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Abstract

We study the images of the Markov measures under transformations gen-
erated by the Mealy automata. We find conditions under which the image
measure is absolutely continuous or singular relative to the Markov measure.
Also, we determine statistical properties of the image of a generic sequence.
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1 Introduction

Finite Mealy-type automata (and closely related to them Moore-type automata) play
an important role in computer science. Such automata also play remarkable role
in algebra, dynamical systems, theory of random walks, spectral theory of graphs,
operator algebras, holomorphic dynamics and other areas of mathematics (see for
instance [0] and references therein).

The main feature of an initial deterministic automaton A, with a finite input
alphabet X and output alphabet Y is that it transforms finite words (strings) over
X into words of the same length over Y, and this transformation can be extended
to a map ,Zlq : XN — YN defined on the space XV of infinite words. If the input
and output alphabets coincide then one can iterate the map /lq which leads to the
dynamics on the space X* of all finite words over X as well as on the space X" of
infinite words. Also, we can compose different maps of this kind, which leads to the
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Figure 1: The odometer, also known as the adding machine

automaton semigroups or groups (in the invertible case). The space X is endowed
with the natural product topology which makes it homeomorphic to a Cantor set.
The map flq is continuous with respect to this topology and the pair (flq, XMy is a
topological dynamical system. A famous example of this sort is given by the odometer
(see Figure [1]).

The map flq : XN — X" can be viewed as transducer that transforms the input
sequence of symbols into output sequence and it can be considered as a coding map.
One may be interested in what happens statistically with the sequence after such
transformation. For instance, what happens with the frequency of occurrence of a
fixed symbol from the alphabet? Or what happens with the probability distribution
on the space of sequences if the input sequence is random?

Ryabinin [10] (see also [§], where more details are given) raised the above ques-
tions in the case of the binary alphabet when different input symbols have identical
and independent distribution. In terms of ergodic theory, this means that the input
sequence is generic with respect to a Bernoulli measure p. It was observed that the
output sequence is in general distributed according to a different law, just because of
the change of the frequencies of symbols. Moreover, given the frequency p of symbol
1 in a p-generic sequence, a formula was suggested for the frequency f(p) of 1 in
a sequence generic with respect to the image measure (/lq)*,u. The function f was
suggested to be called a stochastic function. No justification of the formula for f(p)
was given. A formula with a heuristic argument was presented in the book [g].

The shift map o acts on sequences by deleting the first symbol and hence sta-
tistical properties of a p-generic sequence are impacted by ergodic properties of o
relative to p. While the Bernoulli measures are shift-invariant and ergodic, their im-
ages under flq are usually not. The nature of the images was thoroughly studied by
Kravchenko [7] in the case of the alphabet of arbitrary cardinality and a formula for
the frequencies of symbols in the output sequences was found and justified. More-
over, he showed that in the case when automaton A, has polynomially bounded
activity (as defined by S. Sidki [11]), the image measure is absolutely continuous
with respect to u, while in the case of a strongly connected automaton it is typically
singular with respect to p. Singularity was proved by comparing the frequencies at
which various symbols occur in a p-generic input sequence and the corresponding



output sequence.

This paper generalizes and extends the results of Kravchenko to the case when the
measure p belongs to a more general class of Markov measures. First we show that
the image (A,).p is absolutely continuous with respect to p if the automaton A, is
of low activity (Theorem [3.4)). This result is extended to non-invertible automata as
well as to transformations generated by automata with infinitely many states. We do
have a restriction though. Indeed, the Markov measures can have forbidden words,
when certain transitions in the corresponding Markov chain have zero probability.
The automaton must not transform any allowed word into a forbidden one. Our
next result is a formula that expresses the frequencies of symbols in a sequence
generic with respect to the image measure (Theorem {4.7)), which is then generalized
to calculate frequencies of arbitrary words (Theorem . In these two theorems, the
automaton is supposed to be strictly connected. The proof uses the idea of converting
the Markov chain on the alphabet X of the automaton 4, (given by a stochastic
matrix L that defines u) into a Markov chain on the product S x X (where S is a set
of states of A;). The latter is determined by a stochastic matrix 7" constructed as
a kind of a skew product. This allows to represent (flq)*p as composed of pieces of
a measure () that is the image under a 1-block factor map of a Markov measure on
(S x X)N. Special attention is devoted to the case when the stationary probability
vector t of the matrix 7" decomposes as a tensor product of the stationary probability
vector I of L with another probability vector k. This condition holds, e.g., when p
is a Bernoulli measure or the automaton is reversible. For our last result, under
assumptions that ¢ = k ® I and the automaton is invertible and strongly connected,
we prove that the Markov measure p and its image (.,Zlq)* 1 are either singular or the
same (particular cases lead to Theorems and [7.9).

The Bernoulli and Markov measures belong to the class of finite-state (or self-
similar) measures, which was considered by the authors in [5]. This looks like a
natural class for future generalizations.

Now let us discuss possible applications of the results obtained in this paper. First
there is very interesting group theory related to the finite automata of Mealy type.
Namely, given a non-initial invertible automaton A, we can set any state ¢ as initial.
Hence the automaton generates several invertible transformations ./Zlq XN XN
which in turn generate a transformation group G(.A). Groups of this kind are called
automaton (or self-similar) groups [9] and they play an important role in group
theory as they were used to solve a number of famous problems and find applications
in many areas of mathematics [I]. The results of the present paper allow for a deeper
study of such groups and their relation to the dynamics and information theory.

Secondly, if the automaton A is of polynomial activity, then the Markov measures



are quasi-invariant with respect to the group G(.A) and therefore can be used to build
a Koopman type unitary representations in the Hilbert space L*(XY, ). Study of
such representations was initiated by A. Dudko and the first author in [4], where it
was shown that there are many pairwise disjoint representations of this type, they
are irreducible and possess a number of interesting and useful properties.

2 Preliminaries

2.1 The shift and the Markov measures

Let X be a finite set consisting of more than one element. We refer to X as the
alphabet. Elements of X are referred to as letters, symbols or characters. Let X*
denote the set of all finite strings ;x5 ...z, of letters from X (including the empty
one &). We refer to them as words over X and write without any delimiters. Ele-
ments of X are identified with one-letter words in X*. Let X~ denote the set of all
infinite sequences (or infinite words) w = wjwows ... over X. Given u,w € X* and
w € XN, we can naturally define the concatenations uw € X* and uw € X". Then
u is called a prefiz of the word uw and the sequence uw.

The set X" is endowed with the product topology. The topology is generated by
the cylinders, which are sets of the form uX" = {uw | w € XN}, where u € X*. The
shift over the alphabet X is a transformation o : XN — X" given by (0(w)), = wni1
for all w € XY and n € N. The shift is continuous and non-invertible. To simplify
notation, we use the same symbol ¢ even when dealing simultaneously with shifts
over different alphabets.

Suppose 1 is a Borel probability measure on X". By Kolmogorov’s theorem, s
is uniquely determined by its values on the cylinders. Conversely, for any function
[ X* = [0,00) satisfying f(@) =1and ) .y f(wz) = f(w) for all w € X*, there
is a (unique) Borel probability measure v on X~ such that v(wX") = f(w) for all
w € X*. The measure y is shift-invariant if u(c=*(E)) = E for any Borel set E C
XN A necessary and sufficient condition for this is that > p(zwX") = p(wX")
for all w € X*. The shift-invariant measure y is ergodic if any Borel set £ C XV
satisfying 0~!(E) = F has measure 0 or 1.

Let Y be another alphabet and g : XN — YN be a Borel measurable map. Given
a Borel probability measure 1 on X, the pushforward of 1 by ¢, denoted g.y, is
a Borel probability measure on YN given by g.u(E) = u(g*(E)) for all Borel sets
E C YN, If the map ¢ intertwines the shifts on X~ and Y, that is, go = og, then
the pushforward measure g, is shift-invariant whenever y is shift-invariant. In the
case ¢ is continuous, it satisfies go = og if and only if there exist an integer £ > 1 and



a function ¢ : X* — Y such that (g(w))n = ¢(Wn, Wni1,. - wWnik_1) for all w € XV
and n € N. Such a map is called a k-block factor map. Note that the shift itself is
a 2-block factor map.

Any function p : X — R can be interpreted as a vector p = (ps)zex which
coordinates are indexed by symbols in X. We use both p(z) and p, as notation for
the coordinates. If the set X is naturally ordered, we can write p as a usual row vector.
The vector p is a probability vector if p, > 0 for all z and ) p, = 1. The probability
vector defines a Bernoulli measure 1 on XY by (2129 ... 2, XY) = pe,Day - - - Da,,
for any x1, 29, ...,x, € X. Any Bernoulli measure is shift-invariant and ergodic.

Any function L : X x X — R can be interpreted as a matrix L = (Lyy)syex
which rows and columns are indexed by symbols in X. We use both L(z,y) and L,,
as notation for the entries. If the set X is naturally ordered, we can write L as a usual
matrix. The matrix L is stochastic if all entries are nonnegative and > L, = 1
for all y. The stochastic matrix defines a Markov chain on X such that L,, is the
probability of transition from x to y. The stochastic matrix L is called irreducible
if the Markov chain is irreducible, which means that for any x,y € X we can find
Ty = T,T,...,T, =y such that L,,, , > 0for 1 < <n—1. Given a stochastic
matrix L = (L,y),yex and a probability vector I = (I,).ex, we define a Markov
measure ;. on X" by

N
p(rizozs ... w0y X)) = Uy Lyyay Lagas « - Ly 12,

for any xy, 9, x3,...,2, € X. The Bernoulli measures are a particular case of the
Markov measures, when each row of the matrix L coincides with I. The Markov
measure p is shift-invariant if and only if I is a stationary probability vector of the
matrix L, which means that IL =1, i.e., ) l,L,, =1, for all y. If, additionally, L is
irreducible then the Markov measure is ergodic. Moreover, the stationary probability
vector of an irreducible stochastic matrix is unique and positive. For more details on
Markov measures, see, e.g., [3]. In what follows we consider Markov measures that
are shift-invariant but not necessarily ergodic.

Given a sequence w € X and a letter z € X, let N(n) be the number of times
x occurs among the first n terms of w. The limit of N(n)/n as n — oo, if it exists,
yields the asymptotic frequency at which = occurs in the sequence w. We denote
this limit by freq,(x). If the limit does not exist then freq,(z) is not defined. Let
Y.xt be the characteristic function of the cylinder zXV. It is easy to see that

freq,(z) = lim — Z Xaxv (o

n—oo M



Similarly, for any nonempty word u € X* the limit

freq,(u) = lim — quxN

n—oo N,

if it exists, yields the asymptotic frequency at which uw occurs as a subword in w
(compared with other words of the same length in X*).

Suppose 4 is a Borel probability measure on XN. If 4 is shift-invariant then it
follows from the Birkhoff ergodic theorem that freq,(u) is defined for p-almost all
w € XN If, additionally, p is ergodic then freq,(u) = p(uX") for p-almost all w.

2.2 The Mealy-Moore coding

In this article we consider the Mealy automata, which are the simplest type of trans-
ducers with input and output (for a detailed exposition, see [6]). By definition, a
Mealy automaton (or simply an automaton) is a quadruple A = (X, S, 7, \)
consisting of two nonempty finite sets X (the input/output alphabet) and S (the set
of states), and two functions, the transition function 7 : S x X — S and the output
function A : § x X — X. (One can consider a more general construction where the
automaton has separate input and output alphabets X and Y’; then A takes values in
Y.) These functions are naturally extended to functions on S x X* by 7(s, @) = s,
A(s, @) = @, and recursive rules

A(s, zw) = A(s,x) A

A
»
-’
E

where x € X and w € X*. The same recursive rules allow to extend 7 and A to
functions on S x X, but this time w € X".

Selecting a state g € S as initial makes A into an initial automaton. The initial
automaton generates transformations of X* and of X, both given by w — (g, w)
and referred to as the action of the state g or, more generally, as an automaton
transformation. The state g is nontrivial if the action is nontrivial. Note that the
action on X* uniquely determines the action on XV, and vice versa. By overloading
notation, we use g to denote either transformation.

All automaton transformations of X are continuous. An automaton with one
state generates a 1-block factor map. No block factor map that is not a 1-block
factor map can be generated by an automaton.

Any automaton A = (X, 5,7, A) can be pictured using its Moore diagram,
which is a directed graph with labeled edges. The vertices are the states and the



edges correspond to transition routes (loops and multiple edges are possible). Every
edge carries a label consisting of two fields. The top (or left) field is the input letter
that invokes that particular transition. The bottom (or right) field is the output

letter produced during that. Hence every edge is of the form s = s’ or s % s’, where
y

7(s,x) = s and A(s,z) = y. Multiple edges can be pictured as a single edge with
multiple labels. The action of a state g on X* can be described using paths in the
Moore diagram. Namely, given an input word zxs...x, € X*, we need to find a
path of the form
gx—l>81x%2...$—n>8n.
Y1 Y2 Yn

Such a path exists and is unique. Then g(z122...2,) = XNg, z129 ... Zn) = Y1Y2 - . - Yn
and 7(g,z122...2,) = s,. Likewise, the action of g on XY can be described using
infinite paths.

The automaton A is called strongly connected if its Moore diagram is a
strongly connected graph, which means that there is a path from any state to any
other state.

The automaton A = (X, S, 7, \) is called invertible if each state acts on X by
a permutation, that is, the function A(s,-) : X — X is invertible for any s € S.
Assuming this, let X (s,x) be a unique letter such that \(s, N'(s,x)) = z. Also, let
7'(s,x) = m(s,N(s,x)). Then A" = (X,S,7', ') is called the inverse automaton
of A. In terms of the Moore diagrams, the automaton A’ is obtained from A by
interchanging the two fields of each label. The action of any state s € S on X* (or
on XV) generated by A’ is the inverse of the action of the same state generated by
A. Tt follows that the automaton is invertible if and only if the action of each state
on X* (or on XV) is invertible. In the case the automaton is strongly connected, it
is enough to know that the action of one state is invertible.

2.3 Endomorphisms of a regular rooted tree

Given an alphabet X, let 7(X) be a graph with the vertex set X* in which two
vertices are connected by an edge if and only if one of them is obtained by adding
one letter at the end of the other. Then T (X) is an m-regular rooted tree, where
m = |X|, the number of letters in X. The root is the empty word. All words of
a fixed length k& form the k-th level of the tree as they are at distance k£ from the
root. An invertible map g : X* — X* is an automorphism of the tree 7(X) if it
maps adjacent vertices to adjacent vertices. Any automorphism fixes the root and
hence preserves each level of 7(X). An arbitrary map ¢ : X* — X* is called an
endomorphism of the tree 7(X) if it maps adjacent vertices to adjacent vertices



and also preserves each level. An equivalent condition is that g preserves the length
of any word and does not decrease the length of the longest common prefix of any two
words. In particular, any automaton transformation of X* is a tree endomorphism.

The set X of infinite sequences is naturally identified with the boundary of the
rooted tree T (X), which consists of infinite paths without backtracking that start
at the root. Consequently, any tree endomorphism A : X* — X* induces a unique
transformation i : XN — XN such that h(u) is a prefix of h(w) whenever u € X*
is a prefix of w € XN. If h is an automaton transformation, then his generated by
the same initial automaton. Note that i does not decrease the length of the longest
common prefix of any two sequences. Moreover, any transformation of X with the
latter property is induced by a unique tree endomorphism. In view of this, we refer
to h itself as a tree endomorphism and also as the action of h on XV.

Given a tree endomorphism g : X* — X* for any word u € X* there exists a
unique map g|, : X* — X* such that g(uw) = g(u) g|.(w) for all w € X*. The map
glu, which is also a tree endomorphism, is called the restriction (or section) of g by
the word u. The restriction g, describes how ¢ acts inside a subtree of 7 (X) with
the vertex set uX* = {uw | w € X*}, which is canonically isomorphic to the entire
tree. Likewise, we can define restrictions for a tree endomorphism g : XV — XN
(but this time w € XY). If a tree endomorphism g is generated by an automaton
A = (X, S, 7, \) with initial state g, then any restriction g/, is the action of another
state of the same automaton, namely, 7(g,u). In the case the automaton is strongly
connected, all states are restrictions of one another.

A tree endomorphism is called finite-state if it has only finitely many distinct
restrictions. Given a finite-state tree endomorphism ¢ : X* — X*, we associate
to it the automaton of restrictions A = (X, S,m, A), where S = {g|, : w € X*},
m(s,z) = s|, and A(s,z) = s(z) for all s € S and © € X. Then g is generated
by A with initial state g. An arbitrary endomorphism of 7(X) could be similarly
generated by the automaton of restrictions if we allowed automata with infinitely
many states (see [6]), which we do not.

3 'Tree endomorphisms of low activity

Suppose a transformation g : X* — X* is an endomorphism of the regular rooted
tree 7(X). For any integer n > 0 let Ry(n) denote the number of words w € X* of
length n such that the restriction g|, is nontrivial (i.e., not the identity map). The
function R, describes the activity growth of g as the length of input increases. It
is not uncommon that only few (if any) restrictions of g are trivial, in which case
R,(n) grows exponentially in n, i.e., Ry(n) > ¢" for some ¢ > 1 and all sufficiently
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large n. For example, if ¢ is generated by an automaton with no trivial state, then
all restrictions are nontrivial so that R,(n) = | X|" for any n. However in this section
we are looking for transformations with much slower activity growth.

We say that the endomorphism ¢ is of polynomial activity growth (or simply
of polynomial activity) if the function R,(n) grows at most polynomially in n,
that is, Ry(n) < cn® for some ¢,a > 0 and all n. Similarly, we can consider endo-
morphisms g of bounded activity, when the function R, is bounded (they form
a smaller class), and of subexponential activity growth, when R, (n) < ¢" for
any fixed ¢ > 1 and all sufficiently large n (those form a larger class). Note that
(9]w)w = Guw for all u,w € X*. Therefore Ry, (n) < Ry(n+k), where k is the length
of u. It follows that all three classes are closed under taking restrictions.

If a restriction g|, is nontrivial, then so is the restriction of g by any prefix of
u. As a consequence, R,(n + 1) < |X|R,(n) for all n. Conversely, if a function
f : NU{0} — NU {0} satisfies f(0) < 1 and f(n+ 1) < |X|f(n) for all n > 0,
then f is the activity growth function of some tree endomorphism. Hence various
tree endomorphisms exhibit a huge variety of activity growths including intermediate
between polynomial and exponential. As there are only countably many finite-state
tree endomorphisms, their activity growth cannot be so diverse. In fact, any finite-
state endomorphism has either polynomial or exponential activity growth. There is
an elegant criterion, due to Sidki [I1] who introduced the notion of activity growth,
that allows to distinguish between these two possibilities.

Proposition 3.1. All tree endomorphisms generated by an automaton A have poly-
nomial activity growth if and only if the Moore diagram of A does not admit two
distinct simple cycles through any nontrivial state.

Given a tree endomorphism ¢ : X* — X*, let us associate to it two sets of finite
words. The set V' (g) consists of all w € X* such that the restriction g, is trivial
whenever g(u) = w. This includes a possibility that no such words u exist. If g is
invertible, then w € V(g) if and only if g7, is trivial. The set Vi,ax(g) is a subset
of V(g). A word w € V(g) belongs to Vi,ax(g) if no word in V(g) is a proper prefix
of w.

In the case g is invertible, it is an automorphism of the regular rooted tree 7 (X),
and so is the inverse g~'. In this case, any word w € V(g) corresponds to a subtree
wX* such that the action of ¢g~! inside wX* is trivial. Words in Vi,ax(g) correspond
to maximal subtrees of that kind.

Now we turn to the action of g on X". By definition of the set Vi (g), the cylin-



ders wXN, w € Vipax(g) are disjoint subsets of XN, Let us consider the complement

Q=x"\ | wx™

WE Viax(g)
The size of the set 2, depends on the activity growth of g.

Lemma 3.2. Suppose g : XN — XV is a finite-state tree endomorphism of polyno-
mial activity. Then the sets Q, and g~*(Q,) are at most countable.

Proof. Let A = (X,S,m, A) be the automaton of restrictions of g. Then every state
of A is of polynomial activity. By Proposition [3.1], the Moore diagram of A does not
admit two distinct simple cycles through any nontrivial state.

Let € denote the set of all sequences w € X N'such that the restriction of g
by any prefix of w is nontrivial. Given w = zjzew3... € (), consider a sequence
of states sg, s1, s2, ... that the automaton A with initial state g goes through while
processing the input w. We have sy = g and s, = 7(s,_1,x,) for n > 1. Each s, is
nontrivial since w € €. As there are only finitely many states, some s € S is visited
infinitely often. If s, = s, = s for some k£ and n, k < n, then s]xkﬂkamxn = s.
Let u be the shortest nonempty word in X* such that s|, = s. Since the Moore
diagram of A does not admit two distinct simple cycles through any nontrivial state,
it follows that s|, = s if and only if the word w is obtained by repeating u several
times. We conclude that some tail of the sequence w coincides with the periodic
sequence uuu . .. so that w is eventually periodic. As there are only countably many
eventually periodic sequences in XV, the set (), is at most countable.

Next we show that €2, C g(€2), which will imply that €, is also at most countable.
Indeed, let w = xx923... be in Q,. Then no prefix xxs...2, of w belongs to
V(g). Hence there is a word u(™ of length n such that g(u™) = z125... 17, and
the restriction g|,m) is nontrivial. Since X is a finite set, we can build inductively a
sequence w’ € XN such that any prefix of ' is also a prefix for infinitely many words
u™. If a word w occurs as a prefix for another word u, then g(w) is a prefix for
g(u) and gl,, is nontrivial whenever g|, is nontrivial. It follows that g(w’) = w and
w' € ) so that w € g(€2).

Let w € Q, and suppose ' is a pre-image of w under the transformation g. If
w' is not in €2 then there is a prefix u of w’ such that the restriction g|, is trivial.
This implies that g does not change the tail of w’ following the prefix u. Hence w
can be obtained from w’ by changing some letters in the prefix u. We conclude that
any element of g~ (€) \ € coincides with some element of €, up to finitely many
terms. Note that for any w € XV there are only countably many sequences in X
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that coincide with w up to finitely many terms. Since the sets €, and €2 are at most
countable, it follows that ¢~(£,) is at most countable as well. [

A Borel measure on XV is called non-atomic if every one-element set has mea-
sure zero. Under the assumptions of Lemma [3.2] we have u(€y) = p(g~'(€y)) = 0
for any non-atomic measure p.

Lemma 3.3. If g : X — XV is a tree endomorphism of subexponential activity
growth, then 1u(Qy) = u(g=(,)) = 0 for any non-atomic Markov measure p on X".

Proof. Let p1 be an arbitrary non-atomic Markov measure on X", It is defined by a
stochastic matrix L with stationary probability vector [. First we need to estimate
measures of cylinders. Let ag be the largest entry of L different from 1. Let m be
the number of letters in X. We claim that pu(wX") < ca™ for any word w € X*
of length n > 1, where ¢ = ay' /™ and a = a/™ (note that a < 1). Assume
the contrary: pu(wXY) > ca™ for some w = x5 ...x,, where each 7; € X. The
measure is given by u(wX") =1, Ly 4y - - Le,_,2,, Where no factor in the product
exceeds 1. Since ca™ = af"™/™ 7 the sequence Ly, oy, Layay, - - - L, s, contains
no more than (n — 1)/m — 1 numbers different from 1. Also, n — 1 > m since
oM < (wXY) < 1. Tt follows that the sequence admits m consecutive 1s.
That is, Ly, = 1 for k <i < k+m — 1, where 1 <k <n —m. Then some letter
x € X occurs more than once in the word zyTj41 ... Tpym, that is, z;, = x5 = x
for some 7 and j', kK < j < j/ < k+ m. Let us take the first j letters of w and
append to them the word 12,42 ...z; repeated infinitely many times. We obtain
an infinite sequence w = 1923 ... in XN, By construction, y; = x; for 1 < i < j
and Ly, , = 1 for i > j. As a consequence, a cylinder ... y; X N has the same
measure M =l Ly, - .. Ly, o, for all i > j. This measure is not zero since p(wX )
is not zero. The cylinders gy ...y X" are nested and their intersection is {w}. It
follows that u({w}) = M # 0, which contradicts with u being a non-atomic measure.

For any n > 1 let W/ denote the set of all words w € X* of length n such that
the restriction g|, is nontrivial. Further, let W,, = g(W}). For any k, 0 < k < n,
let W, be the set of all words of length n that coincide with a word in W,, up to
changing some of the first k letters. The cardinality of the set W} is |W) | = R,(n).
Then |W,,| < [W)| = Ry(n) and |W, x| < |X|*|W,| < mFR,(n).

Let =/ be the union of cylinders wX™ over all w € W/, let =, be the union of
wXN over all w € W, and let Z,,; be the union of wX™ over all w € W,, ;. Since
pwwXN) < cam for any word w of length n, it follows that (=) < ca”R,(n), u(Z,) <
ca"Ry(n) and (=, 1) < ca™m*R,(n). By assumption, R,(n) grows subexponentially
in n. Since a < 1, we conclude that u(=), u(=Z,) and pu(=Z,x) all tend to 0 as n — oo.
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Just like in the proof of Lemma consider the set €2 of all sequences w € X N
such that the restriction of g by any prefix of w is nontrivial. Clearly, () C =] for all
n. Since p(=;,) — 0 as n — oo, the set ) has measure zero. Just like in the proof of
Lemma , we can show that Q, C g(€2;). Then Q, C =, for all n. Since u(=,) — 0
as n — oo, the set 2, has measure zero. Further, we can show that any pre-image
under g of any w € €, either belongs to €2 or coincides with w up to finitely many
terms. Hence any element of g~1(£2,) \ ), belongs to Z, . for some k (depending on
the element) and all n. Since (=, ) — 0 as n — oo for any fixed k, it follows that
1(g71(Qy) \ Q) = 0. We already know that u(€2) = 0. Thus pu(g~"'(€,)) =0. O

Lemmas [3.2] and [3.3] suggest that a tree endomorphism of slow activity growth
changes only finitely many terms in a generic infinite sequence w € X~. This obser-
vation leads to the following result.

Theorem 3.4. Let 1 be a non-atomic Markov measure on X" and g : XV — XN
be a tree endomorphism of suberponential activity growth. Then the measure g
is absolutely continuous with respect to p if and only if p(wrXY) = 0 implies
(g H(wzXN)) = 0 for all w € Viax(g) and x € X. If this is the case, then the
Radon-Nikodym derivative is given by

dg.pu 3 pu(g~H (wz X)) _— (3.1)

o N
d/JJ WEVmax(g), z€X: ,LL(U)Z'X )

n(wz X140

Proof. If the measure g, is absolutely continuous with respect to p, then u(E£) =0
implies (g Y(E)) = g.u(E) = 0 for any measurable set £ C XY. Hence the
conditions of the theorem are clearly necessary. Now assume they hold. We need to
show that g,u = Dpu, where the function D : XN — R is given by .

Consider any w € Viyax(g) and z € X such that p(wxXY) # 0. Let 8, =
(g (wz X)) /pu(wzX"Y). First we are going to show that g.u(C) = &, .u(C) for
any cylinder C C wzX". The cylinder C is of the form wzw XY, where v’ € X*.
Let U,, be the set of all words u € X* such that g(u) = w. The pre-image g~'(wX")
is the disjoint union of cylinders uX™, u € U,,. Since the restriction g|, is trivial for
each u € U,, it follows that ¢g~'(wxX"Y) is the union of cylinders ux X", u € U,,
while ¢g71(C) is the union of cylinders uzw' X", v € U,. Let w = z125...2, and
w = 2174 ... 7, (15,7, € X). The Markov measure p is defined by a stochastic
matrix L with stationary probability vector [. We have

pwwrX™) =1, Lavwy - Loy o, Lz, s
1(C) =layLayoy - - Lay 0, Lopo Laat Latay - - Loy o
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which implies that p(C) = p(wzX N)mel Lty .. Ly o . Similarly,
pluzw' XN = /ub(uach\])Lm/1 Laray - L

!
k—1%k

for all words v € X*. Summing up the latter equality over u € U,,, we obtain

(g () = (g™ (waX™)) Loy Latay - - Lyt

It follows that
g*:u(0> = u(g_l(C)) = 5w,z/~b(wxXN)Lxx’le’lx’2 oo Lm;cﬂx;c = 5w,mﬂ(0)'

To prove that g, = Dy, it is enough to show that the two measures agree on all
cylinders. Take any cylinder C' C X". The set X" is the disjoint union of 2, and
all cylinders of the form wz X", where w € Viyae(g) and z € X. By definition, the
function D takes a constant value on each wx X", which is 8, if u(wzX") # 0 and
0 otherwise. Also, D is zero on €. It follows that

/CD(w) du(w) = Z Sw.oit(C NwrXY).

WEVmax(9), z€X:
w(wzXM)7#0

Since C is a cylinder, the intersection C' N wx XY is either a cylinder or the empty
set. By the above, 0, ,u(C NwzXY) = g.u(C NwzXY). Further, if g(wzXY) =0
for some w € Vyax(g) and x € X, then g,u(wzXY) = 0 by assumption. As a
consequence, g.u(C NwzXY) = 0. Finally, g.u(,) = 0 due to Lemma . Hence
g« (C' N Qy) = 0. We conclude that

[ P@)dut) =gn(CR)+ 3 g nuweX™) = gu(),
¢ WEVmax(g), z€X
which completes the proof. ]

The set Viax(g) is rarely finite. Therefore the conditions of Theorem might
not be easy to verify, especially if g is not invertible. We can replace them with
simpler but somewhat stronger conditions.

Corollary 3.5. Let 1 be a Markov measure on X" defined by a stochastic matriz L
with stationary vector l, and g : XN — XN be a tree endomorphism of subezponential
activity growth. If all coordinates of 1 and all entries of L are positive, then the
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measure gt s absolutely continuous with respect to p, with the Radon-Nikodym
derivative given by

dg.u 3 (g~ (we X))

d/,l, - ILL('LUQ:XN> Xwz XN+

WE Vmax (g), zeX

Proof. Since all coordinates of I and all entries of L are positive, every cylinder has
nonzero measure. Besides, all entries of L are less than 1, which implies that the
measure  is non-atomic. It remains to apply Theorem [3.4] [

Corollary 3.6. Let i be a non-atomic Markov measure on X" defined by a stochastic
matriz L with stationary vector 1, and g : XY — XY be a tree endomorphism of
polynomial activity generated by an automaton A = (X, S, 7, \). Suppose thatl, =0
whenever lygz) = 0 and Ly, = 0 whenever Ly(sz) \r(sw)y) = 0 (for all s € S and
x,y € X ). Then the measure g.ji is absolutely continuous with respect to p, with the
Radon-Nikodym derivative given by .

Proof. In view of Theorem we only need to show that pu(wzXY) = 0 implies
(g~ HwzXN)) = 0 for all w € Vyae(g) and 2 € X. We are going to show more,
namely, p(wX") = 0 implies u(g~(wXY)) = 0 for all w € X*. Since the pre-image
g (wX") is the union of cylinders uX" over all words u such that g(u) = w, it is
enough to show that pu(wX"Y) =0 and g(u) = w implies p(uX™) = 0.

Suppose w = x12y...x, and u = y1¥ys ...y, are words of length n > 1 such that
g(u) = w. We have p(wX™) =1, Lyyay - - Ly, 1o, and p(uXN) =1, Ly - Ly, 1
Let sy =gand s; = (g, 11y2 ... yi—1) for 2 <i < n. Then A(s;,y;) =x;for 1 <i<n
and 7(s;,y;) = s;41 for 1 <7 < n —1. It follows that I,, = 0 implies I, = 0 and
Lyzi, = 0 implies Ly, = 0 for any i, 1 <i <n —1. Thus p(wX") = 0 implies
puXN) = 0. O

4 Strongly connected automata

Suppose 4 is a shift-invariant, ergodic Markov measure on X defined by an ir-
reducible stochastic matrix L with stationary vector I. Let g : XY — XY be an
automaton transformation and w be a p-generic sequence in X". To learn about sta-
tistical properties of the sequence g(w), we should study the pushforward measure
g« . Unfortunately, the measure g.p need not be shift-invariant, let alone ergodic.
On the cylinders, it is given by

s t(Y1Ya - - .ynXN) = Z l(z)L(x1,29) ... L(xp_1, ),
ggsliz—).‘.z—n)sn
Y1 Y2 YUn



where the sum is over all paths of the form ¢ =% s; = ... =% s, in the Moore
n Y2 Yn

diagram of the automaton A = (X, S, 7, \) generating g.
One way to address this difficulty is to keep track of the states A goes through
along with the output. We are going to define maps to obtain a commutative diagram

S><X

/\

pp—E—Ts Nl e

so that g, = A +Tg«it. Then we introduce a shift-invariant measure () on X N that is
the pushforward of a Markov measure under the 1-block factor map A. Under some
assumptions on the automaton A and the matrix L, the measure () is ergodic while
the measure g,p is absolutely continuous with respect to Q.

Let us begin with defining a map 7 : S x XN — (S x X)N recursively by

#(5, 2) = (5, 2) 7(m(s, ), w)
forall s € S, x € X and w € XN. Then for any state s € S we define a map
N— (S x X)N by 7y(w) = 7(s,w), w € XN,
Recall that g is one of the states of the automaton A. Given a sequence 7,(w) =
7(g,w) € (S x X)N, we can extract the output g(w) = A\(g,w) simply by looking at
the states. Hence we define a map \ : (S x X)N — XN recursively by

)\((5 T)@) = A(s, ™)

forall s € S, z € X and @ € (S x X)N. Note that A is a 1-block factor map. Now
for every infinite path
g s B Iy g, I
Y1 Y2 Yn Yn+1

in the Moore diagram of the automaton A we have
Tg(T12g ... Ty ...) = (g, 21)(51,22) - .. (Sp—1,Zn) - - -,
A((s0,21)(s1,22) - (Sn1,Zn) - --) = Y1¥Y2 - Yn -

In particular, \(7,(w)) = g(w) for all w € XN. Hence we do have the commutative
diagram.

The measure 7. on (S x X)N is easier to treat than the measure g.u on X
On the cylinders, the former is given by

ﬁg*u((g, $1)(S1, $2) cee (Sn—la lﬁ)(’s X X)N> = lzlL:cwcz cee an_lxn
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if ¢ 2% 51 2 ... 2 s, is a valid path for some y1,ys,...,y, € X and s, € S.
Y1 Y2

Otherwise the Cylin(lier has measure 0.

In a sense, the measure 74, is “piecewise” Markov, scaled by constants on cylin-

ders (s,7)(S x X)N. To make this statement more precise, let us introduce a matrix

T = Ty, 4 with rows and columns indexed by elements of S x X, and entries given
by

T B { L(zg,xq) if 7(so,20) = 51,

(s0,:20)(s1,21) 0 otherwise.

This matrix is stochastic. Indeed,

Z Liso)(ry) = Z L(z,y) =1
v

(ry)

(4.1)

since T{s.2)(ry) 7 0 for at most one choice of r, r = 7 (s, ).

Let t be a stationary probability vector of the stochastic matrix 7'. Recall that ¢
is a row vector which coordinates are indexed by elements of S x X. All coordinates
are nonnegative and add up to 1. The vector ¢ satisfies the matrix identity t1T" = t¢.
Let P denote the Markov measure on (S x X )N with transition matrix 7" and initial
probability distribution £. On the cylinders, the measure P is given by

P((307 5170) R (Sna In)(S X X)N) = t(so,xO)T(soﬂ»‘O)(So,xl) ce T(Sn—laxn—l)(sn,wn)
= t(so,mo)Lmoxl e L:Jcn,lzn

if 59 =% 57 =% ... 2% 5,.q is a valid path for some yo,y1,...,yn € X and 5,41 € S.
Yo Y1 Yn

Otherwise the cylinder has measure 0.

The measure P is shift-invariant since ¢ is a stationary vector of T'. If the Markov
chain defined by the matrix T is irreducible, then the vector ¢ is unique and positive,
and the measure P is ergodic, but we do not make this assumption yet. We do know
that the vector [ is positive. Hence for every finite word w € (S x X)*,

t
P((g,2)w(S x X)) = %ﬁg*u(w(s x X)N).
T
Therefore for each cylinder Q,, = (g,2)(S x X)N we obtain

P|Q = —%Q*M|Qg,w'
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Since the image of the map 7, is contained in the union of the cylinders Q, ., v € X,
the measure 7,4, is supported on that union. It follows that

_ l(z)
7Tg /"L t(g, x) |Qg,z
zeX

provided that ¢(g,z) > 0 for all x € X. From this observation we derive the following
lemma.

Lemma 4.1. If t(g,x) > 0 for all v € X, then the measure Tgp is absolutely
continuous with respect to P.

Next we introduce the measure () = S\*P. Note that g.u = S\*ﬁg*,u. Since \ is a
1-block factor map, properties of the measures P and 7, u translate into analogous
properties of ) and g, .

Lemma 4.2. The measure () is shift-invariant. It is ergodic whenever P is ergodic.

Proof. Since X is a block factor map, it intertwines the shifts on (S x X)¥ and XV
so that we have the following commutative diagram:

(S x X)N 5 (8 x xX)N

|l yl
\V \v
xN__ 7 S xN

By construction, the measure P is shift-invariant, that is, P(oc~Y(E)) = P(E) for
any measurable set £ C (S x X)N. Then for any measurable set £ C X,

Qo7 (E)) = P N0 1(B))) = P(o™ (A1(E))) = P(\H(E)) = Q(E).

Hence () is shift-invariant as well.

Now assume that P is ergodic, that is, for any measurable set E C (S x X)N
invariant under the shift, o1 (E) = E, we have P(E) = 0 or 1. Let E be a measurable
subset of XN invariant under the shift. Then E = A~1(E) is also invariant under the

shift and Q(E) = P(E). Hence Q(F) = 0 or 1. Thus the measure @ is ergodic as
well. 0

Lemma 4.3. Ift(g,z) > 0 for allx € X, then the measure g.pu is absolutely contin-
uous with respect to Q.

17



Proof. We need to show that Q(E) = 0 implies g.u(E) = 0 for any measurable
set £ C XV. Let E = A"Y(E). Then P(E) = Q(E) = 0. By Lemma [4.1] the
measure g is absolutely continuous with respect to P. Hence 7, ,u(E) = 0. Since
Guft = S\*ﬁg*u, it follows that g.u(F) = ﬁg*u(E) =0. O

Now let us discuss when the Markov chain defined by the matrix T is irreducible.
An obvious necessary condition is that the automaton A be strongly connected. If all
entries of the matrix L are positive (for example, if the measure p is Bernoulli), this
condition is also sufficient. However it need not be so for a general Markov measure.

Example 4.4. Let X = {0, 1,2}, the measure u be defined by the matrix

1/2 1/2 0
L= 0 1/2 1/2 |,
1/2 0 1/2

and the automaton A have the transition function given by the diagram in Figure

SO0 OLGE

Figure 2: Any path from A to C' ends in 02

Note that 02 is a forbidden word in the Markov chain defined by L, that is,
p(wXN) = 0 whenever 02 is a subword of w. On the other hand, any input word
that takes the automaton from state A to state C' must end in 02. Therefore in the
Markov chain defined by T" there is zero chance to get from (A, z) to (C,y) in any
number of steps. Thus the Markov chain is not irreducible. A

The above example motivates the following definition.

Definition 4.5. We say that the automaton A is L-strongly connected if for any
pair of states s, € S and any pair of symbols z,y € X, there exists a word w € X*
such that 7 (s, zw) = r and xwy is not a forbidden word in the Markov chain defined
by the matrix L (that is, if w = w; ... w, then Ly, , Ly, , for 1 <i<n—1, and
L,,, are all nonzero).

Lemma 4.6. The Markov chain defined by the matriz T' = Ty, 4 s irreducible if and
only if the automaton A is L-strongly connected.

18



Proof. This follows directly from the definitions. ]

Finally we can formulate the main results of this section.

Theorem 4.7. Let ji be a Markov measure on X" defined by an irreducible stochastic
matriz L. Suppose a transformation g : XN — XN is generated by an automaton
A. If the automaton A is L-strongly connected then for any x € X and p-almost all
we XN,

o1
lim —
n—oo M

n—1
Z XIXN(Uig(w)) - Z t(SOa l’g),
=0 80%0—)81

where t is the stationary probability vector of the stochastic matriz T' = T, 4 defined
in (4.1) and the sum is over edges in the Moore diagram of A.

Proof. We are going to use the measures P and () defined above. Since the automaton
A is L-strongly connected, the Markov chain defined by the matrix 7" is irreducible
due to Lemma [£.6] It follows that the stationary vector ¢ is unique and positive.
Besides, the Markov measure P defined by 7" and t is ergodic. Then Lemma 4.2
implies that the measure () is also shift-invariant and ergodic. By the Birkhoff
ergodic theorem, for Q-almost all v € X" we have

lim 3 w00 = [ v dQ = QX" = (RLP)aX")
= Y P((s0.20)(S x X)) = Y t(s0,70),

0 0
50751 50751
x x

where the last two sums are over valid edges in the Moore diagram of the automaton
A. Since all coordinates of the vector t are positive, Lemma implies that the
measure g, is absolutely continuous with respect to ). Therefore the above equality
also holds for g,p-almost all v € XN, In other words, if v = g(w) then the equality
holds for p-almost all w € XV, O

Theorem [4.7] allows to calculate frequencies with which various symbols z € X
appear in a sequence g(w), where w is p-generic. A generalization to frequencies of
arbitrary words over the alphabet X is straightforward.

Theorem 4.8. Let ji be a Markov measure on X" defined by an irreducible stochastic
matriz L. Suppose a transformation g : XN — XN is generated by an automaton
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A. If the automaton A is L-strongly connected then for any nonempty word u =
Uy . .. up € X* and p-almost all w € XV,

o1
lim —
n—oo M

n—1
E XuxN (Ulg((*))) = E , t(So,mo)Lwom con Lfk—%”k—l’
i=0 I @
’ so—o—>sl...—k—1—>sk
ul TLk

where t is the stationary probability vector of the stochastic matriz T' = Ty, 4 defined
in (4.1) and the sum is over paths in the Moore diagram of A.

The proof is completely analogous to that of Theorem [4.7] and we omit it. For
examples of calculations using Theorems [£.7] and [4.8] see Section [6] below.

Suppose K = (K¢ )s scs 18 a stochastic matrix that defines a Markov chain on
the set S. The tensor product K ® L is an array of numbers indexed by two states
s,s' € S and two symbols z,2’ € X, and given by (K ® L)(s)(s'0/) = Kss' Lzar. We
regard K ® L as a matrix which rows and columns are indexed by elements of S x X,
not as a 4-dimensional array. Then K ® L is stochastic and defines a Markov chain
on S X X. Suppose k is a stationary probability vector of the matrix K. The tensor
product k ® I is an array of numbers indexed by pairs (s,x) € S x X and given
by (kE® 1)) = ksl,. We regard it as a vector, not as a matrix. Then k®1 is a
stationary probability vector of the matrix K ® L.

Recall that the matrix 7" = T7, 4 defines a Markov chain on S x X. Unfortunately,
T cannot be represented as the tensor product of L with another stochastic matrix.
Nevertheless, in some cases the stationary probability vector t does decompose as
the tensor product of I with another probability vector, which allows to simplify the
formulas in Theorems (4.7 and 4.8

Let us define a matrix K = Kj 4 by

Kow= 3 U= Y ) (4.2)

x:7m(s0,2)=s1 Soi>81
y

for all sg,s; € S (in the second formula, the sum is over valid edges in the Moore
diagram of the automaton A). For any s € S we have > K, = > l(z) = 1so that
K is indeed a stochastic matrix. Since the vector [ is positive, it follows that K is
irreducible if and only if the automaton A is strongly connected.

Lemma 4.9. Suppose k is a stationary probability vector of K. If the Markov
measure defined by L is Bernoulli, then k Q@1 is a stationary probability vector of T
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Proof. The vector k = (k)secs satisfies > kK, = kg for all & € S. We need to
show that Zs’x ksloTis2)(s' 2y = kol for all (s',2") € S x X. The Markov measure
defined by L is Bernoulli if Ly, = I for all z,2" € X. Then T{, )50y = Lo if
7(s,x) = s and 0 otherwise. It follows that ) 1,75 4)(s.21) = Ksslw. Consequently,
Zs,m ksle(s,x)(s’,x’) = Zs ksKss’lz’ = ks’lm’- O

Combining Lemma [£.9] with Theorem [4.8] we obtain the following result (in the

case of one-letter words, it was proved by Kravchenko [7]).

Theorem 4.10. Let i be a Bernoulli measure on X~ defined by a positive probability
vector 1. Suppose a transformation g : XN — XV is generated by an automaton A. If
the automaton A is strongly connected then for any nonempty word u = ujus ... ug €
X* and p-almost all w € XV,

n—1
1 i
nlggo E Z XUXN(O g<w)) = Z ksolxolm ce lxk_la
=0

£ Tl—1
S0—781...——7Sk

where k is the stationary probability vector of the stochastic matrix K = K 4 defined
in (4.2) and the sum is over paths in the Moore diagram of A.

If the Markov measure defined by L is not Bernoulli, the vector ¢ need not
decompose as k ® 1 (see Example below). However there is a large, well known
class of automata for which Lemma does hold for a general stochastic matrix L.
We consider that class in the next section.

5 Reversible automata

Definition 5.1. An automaton A = (X, S, 7, A) is called reversible if for any s € S
and any z € X there exists a unique state sy € S such that m(sg, z) = s.

Suppose A = (X, 5,7, A) is a reversible automaton. For any s € S(_and any

z € X let T (s, 2) be a unique state such that W(?(s,x), z) =s. Also, let A (s,z) =
— =

)\(?(s, x),x) Then A = (S5, X, T A ) is called the reverse automaton of A. In

%
terms of the Moore diagrams, the automaton A is obtained from A by reversing
all edges. That is, every edge of the form s, — s; is replaced by s; = so. The
y y

<_
automaton A is also reversible and its reverse automaton is A.
Suppose L is a stochastic matrix that defines a Markov chain on X and [l is a
stationary probability vector of L.
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Lemma 5.2. If an automaton A = (X, S, 7, \) is reversible then the constant vector
k= i (1 1 ., 1) is a stationary probability vector of the stochastic matriz K = Kj 4

defined in while k ® 1 is a stationary probability vector of the stochastic matrix
T=T4 deﬁned in (4.1)).
Proof. For any s,s" € S,

Ky a(s,s) Zl
s> s

It follows that the transpose of the matrix Kj 4 is Kle' As a consequence, the
transpose is stochastic as well. Then ) Kj 4(s,s’) =1 for all ' € S, which implies
that kK 4 = k.

To prove the second statement of the lemma, it is enough to show that

Z lzT(s,a:)(s’,a:’) - l:c’

for all (s',2") € S x X. Note that T, z)(s',2) = Laa if 5 = <F(s’, x) and 0 otherwise.
It follows that ZS T(S@)(s/’x/) = Lxx/. Then Zs’x le(S@)(s/@/) = Zx lexx/ = ll,/. [l

Combining Lemma [5.2] with Theorem [£.8] we obtain the following result.

Theorem 5.3. Let i1 be a Markov measure on X" defined by an irreducible stochastic
matriz L with stationary probability vector 1. Suppose a transformation g : X~ —
XN is generated by an automaton A. If the automaton A is L-strongly connected
and reversible, then for any nonempty word u = ujus ... ur € X* and p-almost all

we XN,

. 1
J{E;)n/jg:;quN 0-9 jv j{: lxolmmrl"’~ka,2$k,1

Tk—1

=0
SQ—781...——7Sj
ul /uk

where N is the number of states in A and the sum is over paths in the Moore diagram

of A.

A remarkable feature of the reversible automata is that their states act naturally
on bi-infinite sequences over the alphabet. Suppose A = (X, S, 7, \) is a reversible
automaton and let w = ...z _o2_170.7,27273 ... be a bi-infinite sequence in X7 (the
dot between xy and x; serves as a reference point). Given a state g € S, we need to
find a bi-infinite path in the Moore diagram of A of the form

—>$ 2—>S 1—>g—>31—>82—>
Y-2 Yo Y1 Y2 Y3
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Since the automaton A is reversible, such a path exists and is unique. Then, by
definition, g(w) = ...y 2y 1Yo-y1y2y3.... Let g7 denote the action of the same
state g on XN and g~ denote the action of ¢ on X~ when g is regarded as a state
of the reverse automaton A. Then yiyoys... = g7 (r12923...) and yoy_1y_2... =
g (rox_q7_9...).

The two-sided shift on XZ (still denoted by o) is defined by

(.. T 9T 1T0.X1T2T3...) = ... T_1ToT1.T2T3T4 - . .

Unlike the shift on XV, it is invertible. Given a stochastic matrix L = (Lyo')warex
with a stationary probability vector I = (I,).ex, a Markov measure pu on X7 is
defined on the cylinders by

,u({ S W_W_ W W Wy . .. | wy = x, m < i< n}) =l Lonzpir - Ly 1o

for any m,n € Z, m < n and any ,,, tymi1,--.,2, € X. The measure pu is shift-
invariant. It is ergodic if L is irreducible.

For any nonempty word u = wujuy...u; € X* consider a cylinder Q, C XZ
defined by Q, = {... w_sw_ywo.wiwy ... | w; =u;, 1 <i < k}. Given w € X%, the
limit

if it exists, yields the (asymptotic) frequency at which the word u occurs in the
right-hand half of the bi-infinite sequence w. Likewise, the limit

if it exists, yields the frequency at which u occurs in the left-hand half of w.
Now we can formulate an analogue of Theorem for bi-infinite sequences.

Theorem 5.4. Let ji be a Markov measure on X% defined by an irreducible stochastic
matriz L with stationary probability vector I. Suppose a transformation g : X% — X%
is generated by a reversible automaton A. If the automaton A is L-strongly connected
then for any nonempty word u = Uty . .. up € X* and p-almost all w € XZ,

nh_g)lOnZXQ o'g(w —JggonZXn o 'g(w))

1
= N Z lmoonfEl t Lmk—ﬂﬂk—l’

zQ Tk—1
SQ—781...——7 S
ul Ug
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where N is the number of states in A and the sum is over paths in the Moore diagram

of A.

Proof. We are going to use the transformations ¢g* and g~ defined above. Let us also
define maps F*, F~: X* — XN by

+ _
F ( LW QW1 Wy WWaWs3 . . ) = wW1waws . . .,
F_(. LW QW1 Wy wW1WwWs . . ) = WoW-_1W_9 ...
The maps FT and F~ are continuous. Consider the pushforward measures ut = F.F
*

and u~ = F_pon XV, The measure u* is clearly the Markov measure on X" defined
by the same matrix L and vector I. By Theorem [5.3]

n—1
1 l. 1
i 2@ @) = 3 bk Lo

zQ Th—1
S0—781...——7 Sk
uy U

for pt-almost all w € XN, In other words, if w = FT(w) then the latter equality
holds for p-almost all w € XZ. Since

Xux (09" (F(w))) = Xuxn(0"F* (g(w))) = Xuxn (F* (0'g(w))) = xa, (0" g(w))

for all w € X% and 7 > 0, this establishes the first limit in the formulation of the
theorem.
The second limit requires more work. The measure p~ is given on the cylinders
by
1w (Y1ya - -meN) =y Lyys - - - Loy, -

= —
Consider a matrix L = (L ;) ex defined by L, = 1y Ly, /1, for all z,2" € X

(note that the vector I is positive). The matrix L is stochastic. Indeed, ) , Tm/ =

o b Lo/l =1, /1, =1 for all x € X. Also,  is a stationary probability vector of
L since Y U, Ly =) lyLy, =1y foralla’ € X. Now for any y1, vy, ..., Ym € X
we obtain

— o« =
Ly1y2 Ly2y3 R Lymflym = lyl (ly2 Ly2y1 /lyl)(lyBLy3y2 /ly2> e (lym Lymymfl/lymfl)

—1, L Lyl

m T YmYm—1 Y3y2--y2y1»

l

Y1

<_
which implies that ;1 is the Markov measure defined by the matrix L with stationary
probability vector [.
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By construction, Tm/ > 0 if and only if L,, > 0. Since the stochastic matrix
L is irreducible, it follows that L is irreducible as well. Next let us show that the
reverse automaton A is T—strongly connected. Given states s,s’ € S and symbols
z,r’ € X, we need to find symbols g = z,x,...,2, = ' (m > 1) such that
T (s, 2021 ... Tm1) = s and Layw., >0for0<i<m-—1 Letr= T (s,z) and
r = <F(s’ ,x'). Since the automaton A is L-strongly connected, there exist symbols
Yo = ' y1,...,y; =« (j > 1) such that 7(r',yoy1 ... yj—1) = r and Ly, ., > 0 for
0<i<j—1. Then s =mn(s,y192...y;) so that s’ = <F(s,yj ...Y2y1). Moreover,
fylyq >0for1<i<j.

Applying Thg)rem 3[to the measure p~, the matrix L the transformation ¢,

the automaton A and the word s = UplUg_1 - .. uy (which is u written backwards),
we obtain that for ;i -almost all w € XN,

.1 i 1 — —
Tim Z Xuxn(o'g~ (W) = & > g Lagey -+ Liay_gapss
.A so—>sl —>sk

F
where the sum is over paths in the Moore diagram of A. In other words, if w =
F~(w) then the(latter equality holds for p-almost all w € X%. By construction of

the automaton A, its Moore diagram admits a path sy —> s ... 2l g if and
U u1
only if the Moore diagram of A admits the path s Il s 2 So. By the
w1 Up

above, Ly Doser -+ Lay wee s = Lo Lur von s - Loysg for all 20,21, ... 251 € X.
It follows that the right-hand side in the last formula (that is, the value of the limit)
is the same as in the formulation of the theorem. As for the left-hand side, we have
olg=(F~(w)) = o'F~(g(w)) = F~(67%g(w)) for all w € X% and i > 0. Besides,
xa, (071 W) = g xn(F~ (o~ (w))) for all 1w € X% and i € Z (here k is the length
of the word u). It follows that

Jim -~ ZXQu o 'g(w)) = lim — meN o'y~ (F~(w)))
whenever the latter limit exists. This completes the proof. O
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6 Examples with strongly connected automata

In this section we consider several examples of automaton transformations generated
by strongly connected automata and perform for them calculations related to results
of Sections [ and [5

In each example, an automaton A = (X, S, 7, \) is given by its Moore diagram.
A shift-invariant, ergodic Markov measure j on XV is defined by an irreducible
stochastic matrix L with stationary probability vector I (IL =l and ) I, =1). In
most examples, the alphabet is X = {0, 1} and the matrix L is in general form

(7 n)
qg 1—g¢q

that is, p > 0 is the probability of transition from 0 to 1 and ¢ > 0 is the probability
of transition from 1 to 0. Then

- (L L) '
p+q ptq

In all examples, we compute the matrix T = T}, 4 defined in (4.1) and find its
stationary probability vector t. Rows and columns of T" as well as coordinates of ¢
are indexed by elements of S x X. The sets S and X are canonically ordered as their
elements are either letters or digits. We impose the lexicographic order on the set
S x X, which allows us to write T" as a usual matrix and ¢ as a usual row vector.

In addition, we compute the matrix K defined in (4.2) and find its stationary
probability vector k to check if the vector ¢ decomposes as the tensor product k ®I.

Finally, we calculate the vector f = (f,)zex of frequencies of each character
x € X after the action of A with an initial state g on a u-generic sequence:

= lim — ZXzXN (0'g(w

n—oo N
for p-almost all w € XN, where o denotes the shift. If the automaton is L-strongly

connected, then the vector f of output frequencies does not depend on the initial
state g (as easily follows from Theorem (4.7]).
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6.1 Awutomaton generating a free group

The three states of this automaton generate a free nonabelian group. Moreover, this
is essentially the only 3-state automaton over the alphabet X = {0,1} with that
property (see [2]). What is more important for us is that the automaton is reversible
(in fact, bireversible: its inverse is reversible as well), and hence t = k ® [.

01

101 1
k=(3 3 3)
0 0 0 0 1—-p »p
0 0 q 1—g¢q 0 0
T_ 0 0 1—-p »p 0 0
- 0 0 0 0 q 1—gq
1—p »p 0 0 0 0
q 1—¢q 0 0 0 0
t — q P q P q P
3(p+a) 3(p+a) 3+e 3+ed) 3p+e) 3(pta)
_ q P q P q P
kol= ( 3(p+a)  3(pt+a) 3(p+a) 3(p+a) 3(p+a) 3(p+9) )
f _ 2p+gq p+2¢
— \ 3(pta) 3(pt+aq)



6.2 The Bellaterra automaton

The Bellaterra automaton is obtained by composing the automaton from the previous
example with a one-state automaton that switches 0 and 1. In other words, all values
of the transition function are retained while all values of the output function are
switched. This significantly changes the character of transformations generated by
the automaton: they are all involutions now (see [2]). However the action on Markov
measures is not that much different: the coordinates of the vector f are interchanged
while the other data remain the same.

00

p+q  ptq

O p q
ptq ptq
K = ( 0 - I

k=(3 3 3)
0 0 0 0 1—-p »p
0 0 q 1—¢q 0 0
T_ 0 0 1—-p »p 0 0
0 0 0 0 q 1—gq
1—-p »p 0 0 0 0
q 1—¢q 0 0 0 0
P ( q P q P q P >
3(p+a) 3(pt+a) 3+e) 3+e) 3p+e) 3(pta)
kol= ( g B e B e B e e B )
f _ ( p+2q  2ptq )
— \ 3(pta) 3(pt+aq)



6.3 The lamplighter automaton

The two states of this automaton generate a group isomorphic to the lamplighter
group (Z/27Z) 17 (see [6]). This is again a reversible automaton. An interesting
feature of the lamplighter automaton is that the output frequencies of individual
characters do not depend on the input frequencies.

q b
K = ( pha pia )
p+q  ptg
11
k=(3 3)
1—p »p 0 0
_ 0 0 g 1-—g¢q
= 0 0 1—p p
q 1—gq 0 0
t — q P q P
2(p+q)  2(pt+q) 2(pt+q) 2(p+q)
_ q P q P
kol= ( 2p+a)  2(pta) 2(pta) 2(p+9) )
f=(33)

Note: even though the output frequencies of individual characters do not depend
on p and ¢, this is not the case for words of length 2. The input and output frequencies
are as follows.

Words: 00 01 10 11
. 9=pPq _rg. _rg p—pq
Input frequency: p— e pri s

q P P q
2(pt+q) 2(ptq) 2(pt+q) 2(ptq)

Output frequency:
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6.4 Case whent#k®I

This can already happen with a two-character alphabet. The automaton in this
example differs from the automaton in Example only by one arrow (in the Moore
diagram), but that change makes the automaton non-reversible.

0 1 0
_ 4 _p_
K= 0 p+q ptgq
1 0 0
_ p ptq P
k= ( 3p+q 3p+qg 3ptq )
0 0 1—-p p O 0
0 0 q 1—q O 0
T_ 0 0 1—-p p O 0
0 0 0 0 q 1—g¢q
1—-p »p 0 0 0 0
q 1—¢q 0 0 0 0
t — ( pa(p+q—2) p(a?+(p—2)q+1) q(p*+(29—3)p+9>—3q+3)
T P+ (2¢23¢+3)p+(¢2—3¢+3)g  qp2+(2¢2—3¢+3)p+(q2—3q+3)qg  qp®+(2¢2—3q+3)p+(¢2—3¢+3)q
P Pq pP=pg
qp?+(2¢2—-3q+3)p+(¢°>—3¢+3)q  qp?+(2¢%2—3¢+3)p+(q°—3¢+3)q qp2+(2q2—3q+3)p+(q2—3q+3)q>
kol = Pq p° q P Pq p° )
(r+9)Bp+q)  (p+9)(Bp+q) 3p+q 3pt+q  (p+a)(Bpt+q)  (p+q)(3p+q)
f= ( p(a?+(p—1)g+2) p(a—1)%+(q2—3q+3)q )
qp?+(2¢°—3q+3)p+(¢®>—3¢+3)q  qp?+(2¢%>—3q+3)p+(¢®>—3q+3)q
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6.5 Automaton over a three-character alphabet

In our final example, we consider an automaton A over a three-character alphabet
X =1{1,2,3}.

Let p be the Markov measure on X" defined by the matrix

I —

NI= O N
O NN
W= O

with stationary probability vector I = (1/3,1/3,1/3). Then A is L-strongly con-
nected and we have

000420000
000042000
03000000
530000000
T=]102221000000
0000O0CO0ZLO3
0000O0O0CT4ZT1LIO0
042000000
0000O0O0S3 0 2
t=(5 5 5 5 5 5 5 B )
F=(% 3 5%)
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We did not include the matrix K and the vector k in this example, but it is easy to
see that t # v ® I for any vector v.

Note that if we modified the automaton A by changing one arrow in the Moore
diagram so that 7(a,2) = a (instead of b), then A would no longer be L-strongly-
connected. Indeed, since Ly 3 = p(13XYN) = 0, there would be zero chance to get
from (a,1) and (b,3) in the Markov chain defined by T'. As a result, the vector ¢ is
no longer positive:

t=(5 5 355 5 0000).

This modification shows that in the case of Markov measures, ¢ may not be uniquely
determined by the automaton and the vector [, like in the case of Bernoulli measures.
Indeed, for a Bernoulli measure with the same probability distribution I, the vector
t would be positive.

7 Singularity

Suppose p is a Markov measure on X" and g is an automaton transformation of
XN, If g has polynomial activity growth, the results of Section [3| suggest that we
should expect the pushforward measure g,u to be absolutely continuous with respect
to p. In this section we study the relation between the measures p and g.p in the
case when g is generated by a strongly connected automaton. The relation turns out
to be quite different, namely, we should expect p and g.u to be singular (that is,
concentrated on disjoint sets).

Kravchenko observed in [7] that if 4 is a Bernoulli measure and the transformation
g generated by a strongly connected automaton is invertible, then p and g,pu are
singular except for a few cases, in which g, = p. We are going to correct his result
fixing a minor error in the argument, and then further extend it.

One obvious exception is when g acts trivially. The second exception is when p
is the uniform Bernoulli measure (defined by a constant probability vector). Such
a measure is preserved by any invertible automaton transformation. Unfortunately,
another exceptional case (that kind of combines the said two) was overlooked in [7].

Example 7.1. Let X = {1,2,3} and p be a Bernoulli measure on X" defined by
a probability vector I = (1/2,1/4,1/4). Let A = (X,{g}, 7, \), where 7(g,z) = g
for all z € X, Ag,1) = 1, A(¢9,2) = 3 and A(g,3) = 2. The only state g of the
automaton A acts on XM as a 1-block factor map that applies the transposition (2 3)
to every term of a sequence. Since Iy = l3, we have g.;t = p even though g does not
act trivially and the measure y is not uniform. A
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Lemma 7.2. Let j be a Bernoulli measure on X~ defined by a positive probability
vector I and g : XN — XN be an invertible transformation generated by a strongly
connected automaton A = (X, S,m, X). Then the following conditions are equivalent:
(1) gt = p; (70) Ly = 1, whenever \(s,x) = 2’ for some s € S.

Proof. The action of g on X* is invertible as well. We use g~ to denote the inverse of
both the action of g on X" and on X*. Consider an arbitrary word u € X* of length
k> 1. We have u = 2125 ... 2 and g~ (u) = y19o . . . yx for some z;,y; € X, 1 <i <
k. Then p(uX™) = U, 1., ... 1, and gu(uX™) = p(g~H (X)) = p(g~ (u)XY) =
l,1l, ...1,. Note that z; = A(s;,y;), where s; = g and s; = 7(g,%1y2...vi—1) for
2 <i < k. Assuming the condition (ii) holds, we obtain that l,, = l,, for 1 <i<k.
Then p(uX™) = g.pu(uX"). Thus the measures p and g,u coincide on the cylinders,
which implies that g.u = p.

Conversely, assume that g.u = p and suppose A(s,z) = 2’ for some s € S.
Since the automaton A is strongly connected, there exists a word u € X* such that
m(g,u) = s. Let v/ = g(u). Then g(uz) = w'z’. As a consequence, u(uX") =
Gt (' XYY = p(u/' XN) and plurXY) = g.p(u'2’ XY) = p(u'2’ XY). By definition of
the measure p, we have p(urX") = p(uXM)I, and p(u'z’XYN) = p(u’ XN)1,/. Since
l is a positive vector, the measure p(uX"Y) = pu(u'XY) is not zero. It follows that
l.,=1,. O

The main idea behind the proof of singularity is rather simple. Recall that the
asymptotic frequency freq,(u) with which a finite word u € X* occurs in an infinite
sequence w € X is defined as a limit

freq,(u) = lim — ZXUXN

n—oo N,

(it is not defined if the limit does not exist).

Lemma 7.3. Let i be a Borel probability measure on X~ that is invariant and ergodic
with respect to the shift. Let g : XN — XN be a Borel measurable map. Suppose that
freq,, (u) # freq,(u) for some u € X* and p-almost allw € XN. Then the measures
[ and g, are singular.

Proof. Let E; be the set of all sequences w € X" such that freq,(u) = pu(uX"). Let
E5 be the set of all w € X" such that freqy,,(u) # freq,(u). Both E; and E, are
Borel measurable sets. We have p(Es) = 1 by assumption and u(E;) = 1 due to the
Birkhoff ergodic theorem. As a consequence, p(FE; N FEy) = 1. The image g(E; N Ey)
is clearly disjoint from FE;. It follows that g.u(XN\ E) > u(E; N Ey) = 1. Hence
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E; is a set of full measure for p while XN\ E) is a set of full measure for g,u. Thus
i and g, are singular measures. ]

The next lemma is crucial for this section.

Lemma 7.4. Let j be a Markov measure on X" defined by an irreducible stochastic
matriz L with stationary probability vector 1 and g : XN — XN be an invertible
transformation generated by an L-strongly connected automaton A. Suppose that
t = k®Il, where t is the stationary probability vector of the matriz T, 4 defined in
and k is the stationary probability vector of the matriz Ky o defined in .
Then the measures p and g.p are either singular or the same.

Proof. Since g is invertible, all restriction of g are invertible as well. Since the
automaton A is strongly connected, every state s € S is a restriction of g. Both the
action of s on X" and on X* are invertible. We denote by s~! the inverses of both
actions.

Assume g,u # p. Then g, pu(wXY) # p(wXY) for some nonempty word w € X*.
Note that g,pu(wX") = p(g~ (wX")) = p(¢7(w)X"). Let k denote the length of
w. Consider all words u € X* of length & such that p(s™(u)X") # p(uX™) for
some s € S (one such word is w) and choose among them one with the largest value
of pu(uX™). We claim that p(s™"(u)XY) < p(uX™) for all s € S (by the choice of w,
at least one of these inequalities is going to be strict). Indeed, take any s € S and
let u® = wu, ™, u®, ... be a sequence of words such that u(™*1) = s71(u™) for all
n > 0. Since the state s acts as a permutation on the finite set of all words of length
k, it follows that the sequence is periodic. If pu(u™XN) > p(uX") for some n, then
(O XYY = 4(u™ XN) due to the choice of u. Therefore p(uMXN) > p(uXN)
would imply p(u™XY) = p(u™XY) > p(uXY) for all n > 1, which is not the case
as u occurs infinitely often in the sequence.

Let u = uqus . .. ug, where each u; € X. By Theorem , for p-almost all w € XV
we have

frqu(w)(”) = Z L (s0,20) Laows - - - Ly gy 1>

£ Tk—1
SQ—781...— 7Sk
uq U

where the sum is over paths in the Moore diagram of A. Let 3 denote the value of
the sum. Since t = k ® I, we have

t(so,00) Lzozy - -+ L =k

* T —2Tk—1

N
sobwoLagwy - -« Ly _yzyy = Esopt(Tox1 ... 21 X7).
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For any choice of sy the Moore diagram of A admits a unique path of the form
PN N Sk, With 2oxy ... p_1 = 55" (u). It follows that
uy Uk

Y= Z Fop (s (w)X™).

ses

Since the automaton A is strongly connected, the stochastic matrix Kj 4 is irre-
ducible. Therefore the vector k is positive. By the above, p(s™ (u)X") < p(uX™)
for all s € S. Moreover, at least one of these inequalities is strict. It follows that
¥ < Y kap(uX™) = p(uX™). In particular, freqy, (u) < p(uX") for py-almost all
w € XN, On the other hand, freq,(u) = u(uX"Y) for p-almost all w € XN due to the
Birkhoff ergodic theorem. Now Lemma [7.3| implies that the measures p and g, are
singular. ]

Theorem 7.5. Let ji be a Bernoulli measure on XY defined by a positive probability
vector 1. Suppose g : XN — XN is an invertible transformation generated by a
strongly connected automaton A = (X,S,m,\). Then the measures p and g.u are
singular unless Uy ») =l for all s € S and x € X, in which case g, = p.

Proof. The measure p can be regarded as a Markov measure defined by a stochastic
matrix L each row of which coincides with 1. Since all entries of L are positive, the
automaton A is L-strongly connected. By Lemma , the stochastic matrix 77, 4
defined in (4.1]) is irreducible. Therefore its stationary probability vector ¢ is unique.
Lemma implies that t = k ® I, where k is the stationary probability vector of
the stochastic matrix K; 4 defined in (4.2)). By Lemma , the measures p and g,
are either singular or the same. It follows from Lemma that g,u = p if and only
if Iys0) =1, forall se€ Sandz € X. O

Example 7.6. Let X = {1,2,3} and p be a Bernoulli measure on X" defined by a
probability vector I = (1/2,1/4,1/4). Let A = (X, {so, s1},m, A), where m(s;,x) =
sp—; for all x € X and i € {0,1}, A(sp,1) = 2, A(s1,1) = 3, and A(s;,z) = 1 for
r € {2,3} and ¢ € {0,1}. Let g be either of the two states of the automaton .A.
Then for p-almost all w € XN any symbol # € X occurs with the same frequency [,
in w and g(w). If g were invertible, this would imply g.p = p. In fact, the measures
w and g, are singular, but we need to look at words of length 2 to be able to apply
Lemma . Indeed, 22 and 33 occur with the same frequency 1/16 in a p-generic
sequence w while not occurring at all in g(w). A

In view of the previous example, we should expect the measures ;1 and g,u to be
singular even if ¢ is not invertible. There are exceptions, of course.

35



Example 7.7. Let X be any alphabet of more than one character. For any z € X
and w € XY let g,(w) = zw. All transformations g,, * € X can be generated by
a single automaton A = (X, S, 7, ), where S = {g, | v € X}, 7(¢s,y) = g, and
Agz,y) = x for all z,y € X. If u is a Bernoulli measure on X defined by a positive
probability vector I, then p =" 1, (g,).p. As a consequence, each measure (g, ).
is absolutely continuous with respect to p while not the same as p. A

To prove an analogue of Theorem for general Markov measures, we need first
to establish an analogue of Lemma

Lemma 7.8. Let j be a Markov measure on X" defined by an irreducible stochastic
matriz L with stationary probability vector 1 and g : XY — XN be an invertible
transformation generated by an L-strongly connected automaton A = (X, S, 7, A).
Then the following conditions are equivalent: (i) g.pu = p; (it) Ly = 1, whenever
Mg, z) =2', and Ly, = Ly, whenever \(s,xy) = x'y" for some s € S.

Proof. Consider an arbitrary word u = x125 ... 73, € X* and let g7 (u) = y192 . . . Yp.
Then pu(uX"™) = Uy, Loyay - - Loy, and gupp(uX™) = p(g~ " (wX™)) = p(g~ () X") =
lyLyy, - Ly . Clearly, x1 = A(g,y1) and 129 = A(g,v1y2). Besides, z;x;11 =
A(8i, Yiyivr) for 2 < i < k—1, where s; = (g, 1192 - . . yi—1) . Assuming the condition
(ii) holds, we obtain that I,, =1, and Lg,,, = Ly,,,, for 1 <i <k —1. Then
p(uXY) = g,u(uX"). Thus the measures u and g, coincide on the cylinders, which
implies that g, = pu.

Conversely, assume that g,u = p. If A(g,z) = 2/ for some z,2’ € X, then
Iy, = p(@XY) = gop(2’XN) = p(xX") = 1,. Now suppose A(s,zy) = z'y for
some s € S. Since the automaton A is L-strongly connected, there exist sym-
bols zg,z1,...,2, = x (k > 1) such that 7(g,zx1...2,-1) = s and Ly, , > 0
for 0 < i < k — 1. Note that the vector I is positive since the stochastic ma-
trix L is irreducible. Therefore pu(zoxy ... 2k X"N) = lyyLogzy - - Loy 1z, > 0. Let
u = xory ..., and v = g(u). Since 7w(g,u) = s, we have g(uxr) = vz’ and
g(uxy) = uw'2'y’. As a consequence, p(urXY) = g.u(u'z’XYN) = p(u/2’XY) and
pluryXY) = gou(u'2x'y XV) = p(u'z'y’ XV). By definition of the measure i, we have
pluzyXY) = pluz XML, and p(v'z'y' XY) = p(w'a’ XN)L,y,. By the above the
measure p(uzX") = p(u'z’ XY) is not zero. It follows that L, = Ly,. O

Theorem 7.9. Let i be a Markov measure on X~ defined by an irreducible stochas-
tic matriz L with stationary probability vector 1. Suppose g : XN — XN is an
wnvertible transformation generated by a reversible, L-strongly connected automaton
A= (X,S,m \). Then the measures . and g.pu are singular unless lygq) = U, and
L(s,2), A(r(s,0),y) = Ly for all s € S and x,y € X, in which case g.pu = p.
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Proof. The theorem is proved in the same way as Theorem [7.5|but instead of Lemmas
and [7.2] one has to use respectively Lemmas [5.2) and [7.8] O
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