p; in rising order) and let
n= (plfi, - pl;"). Then, let m = (p1,..., pg) and M = ]_[le pi. If Ay is the diag-
onal matrix diag(ky, . . ., kg), it is easy to see that n = mAN . Then we define Conj NM=
diag,, o pay m o tess,.

If N’ > 1 is divisible by the same prime numbers as N, we extend the definition to
Conjy y = Conj;,,l’ a © Conjy y. This agrees with the previous definition in the case
N’ = M, because Conj,, 5 is the identity map.

COROLLARY 5.10. Assume that N1, Ny > 1 are divisible by the same prime numbers.
Then (21%1, Iy, n,) is conjugate to (21%2, [y N,) via CoanlW2 for any o > 0 such that
these maps are defined. Additionally, realy, o Conjy, y, = realy;.

Proof. LetN = ]_[flz1 pi, where p; is the rising sequence of prime numbers that divide Ny
and N>. Then also I, y is defined. By the previous theorem, (21%] , ITg,nv,) s conjugate to
(E]%, e, n) via Conjy, y and (21%, Iy n) is conjugate to (21%2, g, N,) via (Coanz’N)’l,
s0 Ig,N, is conjugate to ITg, N, via Conjy, y,. The last claim also follows from the previous
theorem. O

We highlight that, as it turns out, the conjugacy of the particular form Conjy yt works
in a very transparent way: cells in a configuration x € 2)1% are grouped into blocks of k
cells, and the k symbols of Xy in each block are interpreted as a base-N representation of
anumber in X y«. We define the block map By : Ef\, — Xy by Byx(ax—1 - - - arap) =
Ky aiNifor N> 1,k>1,andg; € Sy.

THEOREM 5.11. Let N > 1, letk > 1, let x € 21%, and let i € 7. Then Coan’Nk(x)[i] =
Byi(x[ik — (k — 1), ik]).

Proof. As in the definition of Conjy . let N = ]_[f-lzl pf" be the prime decomposition of

N, and thus N¥ = ]_[f-l:1 pfk". Define vectors n = (p]f], e, pfl‘i), n' = (pkk, ., pkkay,
and m = (p1, . . ., pq). Define the diagonal matrix K = diag(k, . .., k). We note that

Ayt = AyK, so by Lemma 4.32, MANk,m = Mg, o My . We simplify the defining
formula of Conjy y« as follows:

Conjy vk = Conj;}(’ 4 © Conjy
= (diag,, o MANkJ" o tessy,) o (diag,, o Ay .m © tess,)

= diag,x o MANk,m O [LAy,m O tess, = diag,x o Mg , o tess,.
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We apply this to compute

Conjy yk (X)[i] = diag,x (M (tess, (x)))[i] = val, x (Mg (tess, (x))[i])
= A(tess, (x), (K({i—1), Ki)) = A(tess, (x), (ki — 1), ki))
k—1
F2 ST NI tessy (o), (ki — j — 1), ki — j)
j=0
k—1
=Y N/val,(tess, (x)[ki — j])
j=0
k—1
=Zij[ik—j]=BN,k(x[ik—(k—1),ik]). 0
j=0
We conclude by presenting some factor maps between multiplication automata. Now A
may be a general d x d’ natural number matrix.

THEOREM 5.12. The system (EI%, Iy nayN) has (E]%,,, Iy nayN) as a factor via
¢ = diag,a o My, o tess,. Additionally, if N’ > 1 and x € E%, is such that realy (x) is
finite, then real y/ (¢ (x)) = realy (x).

Proof. We note that
a(z, n)y =mn?, —z) = mn, —Az) = a(Az, n),

80 I,z nay. N = Ma(Azn).N and it is defined.

The system (21%,, e Azn),n) has (X, 0a) as a factor via tess, by Theorem 5.7. The
system (X,,, 04;) has (X,,4, 0;) as a factor via M4 by Corollary 4.41. The system (X4, o)
has (EIZ\,/, [y . n4),n7) as a factor via diag, s by Theorem 5.7. The last claim follows from
Propositions 4.30 and 5.8. O

Let us specify one particular type of factor map. Consider any M > 1 with a prime
decomposition of the form M = ]_[f-l=1 pi (with the p; distinct and in rising order) and
let m = (p1, ..., pq). If M’ divides M, there is a subsequence (ki)fl/=1 of (1,2,...,d)
such that M = 1—[71’21 pr;-Letm’ = (piy, ..., pi,). If Ay oy is the d x d matrix having
ey, € 74 as the ith column for 1 <i < d’, it is easy to see that m’ = mAMM | Then we
define Facty py = diag,, o MAM,M/J" o tessy,.

If N, N > 1 are divisible by the same prime numbers as M, M’, respectively, we
extend the definition to Facty n- = Conjy o Facty y o Conjy . This agrees with
the previous definition in the case when N = M and N’ = M’, because Conj,, ,, and
Conjy,r 5y are identity maps.

COROLLARY 5.13. Let N1, Ny > 1 be such that every prime factor of N3 is a prime factor
of N1. Then (E%,l, g, n,) has (EI%Z, [y,N,) as a factor via Facty, n, for any o > 0 such
that these maps are defined. Additionally, if x € 21%1 is such that realy, (x) is finite, then
real y, (Facty, n, (x)) = realy, (x).
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Proof. Let My = H?:l pi where p; are the prime numbers that divide Nj (in rising
order), and let M, = ]_[f=1 q; where g; are the prime numbers that divide N>. Then M;
divides M.

The system (ZZI, g, N, ) has (Z,%,l » Io,m, ) as a factor via Conjy, 5y, by Corollary 5.10.
The system (21%11’ Ig,m,) has (21%12, g, m,) as a factor via Factyy, p, by the previous
theorem. The system (X 1%[2, My, m,) has (2 1%2, Ty, n,) as a factor via Conj My N, - Therefore,
(E]%I, g n,) has (Xp,, g n,) as a factor via Facty, n,. The last claim follows from
Corollary 5.10 and Theorem 5.12. O

We conclude this subsection by highlighting an alternative characterization for the maps
Conjy, n, and Facty, n, which may be used to ignore the details of their construction:
they are fully determined by the requirement of continuity and the fact that they change
representations of real numbers in base N; to representations of the same real numbers in
base N;.

THEOREM 5.14. Let N1, Ny > 1 be such that every prime factor of N> is a prime factor
of Ni. If ¢ : E]%I — 21%2 is a continuous map and for any x € 21%1 such that realy, (x) is
finite, it holds that realy, (¢ (x)) = realy, (x), then ¢ = Facty, n,. Additionally, if N1 and
N> have the same prime factors, then ¢ = Conjy, y,, and ¢ is injective only in this case.
If on the other hand Ny has a prime factor that does not divide N1, then a map ¢ satisfying
the conditions does not exist.

Proof. The claims that ¢ = Facty, n, or ¢ = Conjy, y, follow from Corollaries 5.10
and 5.13 if we show that the map ¢ satisfying the conditions in the statement of the theorem
is unique, that is, if ¢’ is another such map then ¢ = ¢’. Since ¢ and ¢’ are continuous, it
is sufficient to show that ¢ (x) = ¢’(x) in a dense subset of EZI, so let x € 21%| be such
that realy, (x) € R\ Q. Then

¢ (x) = configy, (realy, (¢ (x))) = configy, (realy, (x))
= configy, (realy, (¢'(x))) = ¢’ (x).

Next we show that if Nj has some prime factor p not dividing N>, then ¢ is not
injective. The number p~! has a finite base-N| representation 0.(N1/p), so p~! has two
different representations in base N;. On the other hand, p~! does not have a finite base- N,
representation, because otherwise, Né' p~! would be an integer for a sufficiently large
i € N even though p does not divide N». Therefore, p~! has only one representation in
base N>.Letx, y € 21%,] be distinct configurations such that realy, (x) = realy, (y) = p’].
Then it also holds that realy, (¢ (x)) = realy, (¢ (y)) = p_l. Because p_1 has only one
representation in base N, from this, it follows that ¢ (x) = ¢ (y) and ¢ is not injective.

To show the last claim, assume to the contrary that N> has a prime factor not dividing
Ny and that a map ¢ satisfying the conditions exists. For i € N, let x; = configy, (N{),
meaning that lim;_, o, x; = 0Z. For all i € N, it holds that

realy, (¢ (x;)) = realy, (x1) = N{ # 0 (mod N»),
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and therefore ¢ (x;)[0] 7~ 0 or ¢ (x;)[1] # 0. But then it follows that
o( lim xi) = (0% = 0% £ lim @ (x),

which contradicts the assumption of continuity of ¢. O

5.3. The regularity status of multiplication automata. In this subsection, we consider
the question of which multiplication automata are regular. Regularity is presented in [8] as
one way to classify dynamical systems according to the complexity of their time evolution:
non-regular systems are in some sense more complex than regular systems. We will use
the notions of sofic subshifts and subshifts of finite type (SFT) (for definitions, see e.g.,
[10]), but for our purposes, it is for the most part sufficient to know that sofic subshifts are
precisely the subshift factors of SFTs. From this, it also follows that all subshift factors of
sofic subshifts are sofic. The following definition was given in [8].

Definition 5.15. A dynamical system (X, T) with X a zero-dimensional compact metriz-
able space is called regular if all its one-sided subshift factors are sofic shifts.

In [8, §3], it is also observed that to check the regularity of (X, F) for a CA F, it is
sufficient to check whether all of its trace subshifts are sofic shifts, that is, whether the
trace subshifts of all widths are sofic. Lower width trace subshifts are factors of higher
width trace subshifts, so it is sufficient to check whether trace subshifts of arbitrarily large
width are sofic.

We will give in Theorems 5.17 and 5.19 a complete characterization of regular
multiplication automata based on earlier results [2, 7].

THEOREM 5.16. [7, Corollary 4.19] The system (E%q, I /4.pq) is not regular for coprime
p,q > 2.

THEOREM 5.17. The system (21%, I1,/4,8) is not regular for any coprime p, q > 2 such
that this map is defined.

Proof. Since Il,/4 v is defined, all the prime factors of p and ¢ divide N, so by
Corollary 5.13, the system (2%, 1)/, n) has (E%q, I,/4,p4) as a factor. By the pre-
I%CI’ I1,/4,p4) has a non-sofic subshift (X, o) as a factor. Therefore,
(EI%, I1,/4,n) has the non-sofic subshift (X, o) as a factor and (EI%, IT,/4,n) is not

regular. O

vious theorem, (X

THEOREM 5.18. [2, §4] The width 1 trace subshift of the CA 1y, 4 for p, q > 1is an SFT.

THEOREM 5.19. The systems (EI%, I, n) and (E%,, IypN) are regular for any
P, N € Z such that these maps are defined.

Proof. The maps I1, 5 and I1,, v are inverses of each other, so it is sufficient to show
that (E%,, [T, n) is regular. For N = 1, the CA I, y is the identity map on the set with
a single point, so we may assume that N > 1. Regularity is equivalent to showing that
for some M > 1, the trace subshift of arbitrary width k > M is sofic. Let M be such that
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p divides NM and fix any k > M. Let I = [—(k — 1), 0]. We need to show that (X, o)
with X = Ej(F) is sofic. Let By be the map defined before Theorem 5.11 and for
z € (Zy)HY, denote by By x(z) the coordinatewise application of By x to the symbols
of z. We need to show that the subshift (By «(X), o) conjugate to (X, o) is sofic. Its
configurations By x (Trrp, .7 (x)) forx € ¥ 1% are precisely of the form

p.N>
Bk (Tr1, 1 (DI = By (T (0= (k = 1), 0)
T2 Cony k(T ()01 “2" T (Confy e (e)[0]

=10 ()I0) =Trn , (x)[i] fori €N,

where x' = Conjy yk(x) € (ENk)Z, so By i(Trm, y,1(x)) € Epo,01(IT), yi). Since
Conjy yx is a bijection, in fact, By x(X) = E[O,O](HP’Nk). Therefore, (Byx(X), o) is
the trace subshift of width 1 of the CA I1, y, and it is sofic by the previous theorem. [
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