Chapter 2
Symbolic Dynamics

A number system consists of a continuous value mapping whose domain is a symbolic
space of infinite words and whose range is the extended real line. We say that the value
mapping is a symbolic extension of R. Symbolic spaces and symbolic extensions
are treated in symbolic dynamics which is based on the theory of compact metric
spaces (see e.g., Hocking and Young [1]).

2.1 Maetric Spaces

Definition 2.1 A metric space (X, d) consists of aset X and ametricd : X x X —
[0, co) which gives the distance d(x, y) of points x, y € X. The following properties
are assumed:

1. dix,y)=0& x =y,

2. d(x,y) =d(y, x) : symmetry,

3. d(x,z) <d(x,y)+d(y,z) : triangle inequality.

We refer to elements of X as points. A classical example of a metric space is the
n-dimensional Euclidean space R" = {x = (x1,...,x,) : x; € R} with the
Euclidean metric given by

de(x’ y) = \/(xl _y1)2 +---+ (xn _yn)z-

In particular, the set R of real numbers is a metric space withmetric d, (x, y) = |[x—y|.
The extended real line R = R U {oo} is a metric space with the angle metric (see
Sect. 1.4)

1 xy+1 1
d,(x,y) = —arccotg w, d,(x,00) = —arccotg|x]|.
m ly — x| ™
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26 2 Symbolic Dynamics
Given a metric space (X, d), the ball with center x € X and radius » > 0 is the set
B, (x)={yeX:d@y,x) <r}

In (R, d,), balls are open intervals B, (x) = (x —r, x +r). The interior int(Y) and
closure Y of aset Y C X are defined by

int(Y) ={xeX: 3r>0,B.(x) Y}
Y={xeX:Vr>0B(x)NY #0},

soint(Y) C Y C Y, X\Y = X\int(Y), and int(X\Y) = X\Y, where
X\Y ={xeX: x¢VY}

is the set difference of Y from X . For example, if ¥ = [0, 1) C R is a semiclosed
interval, then int(Y) = (0, 1) and Y = [0, 1]. If Y, Z C X, then

int(Y N Z) = int(Y) Nint(Z),

int(Y U Z) Dint(Y) Uint(Z),
YNZCYNZ,
YUZ=YUZ.

AsetY C X is open, if Y = int(Y), and closed if Y = Y. It follows that Y € X
is closed iff X\Y is open. By the triangle inequality, every ball B, (x) is an open set.
A semi-open (or semi-closed) interval [a,b) = {x € R: a < x < b} is neither
closed nor open in R. A set is clopen if it is both closed and open. The sets ¢ and X
are clopen in any metric space. If they are the only clopen sets, then we say that X is
a connected space. The Euclidean space R" is connected. The union of two intervals
[0, 1]U[2, 3] with the Euclidean metric d. (x, y) = |x — y| is not a connected space,
since [0, 1] and [2, 3] are its clopen sets.

A sequence {x, € X : n > 0} of points of X converges to a point x € X if for
every € > 0 there exists ng such that d(x,, x) < ¢ for every n > ny. In this case we
say that {x,, : n > 0} is a convergent sequence. A sequence cannot converge to two
distinct points, so we write lim,_, o, x,, = x if x,, converge to x. A subsequence of
{x, : n > 0} is any sequence {x,, : i > 0}, where {n; : i > 0} is an increasing
sequence of indices. If (X, d) is ametric space and Y € X, then d restrictedto Y x Y
is a metric and we say that (Y, d) is a subspace of X.

Definition 2.2 A metric space is compact if any its sequence has a convergent
subsequence. A subset of a metric space is compact, if it is compact as a subspace.

The real line R is not compact, since the sequence {x, = n : n > 0} has no
convergent subsequence. The open interval (0, 1) is not compact either since the
sequence {x, = 1/n : n > 0} has in (0, 1) no convergent subsequence: all its
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subsequences converge to zero, which is not in the space (0, 1). A closed bounded
interval [a, b] is compact in R. We show that a set Y € R” is compact iff it is closed
and bounded. We say that a set Y C X is bounded, if Y € B, (x) for some x € X
and r > 0. This happens iff the set has a finite diameter

diam(Y) = sup{d(y,z): y,z € Y}.

Proposition 2.3 . A compact subset of a metric space is closed and bounded.
2. A closed subset of a compact space is compact.
3. A subset of an Euclidean space R" is compact iff it is closed and bounded.

Proof 1.LetY C X be compact and assume by contradiction that it is not closed, so
there exists y € Y\Y. For each n > 0 there exists y, € Y such thatd(y,, y) < 1/n,
so lim, . ¥, = y € X\Y. Each subsequence of {Y, : n > 0} has the same limit
y. This means that no its subsequence has a limit in ¥ and this is a contradiction.
Assume that Y is not bounded. Take any yy € Y. There exist points y, € Y such that
d(yn, y0) > n, and the sequence {y, : n > 0} has no convergent subsequence. This
is a contradiction.

2. Let X be compact and let ¥ € X be closed. A sequence {y, € Y : n > 0} has
a subsequence which converges to some y € X. Since X is closed, y € Y, so Y is
compact.

3.Let Y C R be closed and bounded and x,, € Y. There exists an interval [ag, by] 2
Y. Denote by ¢y = % An infinite number of x, belong either to [ag, c] or to
[co, bol. In the former case set [a;, b1] = [ag, ¢o] and in the latter case set [a;, b;] =
[co, bo]. Let n; be the first index with x,,, € [a1, b;]. We continue by induction. At
each step k the interval [ag, by] is one half of the interval [a;_1, br—;] and contains
an infinite number of x,,. Let n; be the smallest integer greater than nj_; such that
Xp, € lak, bil. Then {x, : k > 1} converges to the common limit of a; and by.
Since Y is closed, this limit belongs to Y, so Y is compact. If Y € R” is closed and
bounded, and {x,, = (Xp.1,...,%mn) : m > 0} is a sequence in Y, then for each
coordinate i < n, {x,,; : m > 0} is abounded sequence. There exists a subsequence
whose first coordinate converges, a subsequence of this subsequence whose second
coordinate converges, etc. Thus there exists a subsequence of {x,, : m > 0} which
converges in each coordinate. Since Y is closed, the limit belongs to Y. O

A cover of a space X is any collection i/ = {U; : i € I} of sets U; X whose
union is X. The index set / may be finite or infinite with arbitrary cardinality. If all
U; are open, we say that { is an open cover. If J/ C [ and |J,., U; = X, we say
that {U; : i € J} is a subcover of U/. The diameter of a cover is the supremum of
the diameters of its elements.

Proposition 2.4 Let X be a metric space. The following three conditions are equiv-
alent.

1. X is compact.

2. Every open cover of X has a finite subcover.



28 2 Symbolic Dynamics

3. If{V, € X : n > 0} is a sequence of nonempty closed sets such that V,,1; C V,,,

then the intersection (,~o V, is nonempty.

Proof 1 = 2: Assume that i = {U, € X : n > 0} is a countable cover which
does not have a finite subcover. Then there exist points x, € X\(UpU---UU,). The
sequence {x, : n > 0} has a converging subsequence lim;_, » X,, = x. Since {{ is
a cover, x € U, for some n. Since U, is open, x,, € U, for each sufficiently large
ny and this is a contradiction. If ¢/ is an uncountable cover, then its countable cover
should be first found using the concept of countable open basis (see e.g., Hocking
and Young [1]).

2 = 3:Let® # V,11 € V, € X be nonempty closed sets and assume that their
intersection is empty. Then {U, = X\V,, : n > 0} is an open cover of X and has a
finite subcover, so there exists n such that X = Uy U---U U, = X\V,,. This implies
V,, = ¥ which is a contradiction.

3 = 1.Forasequence {x, € X: n>0},setV, ={x;:i >n}. ThenV,;; CV,
are nonempty and closed, so there exists x € ﬂn V... Since Vjisclosed, B (x)NV; #
@, so there exists n; such that x,,, € B (x). In a similar way we show that there exists
ny > ny such that x,, € By,>(x). By induction we get a subsequence {x,, : k > 0}
such that x,,, € By/x(x), so lim_, o0 X, = X. m|

A mapping F' : X — Y from a set X to a set ¥ assigns to elements x € X
elements F(x) € Y.If G : Y — Z is another mapping, then the composition
GoF : X — Zisdefined by (Go F)(x) = G(F(x)). Amapping F : X — Y
is injective, if x # x’ € X implies F(x) # F(x'). It is surjective, if for each
y € Y there exists x € X such that y = F(x). A mapping is bijective, if it is both
injective and surjective. A bijective mapping F' : X — Y has the inverse mapping
F~': Y — X such that F~'(F(x)) = x for every x € X, so the compositions
F~'o F =1dyx, F o F~! = Idy are the identity mappings on X and Y. If (X, dy)
and (Y, dy) are metric spaces, then we say that a mapping F' : X — Y is continuous
atx € X, if

Ve > 0,30 > 0,Vx' € X, (dx(x,x") <6 = dy(F(x), F(x")) < e).

We say that F is a continuous mapping, if it is continuous at every point x € X. We
say that F is a homeomorphism if it is bijective and both F and F~! are continuous.
Metric spaces X, Y are homeomorphic, if there exists a homeomorphism from X to
Y. For example, the function F'(x) = 1/x is ahomeomorphism between the intervals
X =(,1)and Y = (1, 00).

Proposition 2.5 A mapping F : X — Y between metric spaces is continuous iff for
every open set U C Y, the preimage

FlUy={xeX: Fx) e U}
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is an open set in X. An equivalent condition is that the preimage F~'(V) of every
closed set V C Y is a closed set in X.

Proof Assume that F is continuous and let U € Y be an open set. If x € F~!(U),
then F(x) € U, so there exists € > 0 such that B.(F(x)) € U. By the continuity of
F in x there exists 6 > 0 such that if y € Bs(x) then F(y) € B.(F(x)) C U. This
means that Bs(x) € F~!(U), so F~!(U) is open in X. Conversely assume that the
preimage of any open set is open. Given x € X and € > 0, the ball U = B.(F(x))
is an open set, so its preimage F~!(U) is open in X. Since x € F~!(U) there exists
§ > 0 such that B;(x) € F~'(U) and this is just the condition of continuity. If
V C Y isaclosed set, then F~'(Y\V) = X\F~'(V)isan open set so F'(V)isa
closed set. m]

Proposition 2.6 If X is a compact space and F : X — Y is continuous and
surjective, then Y is compact. If F is also injective (and therefore bijective), then
F~': Y — X is continuous, so F is a homeomorphism.

Proof Let {U; : i € I} be an open cover of Y. Then {F~'(U;) : i € I} is an open
cover of X so it has a finite subcover {F~'(U;) : i € K},and {U; : i € K} is
an open cover of Y. Thus Y is compact. Assume that F is bijective. If V C X is a
closed set then it is compact and (F H=l(vy=F(V)isa compact set and therefore
closed. By the preceding proof, F~! is continuous. O
ZHX’;(—ffI) isabijective mappingd : R — .
With the angle metric on R and the Euclidean metric on S ¢ C, d is a homeomor-
phism. Since S is a closed and bounded subset of C & R?, it is compact and R is
compact too.

The stereographic projection d(x) =

Theorem 2.7 Any open cover U = {U, : a € A} of a compact space X has a
Lebesgue number L > O such thatVx € X,3a € A, B (x) C U,.

Proof LetUd = {U, : a € A} be an open cover of X. If U, = X for some a € A,
then any L > 0 is a Lebesgue number of /. Assume therefore that U, # X for each
a € A. Define a function f : X — (0, co) by

f(x)=sup{r >0: Ja € A, B,(x) CU,} < o0.

We show that f is continuous: If d(x,y) < d and 0 < r < f(x), then there
exists a € A such that B,(x) C U,, B,_5(y) € U,, so f(y) > r — 4. Since this
holds for any r < f(x), we get f(y) > f(x) — 4. Interchanging x and y we get
fx) = f(y)—4d,s0|f(x) — f(¥)| < 0 and this proves the continuity of f (see
Fig.2.1). By Proposition 2.6, a continuous image of a compact space is compact,
so f(X) C (0, co0) is compact and therefore closed. Since f(X) does not contain
zero, its minimum Lo = min f(X) is positive. If 0 < L < L, then L is a Lebesgue
number of . m]
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Fig. 2.1 The function f(x) = sup{r > 0 : da € A,B.(x) € U,} for the cover
U ={[0,2), (1,5), (3,6), (5,7} of X =0, 7]

We say that a mapping F : X — Y is uniformly continuous if
Ve > 0,35 > 0,Vx,x' € X(d(x,x") < = d(F(x), F(x)) <e).

A uniformly continuous map is continuous. The map f : (0, 1) — (1, co) defined
by f(x) = 1/x is continuous but not uniformly continuous.

Proposition 2.8 If F : X — Y is a continuous map and X is compact, then F is
uniformly continuous.

Proof Pick € > 0. For each x € X there exists d, > 0 such that if dy(y, x) < Iy,
then dy (F(x), F(y)) < % Let 6 > 0 be a Lebesgue number of the open cover
U={Bs(x): xe X}.Ify,z e Xanddx(y, z) <, then there exists x € X such
that B5(y) € Bs,(x), so both y, z belong to B;_(x) and therefore dy (F (y), F(z)) <
dy(F(y), F(x)) +dy(F(x), F(z)) <e. mi

2.2 The Cantor Space

Recall thatif A is an alphabet (a finite set with at least two elements), then the distance
of words u, v € A“ is defined by

d(u,v) =27", where n = min{k > 0: u; # v},
sod(u,v) < 27" iffujo.n) = vjo.n. Clearly d(u, v) = Oiff u = v and d is symmetric,
d(u,v) = d(v, u). To show that d satisfies the triangle inequality, let d (u#, v) = 27",
d(v,w) =27" and p = min{m, n}. Then Uupo,p) = V[o0,p) = Wo,p), SO
d(u, w) <277 < max{d(u, v),d(v, w)} <d(u,v) +d(v, w).
Thus (AY, d) is a metric space which is called a power space.

To get insight to the topology of the power spaces A“, we show that these spaces
are homeomorphic to the Cantor middle third set

C =10, 1NG. H\G. D\NG, D\, 2\ -
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The set C is obtained from the closed unit interval [0, 1] by deleting the open
middle third interval (%, %) and repeating this deleting procedure indefinitely with
the remaining closed intervals (see Fig. 1.6). If we express the numbers x € [0, 1] in
the ternary system x = Zn>0 u, 37", where u,, € {0, 1, 2}, then the interval (%, %)
consists of points whose first digit is #g = 1. The endpoints of this intervals have
two expansions: 3 = .10¥ = .02%, Z = .20¥ = .12¥, so [0, 1]\(%, %) consists of
points which have ternary expans1ons Wlth uog # 1. By induction, we show that C
consists of points which have ternary expansions with digits u; € {0, 2}.

Proposition 2.9 The Cantor middle third set C is homeomorphic to {0, 1}*.

Proof Define @3 : {0, 1}¥ — C by ®3(u) = > ;.o 2u; - 37" I d(u,v) = 27",
then U,n) = V[o,n)> Un # Uy, SO

|P3(u) — P3(v)| = - vi)37i71

00

) 2.37n71

—i—1 __ __A—n
52._2’13 —1—1—3 s

i=n

[e9]
[@30) — d3()] = 23771 =2 3" 3 =37

i=n+1

This shows that @3 is bijective. If d(u, v) < 27"*! then |®3(u) — ®3(v)| < 37"
and if [x — y| < 37"7! then d(¢>;1(x), @;l(y)) < 27", This means that &3 is a
homeomorphism. O

While the Cantor middle third set C is obtained from the closed unit interval
by deleting the middle thirds, the unit interval is obtained from the Cantor mid-
dle third set by gluing the endpoints of its cylinders. This is done by the mapping
d, 0 d>§1 : C — [0, 1] (see Fig.2.2 left), where @3 : {0, 1} — C is the homeo-
morphism from the proof of Proposition 2.9 and <I>2 {0, 1}* — [0, 1] is defined by
Po(u) = > ooy u; - 2771, The mapping ®; o <I>; defined on C can be extended to
a continuous mapping f : [0, 1] — [0, 1] which is constant on the intervals deleted
from the Cantor middle third set. This mapping is known as the Devil’s staircase (see
Fig.2.2 right).
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Fig. 2.2 The mapping ®; o &3 l.c>0,1] (left) and the Devil’s staircase (right)
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Proposition 2.10 If A is an alphabet, then A¥ is homeomorphic to {0, 1}*.

Proof For A ={0,1,...,k}, k > 2 define amapping ¢) : A — {0, 1} by
(k) = 1%, 1(a) = 190 fora < k.

Then ¢ is a prefix code. This means that for every binary word u € A" of length at
least k there exists a unique a € A such that f(a) is a prefix of u. This implies that
every infinite binary word can be uniquely decomposed into the code words f(u;).
Define ¥ : AY — {0, 1}* by W(u) = ¥(up)¥ (1) ... (concatenation). Then W is
bijective. If d(x, y) < 27" then d (¥ (x), ¥(y)) < 27" since the length of each v (a)
is at least 1. If d(W (x), ¥ (y)) < 27k then d(x, y) < 27" since the length if each
(a) is at most k. Thus both W and W~! are continuous, so V¥ is a homeomorphism.

O

Proposition 2.11 If A is an alphabet and u € A*, then the cylinder
[u] = {w €AY : Wio,|ul) = u}

of u is a clopen (closed and open) set.

Proof If w € [u] then [u] = B,-»+1(w) is an open ball (whose center is any its
element), so [u] is an open set. The complement

AN\[u] = (o] : v e A"\{u}}

is a union of open sets so it is open and therefore [u] is closed. O
We characterize the power spaces A by three topological properties.

Definition 2.12 1. A metric space X is perfect if it has no isolated points, i.e., if
Vx e X,Ve > 0,3y € X,0 <d(y,x) <e.

2. A metric space X is totally disconnected if its points can be separated by clopen
sets, i.e., if
x #y = AW clopen,x € W,y € X\W.

3. A metric space is a Cantor space if it is compact, perfect, and totally discon-
nected.

Theorem 2.13 A metric space is a Cantor space iff it is homeomorphic to a power
space A.

Proof 1. By Propositions 2.9 and 2.10, A¥ is homeomorphic to the Cantor middle
third set which is compact by Proposition 2.3.
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2. We show that A“ is perfect: Since A has at least two elements, for each w € A¥
there exists z € A“ such that zjg ,) = W(o,n), Zn 7 W, SO0 d(w, 2) = 27"

3. We show that A“ is totally disconnected: For w # z there exists n such that
Wy # Zn, W € W = [wionl, 2 € AY\W.

The converse proof that each Cantor space is homeomorphic to {0, 1}* can be found
e.g., in Hocking and Young [1] or Kurka [2].

We say that a metric space X is a symbolic space if it is homeomorphic to a closed
subspace of A“. Symbolic spaces are compact and totally disconnected but not neces-
sarily perfect. For example, every finite metric space is a symbolic space. Continuous
mappings between symbolic spaces can be characterized combinatorially.

Proposition 2.14 A mapping F : AY — B“ between power spaces is continuous
iff there exists a sequence of mappings { f, : A* — B; n > 0} such that F (u), =

Ja(upo.x,))-

Proof Let F be continuous. By Proposition 2.8, F' is uniformly continuous, so for
every € = 27" there exists § = 275+ such that

du,v) <6 = d(Fu), Fv)) <e¢,
Uk = Vok) = Fon = F)iou-

Thus F(u), depends only on u[ ,, and this dependence defines f,: For v € AR we
have f(v) = a iff F(u), = a for some u € [v]. Conversely, if F'(u), = f,(ujox,)),
then F is uniformly continuous. O

2.3 Redundant Symbolic Extensions

If we have a symbolic extension ® : X — R, we want to perform arithmetical oper-
ations on symbolic representations of real numbers. A unary arithmetical operation
like a linear function g(x) = ax +b is a continuous mapping on R (with g(00) = 00).
Its symbolic extension is a mapping f : X — X such that g(®(x)) = ®(f(x))
for each x € X. Symbolic extensions of continuous mappings exist provided ¢
is redundant, i.e., provided the cylinder intervals ®([u]) overlap. The redundancy
encountered in Sect. 1.2 is thus a topological concept.

Definition 2.15 We say that a continuous surjective mapping ® : X — Y isa
symbolic extension, if X is a symbolic space. We say that a continuous mapping
® : X — Y isredundant, if for every continuous mapping W : X — Y there exists
a continuous mapping F : X — X such that o F = V.

X —tsx LN

_
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If® : X — Yisaredundant symbolic extension, then continuous selfmappings of
Y canbeliftedto X.If G : Y — Y is acontinuous mapping, thenforGo® : X — Y
there exists a continuous mapping F' : X — X such that ® o F = G o . We say
that F' is an extension of G by ®. This can be generalized to mappings of several
variables:

Proposition 2.16 Let ® : X — Y be a redundant symbolic extension. Then for each
continuous mapping G : Y" — Y there exists a continuous mapping F : X" — X
such that ® o F = G o ®" (see the diagram).

Proof If X is a Cantor space, then X" is also a Cantor space and therefore it is
homeomorphic to X. Let H : X" — X be a homeomorphism. For a continuous
mapping G : Y" — Y we have a continuous mapping g = Go®" o H™' : X — Y,
so there exists a continuous mapping f : X — X such that ® o f = g. For
F=foH: X" > XwegetPoF=®0foH=goH=God". O

The redundancy implies surjectivity: If ® : X — Y isredundant and y € Y, then
for the constant mapping W : X — Y given by W(x) = y there exists a mapping
F:X —> Xwith®oF = WV,soforany x € X, ®(F(x)) = ¥(x) = y. Since
the continuous image of a compact space is compact, only compact spaces can have
symbolic extensions. In particular, the real line R has no symbolic extension.

Example 2.17 The binary value mapping ®,9; : {0, 1} — [0, 1] defined by
o0, () =2 iootti - 27=1 is a symbolic extension which is not redundant.

Proof The mapping ® = &, ; is clearly continuous and surjective. We show that
it is not redundant. Let ¢ € (0, 1) be an irrational number and consider the mapping
glx) = ZJ‘—C on [0, 1]. Since c is irrational, there exists a unique u € {0, 1}* with
@ (u) = c. Assume that f : {0, 1}* — {0, 1}* is an extension of g by ® and denote
by a = f(u)y € {0, 1}. Since f is continuous at u, there exists n > 0 such that

f([upo,m]) < [al, so
9@ ([u0,m]) = ®(f ([ujo,m1) S ([al).

However, ¢ is an inner point of ®([uo.)]) and g(c) = %, 50 g® ([uo,n]) is included
neither in ®([0]) = [0, %] nor in ®([1]) = [%, 1]. This is a contradiction. O

If Y is a subspace of X then the closure and interior of a set V C Y in Y usually
differs from its closure and interior in X. The closure of V in Y is

(yeY:Vr>0BOYNV£0=VNY,
where V is the closure of V in X. For the interior of V in ¥ we get
inty(V)={yeY: Ir>0,B.(y)yNY CV}=Y\Y\V.

For example, intjg 2;([0, 1]) = [0, 2]\ (1, 2] = [0, 1): the point 0 is an inner point of
[0, 1] regarded as a subspace of [0, 2].
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Theorem 2.18 Let ® : AY — Y be a surjective and continuous mapping and
assume that there exist integers 0 = ng < n; < np < --- such that for every k > 0
and for every u € A™, {inte ) (P ([uv])) : uv € A"} is a cover of ®([u]). Then
d is redundant.

Proof For each integer k > 0 there exists A\;+; > 0 such that for each u € A™,
the open cover {inte ) (P ([uv])) : uv € A™+} of ®([u]) has a Lebesgue number
M+1- W 1 AY — Y is continuous, then it is uniformly continuous and for k > 1
there exists m; such that

dx,y) =27 = d(W(x), ¥(y) < M.

We construct a sequence of mappings {f; : A™ — A™ : k > 0} such that
Y([u]) € ([ fr(u)]) foru € A . Fork = 0and u € A™ we have u = ), so
D([A\]) = ®(A¥) = Y. Thus {int(d([u]) : u € A"}isacoverof Y with a Lebesgue
number A\;. Given u € A™, choose a point x € [u]. By the uniform continuity
we have W([u]) € B),(¥(x)). There exists fij(u) € A" such that By (W (x)) €
int(® ([ f1(w)]) € ([ fi(w)]), so V([u]) S P([fi(u)]). Assume by induction that
we have constructed f; : A™ — A™ such that V([u]) C ®([fi(v)]) foru € A™.
Let uv € A™+ and choose a point x € [uv], so ¥(x) € W([u]) € D[ fi(w)]).
Since

{into s (PUf@wD) = fr(ww € A"}

is an open cover of ® ([ fr(u)]), there exists fr41(uv) € A™+ with prefix fi(u) such
that

Y([uv]) € By, (W(x)) S P([fir1(uv)]).

For u € A we have a chain of prefixes fi(ujo.m)) € f2(ujom,) € -, so there
exists F(u) € AY such that F(u)n,) = fi(upom,). Then F : AY — A¥ is
continuous. For each u € A“ and for each k we have

W(u) € V([uomyl) € @A fx(o,mn)]) = PUAF Wo,n]D)-
Since ®(F (1)) € ®([F(u)jo.ny]), weget ¥ =P o F. m|

Corollary 2.19 If 8 > 1, andr, s are integers with s —r > 3 — 1, then the mapping
Dy, i [1r, 517 — W) from Sect. 1.5 is redundant.

Theorem 2.20 If X is a Cantor space and Y is compact metric space, then there
exists a symbolic redundant extension ® : X — Y.

Proof We can assume X = {0, 1}*. There exists a finite open cover of Y of diameter
at most 2!, Repeating some of the sets if necessary, we can assume that its number
of elements is a power of 2. Thus there exists n; > ng = 0, and an open cover
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Vi = {V, :u € {0, 1}"} of Y of diameter at most 2~'. We continue by induction.
Assume that we have constructed an open cover

Vi ={V,: ue{0,1}*}

of Y of diameter at most 2~%. There exists Ng+1 > Ng, such that foreach u € {0, 1}™
there exists an open cover W(u) of V, with diameter 27%~! which has 27+ — 2%
elements. We can index them so that W(u) = {W,, : uv € {0, 1}"*+'}. Set V,,, =
V. N Wy,. Then

Vk+1 = {Vuv L uv e {Ov I}HHI}

is an open cover of ¥ with diameter at most 27¥~'. If u e {0,1}* and v €
{0, 1}"*+1=" then V,, € V,. Foru € {0, 1}*, ﬂkzo V, # () has zero diame-

= U10.ny)
ter and therefore contains a unique element

() € () Vi, -
k>0

Then ® : {0, 1}* — Y is continuous and surjective. Clearly ®([u]) < V, for each
u € A™. To prove the opposite inclusion, let x € V,,. There exists v € {0, 1)+~
such that x € W,,. For each r > 0 we have B,(x) NV, "N W,, # #,s0 x € V.
Continuing in this way we construct an infinite word w with prefix u such that x €
Vw[om for each /, so x = ®(w) € ®([u]). Thus ®([u]) = V, foreach u € {0, 1},
We show that for each u € {0, 1}*,

{inty-(View) 1 uv € {0, 1)1}

is a cover of V,. For x € V, there exists v such that x € W,, and there exists
r > 0 such that B,(x) € W,,. If z € B,(x) NV, then for every s > 0 we have
B(z)NV,NW,, # @,s0z € V, N W,, = V. Thus B,(x)NV, C V,, and therefore
x € inty-(Vy,). By Theorem 2.18, ® is redundant. O

Positional number systems for bounded intervals studied in Sect.1.5 can be
obtained from contractive iterative systems.

Definition 2.21 Let X be a metric space.

1. We say that a mapping F' : X — X is contracting if there exists an increasing
continuous function ¢ : [0, c0) — [0, 0o) such that ¥»(0) = 0, ¥(t) < ¢ for
t > 0 and diam(F(V)) < ¢ (diam(V)) for every set V C X.

2. A contracting iterative system over an alphabet A is a pair (X, F), where X
is a compact metric space and F = {F, : X — X : a € A} is a system of
contractions indexed by the letters of A.

In particular, if there exists 0 < g < | such that d(F(x), F(y)) < ¢ -d(x,y), then
F is contracting. Any contracting mapping is continuous.
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Theorem 2.22 Let (X, F) be a contractive iterative system over A. There exists a
continuous value mapping ® : AY — X such that

(W)} = (,=0 Fuyn (X) foru e A

F,(®W)) = ®(uv) foru € A*, v € A,

Ifu € A* then ®([u]) C F,(X).

@) = lim,,  Fyy,, (2) for any z € X.

O : AY — X is surjective iff |, 4 Fu(X) = X.

If ® : AY — X is surjective, then ®([u]) = F,(X) for eachu € A*.

If every F, is injective and X = |, , int(F,(X)), then ® : AY — X is redun-
dant.

NSRBI~

Proof 1.Since Fy,,,, (X) C F,,, (X) are nonempty closed sets, their intersection is
nonempty. By the assumption there exist real functions 1), such that diam(F,(V)) <
Y, (diam(V)) < diam(V) forevery V C X. Set ¢/(¢) = max{¢,(¢) : a € A}. Then

diam(F,,, (X)) < ¢(diam(F,, , (X))) < ¢*(diam(F,,, (X)) <---

< ¢"(diam(X)).

[0,n)

Since lim,, _, o, 9" (diam(X)) = 0, the intersection (. Fyy,,, (X) has zero diameter
and contains a unique point which is by definition @ (u).

2. Both F,(®(v)) and @ (uv) belong to all F,,,, (X), so they are equal.

3.If v € A then uv € [u] and ®(uv) = F,(®(v)) € F,(X), so ®([u]) C F,(X).
Since diam(® ([1])) < diam(F, (X)) < ¢*/(diam(X)), ® : A — X is continuous.
4. Since ®(u), Fy,, (2) € Fyuy,, (X), we get d(®(u), Fyy,, (2)) < " (diam(X)). It
follows lim,,_, oo Fy,, (2) = P(u).

5. For each u € A“ we have ®(u) € F, (X), so ®(4A¥) €
Uuea Fa(X) # X, then @ isnot surjective. Conversely, assume that [ J
Then for every u € A* we have

U Fu(X) = F, (U Fa(X)) = Fu(X).

acA acA

ven Fa(X). Of
F.(X) = X.

acA

Given x € X, there exists ug such that x € F, (X), there exists u; such that x €
Fyy,,(X) and by induction we construct u € A such that x € F,,, (X) for each n,
sox = ®(u).

6. If x € F,(X) then x = F,(y) for some y € X and there exists v € AY with
y=®(),s0x = P(uv) and x € ([u]).

7. Since ®([u]) = F,(X), by Theorem 2.18 it suffices to show that

{intFu(x)(Fua(X)) ac A}
is a cover of F,(X) for each u € A*. Let x € F,(X), so x = F,(y) for some

y € X. By the assumption there exists a € A and € > 0 such that B.(y) C
F,(X). Since Fu‘l . F,(X) — X is a homeomorphism, there exists § > 0 such
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that F,”'(B;(x) N F, (X)) € B-(y) S Fu(X), s0 Bs(x) N F,(X) C Fua(X) and
X € int[:“(x)(Fua(X)). O

Thus the mapping @4, : [r,s]¥ — W), from Sect. 1.5 is the value mapping
of the contractive iterative system with alphabet A = [r, s] and transformations

Fa(x) = %-

2.4 Subshifts

The value mappings of number systems need not be defined on the whole power space
A" but only on some its subset. Subshifts are subsets of the power space defined by
finite forbidden words (see e.g., Lind and Marcus [3] or Kuirka [2]).

Definition 2.23 For an alphabet A and aset D € A* of forbidden words, denote by
Sp={ueA”: Yve D: vIZu}.

We say that a nonempty set ¥ € A“ is a subshift, if ¥ = ¥, for some D C A*. If
D C A* is a finite set then we say that X is a subshift of finite type (SFT). The
order of a SFT X is the smallest p > 2 such that there exists D C A” with ¥ = Xp.

To forbid a word u € A* is equivalent to forbidding words ua for alla € A. Thus
any SFT has an order. For example the SFT 2{00'111} = 2{000'001‘111} inA = {O, 1}
has order 3. Some examples of SFT of order 2 in the alphabet A = {0, 1} are

00,113 = {(0D)“, (10)*},
2{10} = {Onlw n > 0} U {Ow},
2y = {0, 10},

The subshift 2o, 1) is finite, X0y is countable and Xy is uncountable: any con-
catenation of 10 with 0 belongs to X(;;;. An example of a subshift which is not of
finite type is the soliton subshift of words which contain at most one occurrence of
1. Its forbidden set is D = {10"1 : n > 0}.

The shift map o : AY — A¥ is defined by o(u); = u; 4. Thus o(u) = uju; ...
is obtained from u by forgetting the first letter u(. The shift map is continuous since
d(o(u), oc(v)) < 2d(u,v).

Proposition 2.24 A nonempty set ¥ C A% is a subshift iff it is closed and shift-
invariant, i.e., if o(w) € X whenever w € X.

Proof 1If forbidden words do not occur in w then they do not occur in o(w), so Xp
is shift-invariant. To show that ¥, is closed, we show that its complement is open.
Ifu € A“\Xp, then for somei < j,uy; ;) € D,andno w € A* with wyo ;) = upo, j
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belongs to Xp, so [ufo, j)] € A“\Xp. This means that A“\ X, is open and therefore
X p is closed. Conversely assume that ¥ C A* is closed and shift-invariant and set

D={veA*: Yue X,vZu}

Ifu e Xandv € Dthenv Z u, sou € Xp. Thus we have proved ¥ C Xp. If
u € A“\Z, then, since A“\ X is open, there exists v = uj ,) such that [v] C A“\X.
Assume by contradiction that v occurs in some w € X, SO V = Wjj,i+n). Lhen
ol(w) € ¥, but o' (w) € [v] € A¥\X and this is a contradiction. It follows that
v € D and therefore u € A“\Xp. Thus we have shown A\X C A“\Xp, so
Yp CX. m]

Definition 2.25 The language of a subshift ¥ C A“ is the set of finite words which
occur as subwords of infinite words of X:

LZ)={uecA": Ix € X, uC x}.
We denote by £"(X) = L(X) N A". If ¥ = ¥p then we denote by L = L(Zp),
Lh=LpNA".
Some examples are
Lo,y = {A,0,1,01, 10,010, 101, 0101, 1010, .. .},

Luoy = {A,0,1,00,01, 11, 000, 001, 011, 111, .. .},
Ly = {A,0,1,00,01, 10, 000, 001, 010, 100, 101, .. .}.

Definition 2.26 A nonempty set L € A* is an extendable language, if
1. forany u € L and forany v C u we have v € L,

2. forany u € L there exists a € A such thatua € L.

The subshift of an extendable language L C A* is

S(Ly={xeA”: VYn>0,xp, € L}.
Proposition 2.27 1. If L is an extendable language then S(L) is a subshift and
L(S(L)) = L.
2. If ¥ is a subshift then L(X) is an extendable language and S(L(X)) = X.

Proof 1.Let L € A* be an extendable language. For n > 0 set
X, ={x € A” : xjo.n) € L},

$0 S(L) = (),~0 X». Since L contains words of any length, X,, is nonempty. Since
X, is a finite union of cylinders, it is closed. Since X,+1 € X, their intersection
S(L) is nonempty and closed. Clearly, S(L) is invariant, so it is a subshift. We show
L(S(L)) = L. Ifu € L, |u] = n, then there exists u, € A such that uy, € L.
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Repeating this infinitely many times we extend u to a point x € A“ with prefix u
such that for any m, xj9,,,y € L. Thusx € S(L) andu € L(S(L)),so L € L(S(L)).
Conversely, if u € L(S(L)), then there exists x € S(L) with u = xj; j) for some
i < j.Since xpo j) € L and u is its subword, u € L. Thus L(S(L)) < L.

2. Let X C AY be a subshift. If v C u € L£(X), then u C x for some x € X and
therefore v E x, sov € L(X). If u = X[j jju)> then ux; ) E X, 50 ux; 1y € L(X).
Thus we have proved that £(X) is an extendable language. We show S(L(X)) = X.
If x € %, then for any n, xq0,,) € £(Z), so x € S(L(X)). Thus £ € S(L(X)).
Suppose that x € S(L(X)) and x ¢ X. Since A“\X is open, there exists n such
that [xp,,)] € A*\X. Since x € S(L(X)), xj0,,) € L(X) and there exists y € X
such that y{; j4n) = X[o,n). Thus ol(y) € [x[0.n)] and this is a contradiction. Thus
S(L(X)) CX. O

If ¥ is a subshift and u € £(X) then we denote by
[M]E = [M] nx = {w e X wio,|ul) = I/l}

For a fixed subshift ¥ we often drop the in_dex and write [u1] instead of [u]x. We often
consider symbolic extensions @ : ¥ — R and in this case we have a generalization
of the redundancy test whose proof is the same as that of Theorem 2.18.

Theorem 2.28 Let ¥ C A“ be a subshift and ® : ¥ — Y a surjective continuous
mapping such that for each u € L(X),

{intq>([u])(cb([ua])) Dua e ,C(E)}

is a cover of ®([u]). Then ® is redundant.

2.5 Sofic Subshifts

When we work with a subshift, we want to know whether an infinite word belongs to
the subshift or not. Since we can work only with finite prefixes of infinite words, we
need a device which reads successively the letters of an infinite word and stops (or
signals an error) when the word read does not belong to the language of the subshift.
In the case of an SFT (and in a more general class of sofic subshifts) such a test can
be performed by a finite automaton. A finite automaton is a device with a finite
set B of inner states. When the automaton reads a letter a € A, it changes its inner
state according to a mapping d, : B — B. The change of state upon reading a word
ue A?is §,(p) =0, (649(q))5 80 Oyyu, = 0y, © dy,. For u € A" we get analogously
Oy = 0y, , 000y, If wesetdy = Idg, then 6,, = 6, 0 d,. Thus 6, : B — B form
an iterative systems, but in contrast to iterative systems of Sect.2.3, the mappings
are composed in the reverse order. We assume that the automaton has an initial state
i € B and a set of final (accepting) states F* € B. A word u € A* is accepted
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if 9,(1) € F. We say that L C A* is a regular language, if there exists a finite
automaton (B, 0, i, F) such that u € L iff §,(i) € F.

If L is an extendable language and 9, (i) € F, then §,(i) € F for each prefix v of
u: A word can be accepted only if all its prefixes have been accepted. This property
leads to a simplification of the automaton since the rejecting states in B\ F' are not
needed. We can remove them and leave d,(p) undefined whenever 6,(p) € B\F.
Thus we get partial mappings ¢, : B — B and we write 39,(p) when J, is defined
at p. The compositions d, : B — B are also partial mappings which are defined on
p € B provided all §,, are defined on d,,, (p).

Definition 2.29 An accepting automaton over an alphabet A isatriple A = (B, 0, i),
where B is a finite set of states, § = {6, : B — B : a € A} are partial mappings
and i € B is an initial state. The language and subshift accepted by A are

La={ueA*: 35,30}
Sa={ueA: Vn,30,,, 0

A subshift ¥ € A" is sofic iff £(X) is aregular language iff there exists an accepting
automaton A such that ¥ = X 4 and L(X) = L 4.

We represent accepting automata by oriented labelled graphs whose vertices are
states of B and whose edges p _4, d,(p) are labelled by letters of A. The initial state
is enclosed in a circle. The SFT

2{10} = {Onlw :n>0}U {O“}}

has an accepting automaton with B = {\, 1},i = Adp(A) = X\, 5;(\) = 1,5;(1) =1,
while o (1) is undefined (Fig. 2.3 left). The SFT

00,113 = {(01)¥, (10)*}

has an accepting automaton with B = {\, 0, 1}, initial state i = ), and transition
function 6,(\) = a, d,(a) = 1 — a for a € {0, 1} (Fig.2.3 right).

We give examples of sofic subshifts which are not SFT. The soliton subshift in the
binary alphabet A = {0, 1} consists of words which contain at most one occurrence
of the letter 1, so its forbidden set is

D ={10"1: n > 0}.

Fig. 2.3 Accepting 0
automata for SFT X1y (left) 1 m
and 20,11y (right) 0 C@H 1 1 0 %QDH 1
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Fig. 2.4 Accepting automata for sofic subshifts: the soliton subshift (/eff) and the even subshift
(right)

Its language is accepted by the automaton with states B = {\, 1}, initial state \ and
transition function do(A) = A, 6;(A) = 1, dp(1) = 1 (see Fig.2.4 left). The even
subshift in the binary alphabet A = {0, 1} consists of words which do not contain
an odd number of zeros between two ones, so its forbidden set is

D = {10*"*'1: n > 0}.

Its language is accepted by the automaton with states B = {\, 1, 10}, initial state A
and transition function do(\) = A, §;(\) = 1, 0;(1) = 1, do(1) = 10, dp(10) = 1
(see Fig.2.4 right).

Definition 2.30 Given a subshift ¥ C A%, the follower set of u € A* is
Fo={veAY: uve X}
Given an accepting automaton A = (B, 4, i), the follower set of p € B is
Fp={v e A¥: Vn,30,,,(p)}.

Clearly F,, F, € A“ are closed sets and F, # ¥ iff u € L(X). For the empty
word we have F), = X. For the initial state i € V we have J; = X 4. For the subshift
311 there are just two follower sets: for each word u € {0, 1}* we get F,0 = X,
Fu1 = {Ou : u € X}. For the soliton subshift we have also two follower sets:
Fu. = X provided 1 Z u and F, = {0¥} otherwise.

Proposition 2.31 Ifu,v € A* and F, = F,, then F,, = Fy, foreach a € A.
Proof If w € F,, then uaw € L(X),soaw € F,, aw € F,, and w € F,. O

Theorem 2.32 X is a sofic subshift iff the set {F, : u € A*} of its follower sets is
finite. In particular, every SFT is sofic.

Proof It ¥ = ¥4 with A = (B,9,i) and u € L(X), then F, = F, where
p = 0,({) € B. Since B is a finite set, {F, : u € L(X)} is finite too. Con-
versely assume that B = {F, : u € L£(X)} is a finite set. We construct an accepting
automaton A = (B, ¢, F,) with initial state i = F), = X. Define the transition
function by d,(F,) = F,, provided ua € L(X), otherwise J,(F,) is undefined. By
Proposition 2.31, this definition is correct. If u € ¥ then 5u[0,")(}" V) = Fu SO

[0.n) *
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Fig. 2.5 Accepting automata for the binary signed subshift with forbidden set D =
{10, 11, 00, 10, 11, 00} (leftr) and symmetric continued fraction subshift ¥ = {1, 0}* U {0, 1}
(right)

u € X 4. Conversely, if 39, (F,) for each n, then upp ) € L(X),sou € X.
If ¥ is a SFT of order p > 2, then F,, = F, forevery u € A* and v € A?~!. Thus
{F, : ve AP~} is the set of all follower sets. O

The construction of an accepting automaton is particularly simple for subshifts
of finite type. If ¥ is a SFT of order p we take

B={ueLl(X: |lul<p}

Foru € B,a € A, let 6(u, a) be the longest suffix of ua which belongs to B. The
initial state is i = \. Then A = (B, J, i) is an accepting automaton for X. However,
this automaton need not be the minimal one since the follower sets of words of B
need not be all different. This can be tested by a simple criterion: 7, = F, iff for
all w € A* with |w| < p, uw € L(X) iff vw € L(X). For example for the subshift
(T, 0}*U{0, 1}* of the system of symmetric continued fractions from Definition 1.17
we get B = {)\,T, 0, 1,6}. However, /1 = F5 = {T, 6}’“’, Fo = F1 = {0, 1}¥, so
there exists an accepting automaton with states B = {\, 1, 1} (Fig.2.5 right).

2.6 Labelled Graphs

Let A = (B, 0, i) be an accepting automaton. We say that a state p € B is reachable,
if §,(i) = p for some u. In an accepting computation, only the reachable states
appear, so we can remove all nonreachable states without changing the accepted
language. An accepting computation may start at any reachable state.

Proposition 2.33 Let A = (B, 9, 1) be an accepting automaton whose every state
is reachable. Then for each u € A* we have 36, () iff 3p € B, 3, (p).

Proof 1f §,,(p) = g, and 6, (i) = p, then §,, (i) = g sovu € L(X) andu € L(X).O
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In an accepting automaton whose all states are reachable, the initial state need not
be distinguished, since an accepting process can start at any state of B. The automa-
ton is thus reduced to a partial iterative system 0, : B — B. The accepted language
of dis L5 = {u € A*: Ip,3d,(p)}. Since the computation may start at any state,
we say that such an automaton is nondeterministic. A nondeterministic automaton
may have fewer states that the deterministic one. For example if we remove from
the accepting automaton of the even shift the initial state \, we get a nondetermin-
sitic automaton which accepts the same language (see Fig.2.4 right). Its states are
B = {1, 10}, and the transition function is given by d;(1) = 1, y(1) = 10,
00(10) = 1. Conversely, a language accepted by a nondeterministic finite automaton
is accepted also by a deterministic automaton (Theorem 2.36). However, the num-
ber of states of a deterministic automaton may be much (exponentially) larger. A
nondeterministic finite automaton can be equivalently described by a finite labelled
graph.

Definition 2.34 1. A labelled graph over an alphabet A is a pair G = (B, E),
where B is a finite set of vertices and £ € B x A x B is a set of labelled edges.

2. The source and target maps s,¢ : E — B are the projections s(p, a,q) = p,
t(p,a,q) = q. We assume that Vp € B, 3e € E, s(e) = p. The labelling map
£ : E — Ais the projection £(p, a,q) = a.

3. The edge subshift of G is

Yo =f{ueE: Vi>0tu)=su) S E“.

3. The subshift of G is X5 = {£(u) : u € X5} S A~.
4. The language of G is L = L(Xg).

Note that X is a SFT of order 2. A path is a finite or infinite word u € E*U E“ such
that? (u;) = s(u;+1). Afinite pathis equivalently described by a pair (p, u) € B*x A*
suchthat |p| = |u|+1and (p;, u;, pi+1) € E foralli < |u|. An infinite path is a pair
(p,u) € BY x A¥ ~ (B x A)* such that (p;, u;, p;+1) € E for all i. Thus the edge
subshift may be equivalently defined as a subset of (B x A)“. The labelling map ¢
can be extended to the continuous mapping £ : E¥ — A“ defined by £(u); = £(u;).
It follows that X = £(Xs|) is compact and therefore it is a closed subset of A“.
Since X is also shift-invariant, it is a subshift. Thus we have

Proposition 2.35 If ¥ C A¥ is a sofic subshift, then there exists a labelled graph
G such that ¥ = Y.

Proof Given an accepting automaton A = (B, §, i), we construct the labelled graph
G = (By, E), where By = {6,(i) : u € A*} is the set of reachable states and
E={(p,a,q) € By x Ax By: 6,(p) =q}. o
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Proposition 2.36 Any subshift of any labelled graph is sofic.

Proof LetG = (B, E) be alabelled graph, let Q = P(B)\{{} be the set of nonempty
subsets of B. Define transition functions J, : Q — Q by

0M)y={qe Q: Jec E,s(e) € M,t(e) =q,l(e) =a}

provided d,(M) is not empty, otherwise d,(M) is undefined. The initial state is
B € Q. We show that (Q, 8, B) accepts L(Xg). If

Up—]

ug Up—2
qgo —> 41" —> Gn-1 —> {qn

is a path in G, then ¢, € 6,(V), so 0,(V) # ¢ and u is accepted. Conversely, if
0,(V) # 9, then pick some g, € 6, (V). There exists g,_1 € y,_, (V) such that
qn-1 Y qn 1s a labelled edge in G. Continuing backwards, we obtain a path in G
with label . m]

Definition 2.37 A morphism from a subshift ¥ C A“ to a subshift ® C B¥ isa
continuous mapping F' : ¥ — O such that for every u € X, o(F(u)) = F(c(u)).
If F is surjective, we say that ® is a factor of X.

a
_

<™
®<~—M
~

a
_

Proposition 2.38 Any morphism F : ¥ — ® C B“ is a sliding block code.
This means that there exists r > 0 and a local rule f : L' (X) — B such that

F(x)i = f(X[ii+r)) for every x € Z.

Proof Since F is uniformly continuous, for ¢ = 1 there exists § > 0 such that if
d(x,y) < d,then d(F(x), F(y)) < 1. Take r > 0 with 27" < §. Then

X0 = Yoy =>dx,y) <27 <d = d(F(x),F(y) <1
= F(x)o = F(y)o-
Thus F(x)o depends only on the first r letters of x, and there exists a local rule

f + L"(¥) — B such that f(xjp,) = F(x)o. Since F is a morphism, we get
F(x), = 0" (F(x))o = F(a"(x))o = f(0"(X)0,n) = f Xpnntr))- mi

Theorem 2.39 (Weiss [4]) A subshift is sofic iff it is a factor of an SFT.

Proof 1f ¥ is sofic, then ¥ = X for some labelled graph G and € : (26|, 0) —
(X¢, o) is a factor map with SFT Zg,.
Conversely, let F : (¥,0) — (0, 0) be a factor map, ¥ € A“ an SFT and ® =
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F(®) C BY. Let p be the order of X, so u € X iff uj 4, € L(X) for all i.
By Proposition 2.38, there exists a local rule f : £"(X) — B such that F(x); =
S (xiir). We can assume r > p. Define a labelled graph G = (V, E), where
V =L71(D),

E = {(au, f(aub),ub) € V.x BxV : a,be€ A,aub € L (2)}

We show that £; = ©. If v € © then there exists # € ¥ such that v = F(u) and

we have a path

wugor—1y 0wy T

with label v, so v € . Conversely, if v € X then we have a path in (V, E) with
label v. Then uy; j4,—1) € L(X),sou € X andv = F(u) € ©. Thus 2o =0. O

Definition 2.40 1. We say thata graph G = (B, E) is right-resolving if (p, a, q),
(p,b,r) € E and a = b implies g = r, i.e., if the edges with the same source
carry different labels.

2. We say that G = (B, E, i) is an initialized graph, if (B, E) is a graph, i € B,
Fi = X, there is no edge with target i and for each p € B\{i} there exists a
pathi % p.

3. We say that G = (B, E, i) is a deterministic graph, if it is initialized and
right-resolving.

For any graph G there exists an initialized graph with the same language. We
just add to G a new vertex i and for any edge p % ¢ we add a new edge i - gq.
Alternatively, if we allow edges with label \, we may add edges i *, p for each
vertex p of G. The deterministic graphs are exactly graphs of accepting automata,
so each sofic subshift is a subshift of a deterministic graph. If G is a deterministic
graph then there exists a continuous mapping v : ¥ — X|g| such that £(v(u)) = u
for each u € ¥g. For u € Xg, v(u) is the unique path with source i and label u.
Note that v is continuous but does not commute with the shift map, so it is not a
morphism.
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