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Abstract

Functional MSO transductions, deterministic two-way transducers,
as well as streaming string transducers are all equivalent models
for regular functions. In this paper, we show that every regular
function, either on finite words or on infinite words, captured by a
deterministic two-way transducer, can be described with a regular
transducer expression (RTE). For infinite words, the transducer uses
Muller acceptance and w-regular look-ahead. RTEs are constructed
from constant functions using the combinators if-then-else (deter-
ministic choice), Hadamard product, and unambiguous versions
of the Cauchy product, the 2-chained Kleene-iteration and the 2-
chained omega-iteration. Our proof works for transformations of
both finite and infinite words, extending the result on finite words
of Alur et al. in LICS’14. In order to construct an RTE associated
with a deterministic two-way Muller transducer with look-ahead,
we introduce the notion of transition monoid for such two-way
transducers where the look-ahead is captured by some backward
deterministic Biichi automaton. Then, we use an unambiguous
version of Imre Simon’s famous forest factorization theorem in
order to derive a “good” (w-)regular expression for the domain of
the two-way transducer. “Good” expressions are unambiguous and
Kleene-plus as well as w-iterations are only used on subexpressions
corresponding to idempotent elements of the transition monoid.
The combinator expressions are finally constructed by structural in-
duction on the “good” (w-)regular expression describing the domain
of the transducer.
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1 Introduction

One of the most fundamental results in theoretical computer sci-
ence is that the class of regular languages corresponds to the class
of languages recognised by finite state automata, to the class of
languages definable in MSO, and to the class of languages whose
syntactic monoid is finite. Regular languages are also those that
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can be expressed using a regular expression; this equivalence is
given by Kleene’s theorem. This beautiful correspondence between
machines, logics and algebra in the case of regular languages paved
the way to generalizations of this fundamental theory to regular
transformations [14], where, it was shown that regular transforma-
tions are those which are captured by two-way transducers and
by MSO transductions a la Courcelle. Much later, streaming string
transducers (SSTs) were introduced [1] as a model which makes
a single pass through the input string and uses a finite set of vari-
ables that range over strings from the output alphabet. In [1], the
equivalence between SSTs and MSO transductions was established,
thereby showing that regular transformations are those which are
captured by either SSTs, two-way transducers or MSO transduc-
tions. This theory was further extended to work for infinite string
transformations [4]; the restriction from MSO transductions to first-
order definable transductions, and their equivalence with aperiodic
SSTs and aperiodic two-way transducers has also been established
over finite and infinite strings [15], [12]. Other generalizations such
as [2], extend this theory to trees. Most recently, this equivalence
between SSTs and logical transductions are also shown to hold
good even when one works with the origin semantics [6].

Moving on, an interesting generalization pertains to the char-
acterization of the output computed by two-way transducers or
SSTs (over finite and infinite words) using regular-like expressions.
For the strictly lesser expressive case of sequential one-way trans-
ducers, this regex characterization of the output is obtained as a
special case of Schiitzenberger’s famous equivalence [13] between
weighted automata and regular weighted expressions. The question
is much harder when one looks at two-way transducers, due to the
fact that the output is generated in a one-way fashion, while the
input is read in a two-way manner. The most recent result known in
this direction is [5], which provides a set of combinators, analogous
to the operators used in forming regular expressions. These combi-
nators are used to form combinator expressions which compute the
output of an additive cost register automaton (ACRA) over finite
words. ACRAs are generalizations of SSTs and compute a partial
function from finite words over a finite alphabet to values from a
monoid (D, +, 0) (SSTs are ACRAs where (D, +, 0) is the free monoid
(T*, ., €) for some finite output alphabet T'). The combinators intro-
duced in [5] form the basis for a declarative language DReX [3]
over finite words, which can express all regular string-to-string
transformations, and can also be efficiently evaluated.
Our Contributions. We generalize the result of [5]. Over finite
words, we work with two-way deterministic transducers (denoted
2DFT, see Figure 1 left) while over infinite words, the model consid-
ered is a deterministic two-way transducer with regular look-ahead,
equipped with the Muller acceptance condition. For example, Fig-
ure 1 right gives an w-2DMT], (la stands for look-ahead and M in
the 2DMT for Muller acceptance).

In both cases of finite words and infinite words, we come up
with a set of combinators which we use to form regular transducer
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Figure 1. On the left, a 2DFT A with [A](ba™ ba™2b . ..a""kb) = a™2b™a™3p™2 .
,un € (a+b)", v e (a+b)® and uR denotes the reverse of u. The Muller

[ A T(ur#us# . . . #up#v) = uful#ufuz# .. .#uﬁun#v where uq, . ..
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aje,+1 aja,—1
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B (ENA{#)) /e, +1 #, 5HE /4, +1 #/e,+1

/e, +1

# (EN{#D)/#,+1

a/a,+1 a/a,+1
b/b,+1 b/b,+1

..a™kp™k-1_ On the right, an w-2DMT|, A’ with

acceptance set is {{gs}}. The look-ahead expressions Z*#3“ and (Z\{#})“ are used to check if there is a # in the remaining suffix.

expressions (RTE) characterizing two-way transducers (2DFT/w-
2DMT,).

The Combinators. We describe our basic combinators for RTEs.
The semantics of an RTE is a partial function f: £%° — I'® whose
domain is denoted dom(f).

o We first look at the case of finite words. The constant function d
maps all strings in 2* to some fixed value d. The unambiguous ver-
sion of union is the if-then-else combinator K ? f : g which checks
if w € =¥ is in the regular language K or not, and produces f(w) if
w € K and g(w) otherwise. The unambiguous Cauchy product f[lg
when applied on w € X* produces f(u)-g(v) if w = u- v is an unam-
biguous decomposition of w with u € dom(f) and v € dom(g). The
unambiguous Kleene-plus f B when applied to w € 3* produces
f(u1)--- f(up) if w = ug - - - u, is an unambiguous factorization of
w, with each u; € dom(f). The Hadamard product f ® g when ap-
plied to w produces f(w)-g(w). Finally, the unambiguous 2-chained
Kleene-plus [K, f ]ZBH when applied to a string w produces as output
f(uiuz) - f(ugus) - - - f(up—1up) if w can be unambiguously written
as uquy - - - Up, with each u; € K, for the regular language K. We

also have the reverses f ﬁg, fEa and [K, f]ZEE: [f <\ﬁg](w) pro-
duces g(v) - f(u) if w is the unambiguous concatenation u - v with

u € dom(f) and v € dom(g), fEE (w) produces f(up)--- f(ug) if w
is the unambiguous concatenation uy - - - u, with u; € dom(f) for

—
all i, and, [K, f]ZEE(w) produces f(up—1up)--- f(ugug) if w is the
unambiguous catenation uj - - - u, with u; € K for all i.

e In the case of infinite words, the Cauchy product f [ g works
on w € 2% if w can be written unambiguously as u - v with u €
dom(f)NX* and v € dom(g) N =?. Another difference is in the use
of the Hadamard product: for w € £, f © g produces f(w) - g(w) if
f(w) is a finite string. Note that these are sound with respect to the
concatenation semantics for infinite words. Indeed, we also have
w-iteration and two-chained w-iteration: f“(w) = f(u1)f(u2)---
if w € £ can be unambiguously decomposed as w = uquy - - -
with u; € dom(f) N X* for all i > 1. Moreover, [K, f]*?(w) =
f(uiuz) f(ugus) - - - if w € £ can be unambiguously decomposed
asw = ujuy - - withu; € K forall i > 1, where K C 2* is regular.
o An RTE is formed using the above basic combinators. Consider

the RTE C = C,F L1CY with C4 = ((a+b)"#)?(C3F 00, F)
1,Cy =a?a: (b?b:1).C; =a?a: (b?b:(#74:1)),C3 =
a?a:(b?b:(#?¢e: L)). Then dom(Cy) = dom(C3) = (a + b + #),
dom(C;2) = (a + b), dom(Cy) = (a + b)*# and, for u € (a + b)*,
[Csll(u#) = uRu# where uR denotes the reverse of u. This gives

dom(C) = [(a + b)*#]*(a + b)® and when u; € (a+b)* and v €
(a+b)?® we have [C|(ui#ug# - - - up#v) = uful#ugug# e #uﬁun#v.
The RTE C" = (a + b)® ?C{ : C corresponds to the w-2DMT, A’
in Figure 1: [C']] = [A’].

e The combinators proposed in [5] also require unambiguity in
concatenation and iteration. The base function L/d in [5] maps
all strings in language L to the constant d, and is undefined for
strings not in L. This can be written using our if-then-else L?d : L.
The conditional choice combinator f » g of [5] maps an input ¢
to f(o) if it is in dom(f), and otherwise it maps it to g(o). This
can be written in our if-then-else as dom(f)? f : g. The split-sum
combinator f @ g of [5] is our Cauchy product f [ g. The iterated
sum Xf of [5] is our Kleene-plus fEH. The left-split-sum and left-
iterated sum of [5] are counterparts of our reverse Cauchy product

—

f Eg and reverse Kleene-plus f B The sum f + g of two functions
in [5] is our Hadamard product f © g. Finally, the chained sum
3(f, L) of [5] is our two-chained Kleene-plus [L, f]ZEE. In our case,
notations and terminologies are directly inherited from the well-
established theory of weighted automata. We believe it is more
natural and reflects both the parsing of the input word with usual
(unambiguous) rational expressions and how the output is produced.
We also extend RTEs to infinite words.

Our main result is that two-way deterministic transducers and
regular transducer expressions are effectively equivalent, both for
finite words (see [11]) and infinite words.

Theorem 1.1. (1) Given an RTE (resp. ©-RTE) we can effectively
construct an equivalent 2DFT (resp. an w-2DMT,,).

(2) Given a 2DFT (resp. an w-2DMT,,) we can effectively construct
an equivalent RTE (resp. ©-RTE).

The proof of (1) is by structural induction on the RTE. The con-
struction of an RTE starting from a two-way deterministic trans-
ducer A is quite involved. It is based on the transition monoid
TrM(A) of the transducer. This is a classical notion for two-way
transducers over finite words, but not for two-way transducers with
look-ahead on infinite words (to the best of our knowledge). So we
introduce the notion of transition monoid for w-2DMT),. We handle
the look-ahead with a backward deterministic Biichi automaton
(BDBA), also called complete unambiguous or strongly unambiguous
Biichi automata [8, 19]. The translation of (A to an RTE is crucially
guided by a “good” rational expression induced by the transition
monoid of A. These “good” expressions are obtained thanks to
an unambiguous version [16] of the celebrated forest factorization
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theorem due to Imre Simon [18] (see also [9]). The unambiguous
forest factorization theorem implies that, given a two-way trans-
ducer A, any input word w in the domain of A can be factorized
unambiguously following a “good” rational expression induced by
the transition monoid of A. This unambiguous factorization then
guides the construction of the RTE corresponding to A. This alge-
braic backdrop facilitates a uniform treatment in the case of infinite
words and finite words. As a remark, it is not a priori clear how the
result of [5] extends to infinite words using the techniques therein.

Goodness of Rational Expressions. The goodness of a rational
expression over alphabet ¥ is defined using a morphism ¢ from
>* to a monoid (S, ., 1s). A rational expression F is good iff (i) it
is unambiguous and (ii) for each subexpression E of F, the image
of all strings in L(E) maps to a single monoid element sg, and (iii)
for each subexpression E* of F, sg is an idempotent. Note that
unambiguity ensures the functionality of the output computed. The
other two conditions are used to define inductively the RTEs. Good
rational expressions might be useful in settings beyond two-way
transducers.

Computing the RTE. As an example, we now show how one
computes an RTE equivalent to the 2DFT A on the left of Figure 1.
1. We work with the morphism Tr: * — TrM which maps words
w € X" to the transition monoid TrM of A. An element X € TrMisa
set consisting of triples (p, d, q), where d is a direction {>, <, —, «}.
Given a word w € 3*, a triple (p, D, q) € Tr(w) iff when starting in
state p on the left most symbol of w, the run of A leaves w on the
left in state q. The other directions  (start at the rightmost symbol
of w in state p and leave w on the right in state g), < and — are
similar. In general, we have w € dom(A) iff on input + w 4, starting
on  in the initial state of A, the run exits on the right of 4 in some
final state of A. With the automaton A on the left of Figure 1 we
have w € dom(A) iff (qo, —, q2) € Tr(w).

2. For each X € TrM such that (g9, —, g2) € X, we find an RTE Cx
whose domain is Tr™1(X) and such that [AJ(w) = [Cx]|(w) for all
w € Tr 1(X). The RTE corresponding to [A] is the disjoint union
of all these RTEs and is written using the if-then-else construct
iterating over for all such elements X. For instance, if the monoid
elements containing (qo, —,q2) are X1, X2, X3 then we set C =
Tri(X1)?Cx, : (Tri(X2)?Cx, : (Tr1(X3)?Cx;, : 1)) where L
stands for a nowhere defined function, i.e., dom(L) = 0

3. Consider the language L = (ba*)*b C dom(A). Notice that the
regular expression (ba*)*b is not “good”. For instance, condition
(ii) is violated since Tr(bab) # Tr(babab). Indeed, we can see in
Figure 2 that if we start on the right of bab in state g3 then we exit
on the left in state gs: (g3, <, g5) € Tr(bab). On the other hand, if
we start on the right of babab in state g3 then we exit on the right in
state ga: (¢3,<, g2) € Tr(babab). Also, (¢5, —, q1) € Tr(bab) while
(g5, —, q2) € Tr(babab). It can be seen that Tr(a) is an idempotent,
hence Tr(a*) = Tr(a). We deduce also Tr(ba*b) = Tr(bab). Finally,
we have Tr((ba)"b) = Tr(babab) for all n > 2. Therefore, to obtain
the RTE corresponding to L, we compute RTEs corresponding to
ba*b and (ba™)"ba* b satisfying conditions (i) and (ii) of “good”
rational expressions.

4. While ba™b is good (Tr(a) is idempotent), (ba*)*ba*b is not
good, the reason being that Tr(ba') is not an idempotent. We can
check that Tr(batba") is still not idempotent, while Tr((ba™)) =
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Tr((ba*)®)! for all i > 3, (see Figure 2: we only need to argue
for (g0, —.43). (g5, —. g3) and (g6, —.q3) in Tr((ba)"), i > 3, all
other entries trivially carry over). In particular, Tr((ba*)3) is an
idempotent. Thus, to compute the RTE for L = (ba*)*b, we consider
the RTEs corresponding to the “good” regular expressions E; =
ba*tb, Ey = ba*tba*b, E3 = [(ba™)3]™h, E4 = [(ba*)3]*ba*b and
Es = [(ba*)3]*batba*b.

5. We define by induction, for each “good” expression E and “step”
x = (p,d,q) in the monoid element X = Tr(E) associated with
E, an RTE Cg(x) whose domain is E and, given a word w € E, it
computes [Cg(x)]|(w) the output of A when running step x on w.
For instance, if E = a and x = (gs, <, ¢5) the output is b so we
set C4(g5,<—,q5) = (a?b : L1). The if-then-else ensures that the
domain is a. Similarly, we get the RTE associated with all atomic
expressions and steps. For instance, Cp(q1, —,q2) = (b?e: 1) =
Cp(q3,>,q4). Foru,v € 3*, we introduce the macrou/v = u?v: L.
We have dom(u/v) = {u} and [[u/v](u) = v.

We turn to the good expression a*. If we start on the right of
aword w € at from state g5 then we read the word from right to
left using always the step (gs, <, g5). Therefore, Cy4+(gs, <, qs5) =

— — —

(Calgs, < qs)® = (a/b). Similarly, Co+(ga, . qa) = (a/@)®,
Ca+(q1,—,q1) = (a/s)EE = Cu+(q6, —, q6)- Now if we start on the
left of a word w € a* from state g, then we first take the step (g2, —
,q3) and then we iterate the step (¢3, —, q3). Therefore, C4+(q2, —
.g3) = a?Calg2.—.q3) : (Calqz.—.93) D (Calgs. —.q3))F) =
a?(afe): ((a/e) O (a/e)EE), which is equivalent to the RTE (a/e)EE
We consider now E = ba*ba™ and the step x = (g9, —, q3). We
have (see Figure 2) Cg(x) = Cp(qo.—.q1) [ Ca+ (g1, —.q1) [
Cp(q1. = 42)ECq+ (g2, =.q3) = (b/0)E(a/e) Db /e)ENa/e) ~
(ba*ba™ ?¢ : L). More interesting is y = (g4,<, q1) since on a
word w € E, the run which starts on the right in state q4 goes
all the way to the left until it reads the first b in state g5 and
then moves to the right until it exits in state g; (see Figure 2):
Crly) = ((b/e) T Car (g5, = 45) B Cplan, = q5) 5 Cor(gu,
,44))©(Cp (g5, =, 96)Ca+ (g6, = 46)IC (g6, =, q1)ECq+(q1, —

,q1)) whichis equal to the Hadamard product of ((b/¢) E(a/b)é?(_
(b/e) O (a/a)EE) and ((b/e) O (a/e)® O (b/e) (a/e)P). Hence,
Ce(y) ~ (bfe) 3 (a/b)EE 0 (b/e) O (a/a)EE The leftmost (b/e)

Tr((ba*)*) = {(qo. =» @3): (q1: D q5): (q1: G q1)s (G2 D qa)
(92, G 93), (93, D q4), (93, G, 93), (94, D, g5)s (94, G q1)s (g5, —, q3)s
(g5, G 96), (g6, = 43, (46, G5 q6)

bla—al|b|la—al|b|la—-al|b|la—a|b|a—al|b
Go+q1—>q1+q1992—>G3%G3
I54]5¢—q5#J4#J1¢—q44
bJ6—>q6+96P 71— 1P 1pG2—>G3%G3
I5#q5¢—q5#J416q14¢—q4
>J6—>q6>q6p 91— 1pq19pG2—>G3$G3
qin-Q5<—II5¢q4tCI4<—Q4

»J6e—>qd6pq6| I1—>G1pq1pq2—>G3+G3
%I—‘I.«—% «J1eq1e—(q 4

Pde—>q6pd6p1—>q1pq1pq2

Figure 2. Run of A on an input word in (ba*)*b.
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in the above RTEs is used to make sure that the input word be-
longs to E = batba™. Composing these steps on the right with
b, we obtain Ca = Cg,(qo, —, q2) which describes the behaviour
of A on E; = ba*ba*b C dom(A): C; = (Cg(x) O Cplg3, >
.94)) © (CE(y) B Cp(q1, —, q2)) = (CE(X)‘_D (b/e)) © (Ce(y) O

— Fe — ]
(b/e)) ~ ((b/e) B (a/b)™ 13 (b/e) I (a/a)™) B (b/e). Therefore,
[C2ll(ba™ ba™2b) = a™2b™ = [[A]|(ba™ ba™2b).
Full proofs of all the results can be found in [11].

2 Two-way transducers over w-words

We consider regular functions on infinite words. We restrict our
attention to two way transducers as the model for computing reg-
ular functions. Given a finite alphabet Z, let ¢ denote the set of
infinite words over X, and let 3 = 3* U 2% be the set of all finite
or infinite words over .

We fix a finite input alphabet ¥ and a finite output alphabet T
Let + be a left end marker symbol not in ¥ and let 3 = S U {+}.
The input word is presented as Fw where w € 2.

Let R be a finite set of look-ahead w-regular languages. For the w-
regular languages in R, we may use any finite descriptions such as
w-regular expressions or automata. A deterministic two-way trans-
ducer (w-2DMT},) over w-wordsis a tuple A = (Q, 2, T, qo, 5, F, R),
where Q is a finite set of states, o € Q is a unique initial state, and
§: OX 3 XR > OXT*x{-1,+1} is the partial transition function.
We request that for every pair (g, a) € Q X X, the subset R(g, a) of
languages R € R such that §(q, a, R) is defined forms a partition of
3?. This ensures that A is complete and behaves deterministically.
The set 7 C 29 specifies the Muller acceptance condition. As in
the finite case, the reading head cannot move left while on . A con-
figuration is represented by w’qaw’’ where w’a € +3*, w”’ € ¢
and q is the current state, scanning letter a. From configuration
w’qaw’’, let R be the unique w-regular language in R(q, a) such
that w”’ € R, the automaton outputs y and moves to

{w’aq’w" if 5(¢,a,R) = (¢’,y,+1)

w{q’baw” if 8(q,a,R) = (q¢',y,—1)and w’ = w/b.

1

The output y € T'* is appended at the end of the output produced
so far. A run p of A on w € I is a sequence of transitions starting
from the initial configuration go-w where the reading head is on F:

n ’ Y2 ’ RE ’ RL ’ ”
qorw — Wiq1w; — Wygaw, —> Wiq3ws —> W,qawy - -

We say that p reads the whole word w if sup{|w},| | n > 0} = co.
The set of states visited by p infinitely often is denoted inf(p) C Q.
The word w is accepted by A, i.e., w € dom(A) if p reads the whole
word w and inf(p) € . In this case, we let [A(w) = y1y2y3ys---
be the output produced by p.

The notation w-2DMT|, signifies the use of the look-ahead (la)
using the w-regular languages in R. It must be noted that without
look-ahead, the expressive power of two-way transducers over
infinite words is lesser than regular transformations over infinite
words [4]. A classical example of this is given in Example 2.1, where
the look-ahead is necessary to obtain the required transformation.

Example 2.1. The w-2DMT|, A’ over T = {a, b, #} on the right
of Figure 1 defines the transformation [(A’[|(u1#ug# - - - #u,#v) =
uful#uguz# S #uffun#v where uy,...,un € (a+b)*,v € (a+b)*”
and uR denotes the reverse of u. The Muller acceptance set is {{gs}}.
From state g reading I, or state g4 reading #, A’ uses the look
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ahead partition R(q1,+) = R(qa, #) = {Z*42¢, (= \ {#})?}, which
indicates the presence or absence of a # in the remaining suffix
of the word being read. For all other transitions, the look-ahead
langage is 2%, hence it is omitted. Also, to keep the picture light,
the automaton is not complete, i.e., we have omitted the transitions
going to a sink state. It can be seen that any maximal string u
between two consecutive occurrences of # is replaced with uRu;
the infinite suffix over {a, b} is then reproduced as it is.

Remark 2.2. Equivalently, two-way transducers over w-words can
be defined using look-behind and look-ahead automata [4]. We believe
that using w-regular languages for the look-ahead constraints is more
convenient, resulting in more readable transducers. As explained in
Section 6, these look-ahead languages can be replaced with automata.

3 Regular Transducer Expressions

We define regular transducer expressions for both finite and infinite
words. Let ¥ and T be finite input and output alphabets and let L
stand for undefined. We define the output domainas D = T U{L},
with the usual concatenation of a finite word on the left with a
finite or infinite word on the right. Here, L acts as zero and the
unit is the empty word 1p = e.

The syntax of Regular Transducer Expressions (RTEs and w-RTEs)
from =% to D is defined by:

Ex=d|K?E:E|E0E|EBDE|E® | E® | K E*® | [k, E*®
C:=L?C:C|COC|EEC|E®|[K, E*®
whered € T* U{L}, K C 3* ranges over regular languages of finite
words and L C X% ranges over w-regular languages of infinite words.
Here, E is an RTE over finite words with semantics [E]: =* —
I'*U{L}, whereas C is an w-RTE over infinite words with semantics
[C]: 2® — D. The semantics is defined inductively.
Constants. For d € T* U {L}, we let [d] be the constant map
defined by [[d]|(w) = d for all w € 2*. We have dom([d])) = Z* if
d # L and dom([[L])) = 0.

Given regular languages K C £*,L C X, and functions f: ¥* —
r*u{L}, g,h: *° — D, we define
If then else. We have dom(L? g : h) = (dom(g)NL)U(dom(h)\L).
Moreover, (L? g : h)(w) is defined as g(w) for w € dom(g) N L, and
h(w) for w € dom(h) \ L.
Hadamard product. We have dom(g © h) = ¢~ 1(I'*) N dom(h).
Moreover, (g © h)(w) = g(w) - h(w) for w € dom(g) N dom(h) with
g(w) € T*.
Unambiguous Cauchy product. If w € % admits a unique fac-
torization w = u - v with u € dom(f) and v € dom(g) then we set
(f L g)(w) = f(u) - g(v). Otherwise, (f [J g)(w) = L.
Unambiguous Kleene-plus and its reverse. If w € X" admits a
unique factorization w = ujuy - - - u, with n > 1 and u; € dom(f)
forall 1 < i < nthen we set fEB(w) = f(u1)f(uz)--- f(un) and
fEE(w) = f(un)- - f(uz)f(u1). Otherwise, we set fEa(w) =1 =
fEE(w). We have dom(fEE) = dom(fEE) C dom(f)*. Notice that
dom(faa) = 0 when ¢ € dom(f).
Unambiguous 2-chained Kleene-plus and its reverse. If w €

>* admits a unique factorization w = ujuy - - - up with n > 1 and
u; € K forall 1 < i < nthen we set [K, f]ZEE(w) = f(ujug) f(ugus)
—

S (unoyun) and [K. F1PFw) = f(un-run) - f ) f (wruz) Gf
n = 1, the empty product gives the unit of D: [K, f]ZEB(w) =1p =

(K, 128 (w)). Otherwise, we set [K, f12B(w) = L = [K, f1*E(w).
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Again, we have dom([K, flzﬂﬂ) = dom([K, f]ZEE) C K* and we
have equality when K* is unambiguous and K? € dom(f).
Unambiguous w-iteration. If w € 2% admits a unique infinite
factorization w = ujugus - - - with u; € dom(f) for all i > 1 then
we set f“(w) = f(u1)f(u2)f(u3) - -- € I'*°. Otherwise, f“(w) = L.
Unambiguous 2-chained w-iteration. If w € “ admits a unique
factorization w = ujugus - - - with u; € K for all i > 1 and if more-
over ujuiy; € dom(f) for all i > 1 then we set [K, f]*?(w) =
F(uyuz) f(ugus) f(usuy) - - - . Otherwise, we set [K, f]¢(w) = L.

Remark 3.1. LetC, = (Z?¢: 1)“. We have dom(C¢) = 2% and
[Cel(w) = ¢ for allw € 2°. Now, fory € T*, letC, = (Z?y :
1) C,. We have dom(Cy) = 3¢ and [Cy [[(w) = y for allw € £¢.
Therefore, we can freely use constants y € I'* when defining w-RTEs.

Remark 3.2. We can express the w-iteration with the 2-chained
w-iteration: £ = [dom(f), f & (dom(f)?e: L1)]%®.

Example 3.3. We now give the »-RTE for the transformation
given in Example 2.1. Let Ey = a?a: (b?b: (#?#: 1)) ,Ey =a?a:
(b?b:1)and E3 = a?a : (b?b:(#?¢: L)). Then dom(E;) =
dom(E3) = (a +(_b + #) and dom(E2) = (a + b). Also, we let E4 =

((a+b)y'#)? (E3EE 0] EIBE) : 1. We have dom(E4) = (a + b)*# and,
foru € (a + b)*, [E4]l(u#) = uRu# where uR denotes the reverse of
u.Next, let C; = B, @ E. Then, dom(C1) = [(a + b)*#]*(a+b)“,
and [Cy [|(u1#uz# - - - up#v) = uful#uguz# e #uﬁun#v when u; €
(a+b) and v € (a+ b)”. Finally, let C = (a+b)* ?ES : C1. We
have dom(C) = [(a + b)*#]*(a + b)® and [C]] = [(A’]] where A’ is
the transducer on the right of Figure 1.

Theorem 3.4. w-2DMT,, and w-RTEs define the same class of func-
tions. More precisely, (1) given an w-RTE C, we can construct an
©-2DMT; A such that [A] = [C]|, and (2) given an ©v-2DMT;, A,
we can construct an w-RTE C such that [A] = [C]],

The proof of (1) is given in the next section, while the proof of (2)
will be given in Section 8 after some preparatory work on backward
deterministic Biichi automata (Section 5) which are used to remove
the look-ahead of w-2DMT|, (Section 6), and the notion of transition
monoid for w-2DMT), (Section 7) used in the unambiguous forest
factorization theorem extended to infinite words (Theorem 8.1).

4 o-RTE to w-2DMT|,

In this section, we prove one direction of Theorem 3.4: given an
w-RTE C, we can construct an v-2DMT|, A such that [A] = [C].
The proof is by structural induction and follows immediately from

Lemma 4.1. Let K C X* be regular and L C £“ be w-regular. Let
f be an RTE with [[f]| = [My]| for some 2DFT My. Let g, h be w-
RTEs with [g]] = [Mg]l and [h]] = [M4]] for 0-2DMT;, My and My,
respectively. Then, one can construct

1. an w-2DMTy; A such that [L? g : h] = [A],

2. an w-2DMTy; A such that [A] = [[g © A,

3. an w-2DMTy, A such that [A] = [[g L k],

4. an w-2DMT;; A such that [A] = [f“],

5. an @-2DMT, A such that [A] = [[K, f1*“].

Proof. Throughout the proof, we let M, = (Qg, 2T, sg, 59779, 729)
and My, = (Qp,2,T, sy, On, Frn, Rp) be the be the w-2DMT), such
that [My]l = [g]l and [M] = [[A].

(1) If then else. The set of states of A is Q7 = {qo} UQyUQp, with
qo € Qg U Qp,. In state qo, we have the transitions §#(qo, (-, R N
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L)) = (q.y, +1) if 84 (s (F. R)) = (¢, y, +1) and 5.a(qo. (F, R"\ L)) =
(q’.y’",+1) if (sp, (-, R")) = (¢, y’, +1). This invokes My (Mp) iff
the input w is in L (not in L). The Muller set ¥ is simply a union
Fg U Fp, of the respective Muller sets of My and Mp,. It is clear that
[A]| coincides with [Mg]] iff the input string is in L, and otherwise,
[AT] coincides with [M}]).

(2) Hadamard product. We create a look ahead which indicates
the position where we can stop reading the input word w for the
transducer My. The look ahead should satisfy two conditions: (a)
we cannot visit any position to the left of the current position in
the remaining run of My on w, (b) the output produced by running
Mg on the suffix should be «.

To accommodate these conditions, we create look ahead au-
tomata A4 for each state ¢ € Q4 and let Ly = dom(Ag). The
structure of A4 is the same as M, except that we
e add a new initial state Iq and set 5q(lq, F29) = (g, 6 +1),

e remove transitions from M, where the outputis y # e,

e remove transitions from M, where the input symbol is F.

We explain the construction of the w-2DMT|, A such that [[g ©
k]l = [[A]l. The set of states of A are Qg = Qg U Qp U {reset}.
Backward transitions in A and My are the same: §#(q,a,R) =
(q’,y,-1) iff 5g(q, a,R) = (q’,y,-1). Forward transitions of My
are divided into two depending on the look ahead. If we have
d4(q,a,R) = (¢q',y,+1)in My forana € %, then §#(q,a, R\ Ly) =
(¢’,y,+1)and 5 #(q, a, RﬂLqr) = (reset, y, +1). From the reset state,
we go to the left until  is reached and then start running Mj,. So,
Sa(reset,a, ) = (reset, e, —1) for all a € X and 6 #(reset,+,R) =
(q”,y,+1)if 64 (sp, +, R) = (¢”,y, +1). The accepting set is the same
as the Muller accepting set 7, of My,.

(3) Cauchy product. From the transducers My and My, we can
construct a DFA Z)f = (Qf, R 5f, st Ff) that accepts dom(Mf) and
a deterministic Muller automaton (DMA) Dy = (Qg, R 59, Sgs 7:9)
that accepts dom(My).

Now, the set L of words w having at least two factorizations
w = ujv; = upvy with uj,up € dom(f), v1,v2 € dom(g) and
u1 # uy is w-regular. This is easy since L can be written as L =
Upepf’qug Lp - Mp,q - Rqg where

e L, C X% is the regular set of words which admit a run in Dy
from its initial state to state p,

o Mp 4 C X" is the regular set of words which admit a run in
Df from state p to some final state in Df, and also admit a
run in Dy from the initial state to some state g in Dy,

® Ry C ¢ is the w-regular set of words which (i) admit an ac-
cepting run from state g in D4 and also (ii) admit an accepting
run in Dy from its initial state sg.

Therefore, dom(f [ g) = (dom(f) - dom(g)) \ L is w-regular.

First we construct an w-1DMT}, D such that dom(D) = dom(fL]
¢) and on an input word w = uv with u € dom(f) and v € dom(g),
it produces the output u#v where # ¢ ¥ is a new symbol. From
its initial state while reading +, D uses the look-ahead to check
whether the input word w is in dom(f [ g) or not. If yes, it moves
right and enters the initial state of Dy. If not, it goes to a sink
state and rejects. While running Dy, D copies each input letter to
output. Upon reaching a final state of Dy, we use the look-ahead
dom(g) to see whether we should continue running Dy or we
should switch to Dy. Formally, if dr(q,a) = q’ € Fy the corre-
sponding transitions of D are §p(q, a, dom(g)) = (s¢, a#, +1) and
3p(q,a, 2% \ dom(g)) = (¢’, a, +1).
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While running Dy, D copies each input letter to output. Accepting
sets of D are the accepting sets of the DMA Dy. Thus, D produces
an output u#v for an input string w = uov which is in dom(f [ g)
such that u € dom(f) and v € dom(g).

Next we construct an w-2DMT), 7~ which takes input words of
the form u#v with u € 2* and v € 2%, runs My onu and Mg on v.
To do so, u is traversed in either direction depending on My and
the symbol # is interpreted as right end marker 4 for M. While
simulating a transition of My moving right of 4, producing the
output y and reaching state g, there are two possibilities. If ¢ is not
a final state of My then 7 moves to the right of #, goes to some
sink state and rejects. If g is a final state of My, then 7" stays on #
producing the output y and goes to the initial state of My. Then, 7~
runs My on v interpreting # as . The Muller accepting set of 7™ is
same as Mg.

We construct an ©v-2DMT, A as the composition of D and
7. Regular transformations are definable by w-2DMT), [4] and
are closed under composition [10]. Thus the composition of an
©-1DMT}, and an w-2DMT|, is an w-2DMT),. We deduce that A is
an w-2DMT|,. Moreover [A] = [f D g].

(4) w-iteration. By the Remark 3.2, this is a derived operator and
hence the result follows from the next case.

(5) 2-chained w-iteration. First we show that the set of words w
in 2 having an unambiguous decomposition w = ujuy - - - with
u; € K for each i is w-regular. As in case (3) above, the language
L of words w having at least two factorizations w = ujv1 = ugvy
with uj,up € K, v1,v2 € K and uy # up is w-regular. Hence,
L’ = K*- L is w-regular and contains all words in =% having several
factorizations as products of words in K. We deduce that ¢ \ L’ is
w-regular.

As in case (3) above, we construct an w-1DMT}, D which takes
as input w and outputs uj#up# - - - iff there is an unambiguous
decomposition of was ujuy - - - witheach u; € K. We then construct
an w-2DMT D’ that takes as input words of the form u#ug# - - -
with each u; € £* and produces ujug#ugus# - - -.

Next we construct an w-2DMT 7 that takes as input words of
the form wi#ws# - - - with each w; € ¥* and runs My on each w;
from left to right. The transducer 7~ interprets # as I (resp. 4) when
it is reached from the right (resp. from left). While simulating a
transition of My moving right of -, we proceed as in case (3) above,
except that 7~ goes to the initial state of My instead.

The w-2DMT|, A is obtained as the composition of D, D’ and
7 . The output produced by A is [M¢]|(uru2)[Mg l(uguz)---. O

5 Backward deterministic Biichi automata

A Bichi automaton over the input alphabet ¥ is a tuple 8 =
(P, %, A, Fin) where P is a finite set of states, Fin C P is the set
of final (accepting) states, and A C P X X X P is the transition rela-
tion. A run of B over an infinite word w = ajagas - - - is a sequence
p = po,ai,Pi,az, p2,. .. such that (pj—1,a;,p;) € Aforalli > 1.
The run is final (accepting) if inf(p) N Fin # 0 where inf(p) is the
set of states visited infinitely often by p.

The Biichi automaton 8B is complete unambiguous (CUBA) [8]
also called backward deterministic (BDBA) in [19] if for all infinite
words w € X, there is exactly one run p of 8 over w which is final,
this run is denoted B(w). The fact that we request at least/most
one final run on w explains why the automaton is called com-
plete/unambiguous. Wlog, we may assume that all states of B are
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useful, i.e., for all p € P there exists some w € X such that 8(w)
starts from state p. In that case, it is easy to check that the transition
relation is backward deterministic and complete: for all (p,a) € PxX
there is exactly one state p” such that (p’, a, p) € A. We write p’ & p
and state p’ is denoted A~!(p, a). In other words, the inverse of the
transition relation A=!: P x 3 — P is a total function.

For each state p € P, we let L(8, p) be the set of infinite words
w € 2? such that B(w) starts from p. For every subset I C P of
initial states, the language L(8,1) = Upes L(8,p) is w-regular.

Example 5.1. For instance, the automaton 8 below is a BDBA.
Morover, we have £(B,pz) = (Z\ {#})?, L(B,ps) = (#=*)®, and
L(B,{p1,p3.pa}) = Z#2?.

A\ {#}
o e

Deterministic Biichi automata (DBA) are strictly weaker than
non-deterministic Biichi automata (NBA) but backward determin-
ism keeps the full expressive power.

Theorem 5.2 (Carton & Michel [8]). A language L C 3% is w-
regular iff L = L(8B,1) for some BDBA B and initial set I.

The proof in [8] is constructive, starting with an NBA with m
states, they construct an equivalent BDBA with (3m)™ states.

A crucial fact on BDBA is that they are easily closed under
boolean operations. In particular, the complement, which is quite
difficult for NBAs, becomes trivial with BDBAs: L(8B,P\I) = X%\
L(8,1). For intersection and union, we simply use the classical
cartesian product of two automata B; and 8. This clearly preserves
the backward determinism. For intersection, we use a generalized
Biichi acceptance condition, i.e., a conjunction of Biichi acceptance
conditions. For BDBAs, generalized and classical Biichi acceptance
conditions are equivalent [8]. We obtain immediately

Corollary 5.3. Let R be a finite family of w-regular languages.
There is a BDBA B and a tuple of initial sets (IR)reRr such that
R=L(B,Ig) forallR € R.

6 Replace the look-ahead with BDBA

Let A = (Q,%,T,qo,0, F,R) be an w-2DMT|,. By Corollary 5.3
there is a BDBA 8 = (P, %, A, Fin) and a tuple (Ig)greR of initial
sets for the family R of w-regular languages used as look-ahead by
the automaton A. For every pair (g, a) € Q X Xy, the subset R(qg, a)
of languages R € R such that §(q, a, R) is defined forms a partition
of 2. We deduce that (IR)reR(q,a) Is @ partition of P.

We generalize to two-way transducers on infinite words the
notion of bimachine introduced in [17] for one-way transducers on
finite words and studied in [7] for one-way transducers on infinite
words. We construct an w-2DMT A = (0,3, T, q0, 5, F) without
look-ahead over the extended alphabet 3 = xP which is equivalent
to A in some sense made precise below. Intuitively, in a pair (a, p) €
3, the state p of B gives the look-ahead information required by
A. Formally, the deterministic transition function 5: Ox3 —
OXT*x{~1, +1} is defined for g € Q and (a, p) € 5 by &(gq, (a.p)) =
4(g, a, R) for the unique R € R(gq, a) such that p € Ig.
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Example 6.1. For instance, the automaton A constructed from the
automaton on the right of Figure 1 and the BDBA 8 of Example 5.1
is depicted bellow (e stands for an arbitrary state of B).

(a,@)/e,+1 (a,®)/a,—1
(Fyp1)/e,+1
(hp;)/s,ﬂ (b, 8)/e,+1 (b,0)/b,—1
~ et B G-
(#,p1)/#, +1
(l—,pg)/&-l-l (#7p3)/#7+1 (#,.)/€,+1
(#.p4)/#,+1 (F,e)/e,+1

@ (#7p2)/#,+1

(a,®)/a,+1
(b,®)/b, +1

(a,®)/a,+1
(b,®)/b,+1

Let w = ajagas - -+ € 2% and B(w) = po, a1, p1,az, P2, . . . be the
unique final run of B on w. Let Fw = (+, po)(a1,p1)(az,p2) -+ €
5. We easily check by induction that the unique run of A on w

4] ’ n V2 ’ e ’ n V4 ’ ’”
qorw — Wiq1w; — WygaW, —> W3q3Ws —> W,qqwy -
corresponds to the unique run of A on Fw
—_— N~ S 5V~ 5 e~ 5
qorw — wiqiwy — wiqaw;’ — wigswi — wiqaw, -

where for all i > 0 we have Fw = wiw!" and |w]| = |w]|. Indeed,
assume that in a configuration w’qaw”” with rw = w’aw’’ the

transducer A takes the transition g M (¢’,y,+1) and reaches
configuration w’aq’w”’. Then, w”’ € R and the corresponding con-
figuration Wq(a,p);v77 with Fw = W(a,p)@77 and |[w'| = |1F47'| is
such that p € Ig. Therefore, the transducer A takes the transition

q M (¢’,v,+1) and reaches configuration W(a,p)q’m. The

proof is similar for backward transitions. We have shown that A
and A are equivalent in the following sense:

Lemma 6.2. For all words w € 2%, the transducer A starting from
Fw accepts iff the transducer A starting from Fw accepts, and in this
case they compute the same output in T,

7 Transition monoid of an w-2DMT|,

We use the notations of the previous sections, in particular for the
©-2DMT|, A, the BDBA 8 and the corresponding w-2DMT A. As
in the case of 2NFAs over finite words, we will define a congruence
on 2% such that two words u, v € 3 are equivalent iff they behave
the same in the w-2DMT|, A, when placed in an arbitrary right
context w € 2. The right context w is abstracted with the first
state p of the unique final run B(w).

The w-2DMT A does not use look-ahead, hence, we may use
for A the classical notion of transition monoid. Actually, in order
to handle the Muller acceptance condition of A, we need a slight
extension of this classical transition monoid. More precisely, the
abstraction of a finite word 7 € 3* will be the set Tr(%) of tuples
(¢,d,X,q") with q,q’ € O, X € Q and d € {—,D,C, <} such that
the unique run of A on # starting in state g on the left of  if
d € {—,>} (resp. on the right if d € {C, «}) exits in state ¢’ on
the left of w if d € {D, <} (resp. on the right if d € {—,}) and
visits the set of states X while inu (i.e., including g but not ¢’ unless
q’ is also visited before the run exits u).
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For instance, with the automaton A of Example 6.1, we have
(q4,—,{q2, 93,94}, q5) € Tr(%) when the word u belongs to
((a,p1) + (b, p1))*(#,p1)((a. p1) + (b, p1))* (#. p2).

We denote by TrM = {Tr(@) | 4 € =¥} U {15} the tran-
sition monoid of A with unit 157+ The classical product is ex-
tended by taking the union of the sets X occurring in a sequence of
steps. For instance, if we have steps (qo, —, X1, q1), (92,<, X3, 93),
-5 (qi-1,G, Xi, qi) in Tr(w) and (q1, >, X2, 2), (43,2, X4, q4), ...,
(¢i» —,Xi+1,qi+1) in Tr(v) then there is a step (qo, —, X1 U --- U
Xit1,qi+1) in Tr(@ - D) = Tr(@) - Tr(D). We denote by Tr: 3* — TrM
the canonical morphism.

Letu = a1 ---ap € =% be a finite word of length n > 0 and let
p € P. We define the sequence of states py,p1,...,pn by pn = p

and for all 0 < i < n we have p; ilich pi+1 in B. Notice that for
all infinite words w € L(8, p), the unique run B(uw) starts with
£0, @1, P15 - - - »An, pn. Define 7P = (ay, p1)(az, p2)- - - (an.pn) € 2*.

We are now ready to define the finite abstraction Tr(u) of a
finite word u € =+ with respect to the pair (A, B): we let Tr(u) =
(rP,bP,sP),ep where for each p € P, sP = Tr(@) € TrM is the
abstraction of 7P with respect to A, rP € P is the unique state of

B such that rP & p, bP = 1 if the word uP contains a final state of
B and bP = 0 otherwise.

The transition monoid of (A, B) is the set TrM = {Tr(u) |
u € 2t} U {11;m} where 11,0 is the unit. The product of o7 =
(r’lo,bf,sf)pep and o = (r?,bP,sP),cp is defined to be 071 - 0 =
(rlrp, ber Vv bP, s{ﬁ - sP)pep. We can check that this product is asso-
ciative, so that (TrM, -, 11,0 ) is a monoid. Moreover, let u,v € 37
be such that Tr(u) = o1 and Tr(v) = o. For each p € P, we can
check that 70f = 7™ - P, We deduce easily that Tr(uv) = 01 -0 =

Tr(u) - Tr(v). Therefore, Tr: £* — TrM is a morphism.

8 w-2DMT/, to w-RTE

We prove that from an w-2DMT|, A we can construct an equivalent
»-RTE. We use the fact that any word in the domain of A can
be factorized unambiguously into a good rational expression. For
rational expressions we use the syntax: F :== 0 | ¢ | a | FUF |
F-F | F* where a € 3. An expression is e-free if it does not use ¢.

Let (S, -, 15) be a finite monoid and ¢: ¥* — S be a morphism.
We say that a rational expression F is ¢-good (or simply good when
¢ is clear from the context) when (1) the rational expression F is
unambiguous, (2) for each subexpression E of F we have ¢(L(E)) =
{sg} is a singleton set, and (3) for each subexpression E* of F we
have sg - sg = sg is an idempotent. Notice that @ cannot be used in
a good expression since it does not satisfy the second condition.

Theorem 8.1 (Unambiguous Forest Factorization [16]).

Let ¢: 3* — S be a morphism to a finite monoid (S, -, 1g). There is
an unambiguous rational expression G = Ukm=1 Fy - GZ) over X such
that L(G) = 2% and for all 1 < k < m, Fy and Gy are ¢-free ¢-good
rational expressions and s, is an idempotent, where o(Gy) = {sg, }.

Theorem 8.1 can be seen as an unambiguous version of Imre
Simon’s forest factorization theorem [18]. Its proof follows the same
lines of the recent proofs of Simon’s theorem, see e.g. [9].

We will apply this theorem to the morphism Tr: Z* — TrM
defined in Section 7. We use the unambiguous expression G =
UL, Fx -G} as a guide when constructing -RTEs corresponding to
the w-2DMT), A. The first condition of good expressions ensures an
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unambiguous parsing of the input word, and therefore functionality
of the transformation. As will be clear from the lemma below and
its proof, the second and third conditions are essential to compute
the RTEs, especially when dealing with the Kleene-plus.

Lemma 8.2. Let G be an ¢-free Tr-good rational expression and
let Tr(G) = og = (rg,bg,sg)pep be the corresponding element
of the transition monoid TrM of (A, B). For each state p € P, we

can construct a map CG g — RTE such that for each step x =

(¢.d,X,q’) € sg the following invariants hold:
(1) dom(C,(x)) = L(G),
(J2) for eachu € L(G), I[C‘g(x)]](u) is the outpzt produced by A
when running step x on uP (i.e., running A onuf from q to
q’ following direction d).

Proof. The proof is by induction on the rational expression. For
each subexpression E of G we let Tr(E) = og = L, bg, Sg)pgp be
the corresponding element of the transition monoid TrM of (A, B).
We start with atomic regular expressions. Since G is e-free and
0-free, we do not need to consider E = ¢ or E = (). The interesting
cases are concatenation and Kleene-plus.
Atomic. Assume that E = a € ¥ is an atomic subexpression. Notice
that @ = (a, p) for all p € P. Since the w-2DMT A is deterministic
and complete, for each state g € Q we have
e either g(q, (a,p)) =(q’,y,1) and we let C‘Z((q,
Cala-c.{ahq) =a?y: L,
o or 3(¢,(a,p)) = (¢,y,~1) and we let C4((q, >, {q}.q) =
Callg, —{gha N =a?y: L
Clearly, invariants (J1) and (J2) hold for all x € SZ

Union. Assume that E = E; U Ej. Since E is good, we deduce

p
E

C‘Z(x) = E; ?CZ1 (x) : CZZ (x). Since E is unambiguous we have
L(E1) N L(E2) = 0. We can prove easily that invariants (J;) and
(J2) hold for all x € sg.
Concatenation. Assume that E = Eq - E; is a concatenation. Since
E is good, we deduce that o = of, - 0f,. Letp € Pand p; = rgz.

WehavesfE = s}gll ‘s}gZ.Letx € SZ

If x = (g,—, X, q’) then, by definition of the product in TrM,
there is a unique sequence of steps x1 = (¢, —, X1, q1), X2 = (1, >
. X2,92), x3 = (92,5, X3, 93), x4 = (43,2, X4, q4), ..., xi = (¢i-1,G
, X, qi)s xiv1 = (qi,—,Xi+1,¢) withi > 1, x1,x3,...,x; € sg
and x2, x4, ...,Xj+1 € ng and X = X;U---
left). We define CP(x) = (cg (xl)mcgz (xz))o(cg (x3) chz (x4))O

. -Q(C‘E (x,-)E!Cg2 (xi+1)) - Note that when i = 1, we have C‘;(x) =
cf}; (x1) @ cgz (x2) with x3 = (g1, —. X2.¢').

The concatenation L(E) = L(E;) - L(E2) is unambiguous. We
obtain dom(Cp1 (y) & CP ,(2)) = L(E) forally € spl and z € sE ,
using (J;) for E1 and E2 We deduce dom(Cg(x)) = L(E) and (J1)
holds for E and x = (g, —, X, q’).

Now, let v € L(E) and let u = ujuy be its unique factoriza-
tion with u; € £L(E1) and up € L(E»). We have ujmo? = uiP! -
P . Hence, the step x = (g, —, X, q’) performed by A on @ is
actually the concatenation of steps x; on u;?!, followed by x;
on ", followed by x3 on u;, followed by x4 on u3?, ..., un-
til x;+1 on 2P . Using (J2) for E; and E,, we deduce that the out-
put produced by A while making step x on % is [[Cgl1 () (ur) -

—.{q}.4") =

that op = op, = og,. For each p € P and x € s}, we define

U Xi4+1 (Figure 3 top
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Y Gea)l(uz) - - - IR Gea)Ti(wn) - [CR, (xiv)(uiz) = [CHG)N(w) -
Therefore, (J2) holds for E and step x = (¢, —, X, ¢). The proof is
obtained mutatis mutandis for the other cases x = (¢, >, X, q’) or
x=(¢.SX.q")orx = (g, <. X, q').

Kleene-plus. Assume that E = F * . Since E is good, we deduce that
og = oF = 0 = (rP,bP,sP),cp is an idempotent of the transition
monoid TrM. Notice that for all p € P, since ¢ is an idempotent, we
have r™” = rP.

We first define CZ for states p € P with p = r?. Let x € sP.

o If x = (¢, 2, X, q’). Since F* is unambiguous, a word u € L(F*)
admits a unique factorization u = uy---u, withn > 1and u; €
L(F).Now, Tr(u;) = o forall 1 < i < n and since p = r” we deduce
that w? = u;Puz? - - u,P. Since x = (¢,>,X,q’) € sP, the unique
run p of A starting in state ¢ on the left of #;” exits on the left
in state q’. Therefore, the unique run of A starting in state g on
the left of #P only visits #1” and is actually p itself. Hence, we set
C‘g(x) = C‘;(x) [J (F*?¢: 1) and we can easily check that (J1-J2)
are satisfied.

e For x = (q,¢, X, ¢’) we set Ci,(x) (F*?e: L)HC (x)

o If x = (g, —, X, q’). Since o is an idempotent, we have x€sP.sP.
We distinguish two cases depending on whether the step y € s”
starting in state ¢’ from the left goes to the right or goes back to
the left.

First, if y = (¢’, —,X2,q2) € sP goes to the right. Since s? is
an idempotent, following x in s? - s” is the same as following x
in (the first) s” an then y in (the second) sP. Therefore, we must
have g, = ¢’ and X3 C X. In this case, we set C’];(x) = F?C‘;(x) :
(e B (CEw)®).

Second, if y = (¢’, >, X2, q2) € sP goes to the left. Since s is an
idempotent, there exists a unique sequence of steps in s: x; = x,
x2 =Y, x3 = (2,5 X3,93), x4 = (¢3, 0, X4, q4), - xi = (qi-1,<
. Xi,qi), xiv1 = (¢i, =, Xi+1,q") with i > 3 (see Figure 3 bottom
left). Let CP(x) = (CP(x) O (F* 2¢ : 1)) © [F.C'1*B, " = ((F?e -
L)EICR(x2)) © (CR(xs) I C(x4)) @+ © (CF (x1) E CL (xi+1))- The
proofofcorrectness, ie., that (J;-J2) are satlsﬁed for E, can be found

n [11].

o If x = (¢, <, X, q’), the proof is the same, using the backward

unambiguous (2-chained) Kleene-plus C B and [K, C]

Now, we consider p € P with r? # p. We let p’ = rP. We
have already noticed that since o is idempotent we have = P
Consider a word u € L(F"). Since F* is unambiguous, u admits a
unique factorization u = uy - - - up—1u, with n > 1 and u; € L(F).
Now, Tr(u;) = o forall 1 < i < n. Using r? = p’ and r?’ = p’ we
deduce that u? = u~1p, cee LT,T_i]P, UnP.Sowhen n > 1, the expression
C’g that we need to compute is like the concatenation of Cg on the

first n — 1 factors with C‘; on the last factor. Since r?’ = p’ we have

already seen how to compute Cg. We also know how to handle
concatenation. So it should be no surprise that we can compute CZ
when p # rP. We define now formally Cf:(x) for x € sP.
e If x = (9,2, X,q") € sP. There are two cases depending on
whether the step y € s? starting in state g from the left goes
back to the left or goes to the right.

If it goes back to the left, then y = (¢,0,X,q’) = x since
s? = sP" . sP (recall that o is idempotent) and we define CZ(x) =

F2Ch(x) & (CB (x) D (F* 7¢: 1)). If it goes to the right, then
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y = (q,—,X1,q1) and there exists a unique sequence of steps:
x1 =Y, x2 = (41,2, X2, 42), %3 = (92,G, X3, 43), x4 = (g3, 2, X4, 9a),
vy Xi = (qi-1, <, Xi,q") with i > 3, x1,x3,...,x; € s and
X2,...,%j—1 € sP (see Figure 3 top right). Notice that X = X; U
-+ - U X;. We define C’];(x) = F?C‘;(x) : C’ where C’ = (Cg(xl) ]
Ch(x2) 0+ 0 (Ch (xi—2) I CR(xi—1) © (Ch (x)) BN (F 2¢ : 1)). We
can check that (J1-J2) are satisfied for (E, p, x).

o If x = (¢,<,X,q") € sP. There are two cases depending on
whether the step y € s” starting in state ¢’ from the right goes to
the left or goes back to the right.

If it goes to the left, then y = (¢’, <, X’,q") with X’ € X and
we define C‘g(x) =F? C‘;(x) : (C‘g(y) <E|_C‘;;(x))

If it goes back to the right, then y = (¢’,<, X2, q2) and there is a
unique sequence of steps: x1 = x, x2 = y, x3 = (q2, >, X3,q3), X4 =
(93,6 X4,qa), s Xi = (qi-1,2,Xi,4i) Xiv1 = (qi> < Xi+1,9)
withi > 3, x1,x3,...,x; € sP and x3,...,x;+1 € s? . Note that
XU+ UXis1 € X. Define Ch(x) = F?Ch(x) : C" where C’ =

’ — ’ — ’ —
(€ (x2) Bl (x1) @ -+ © (CE (xi-1) B Ch(xi-2)) © (CL (xi41) B
C’;,(xi)). We can check that (J1-J2) are satisfied for (E, p, x).

e The cases x = (g, —, X, q’) € s” and x = (q,<, X, q’) € s” can be
handled similarly. O

We now define RTEs corresponding to the left part of the compu-
tation of the w-2DMT)|, A, i.e., on some input Fu consisting of the
left end-marker and some finite word u € 3" (see Figure 3 middle
and bottom right). As before, the look-ahead is determined by the
state of the BDBA 8. Proof of Lemma 8.3 can be found in [11].

Lemma 8.3. Let F be an e-free Tr-good rational expression. For each
state p € P and q € Q, there is a unique state g’ € Q and an RTE

CfF(q, —,q’) (resp. CfF(q,g, q’)) such that the following invariants
hold: (i) L(F) = dom(C1(g.—.q")) (resp. L(F) = dom(C? (¢,
.q")), (ii) for each u € L(F), [[CfF(g,—MI')]](u) (resp. [CP (g,
,q)(w)) is the output produced by A on Fu when starting on the
left (resp. right) in state q until it exists on the right in state q’.

Lemma 8.4. Let F-G® be an unambiguous rational expression such
that F and G are e-free Tr-good rational expresions and Tr(G) = o =
(rP,bP,sP)pep is an idempotent in the transition monoid TrM of
(A, B). We construct an w-RTE Crgo s.t. dom(Crge) = LI(FG?®)N
dom(A) and [Crge [(w) = [[A](w) for allw € dom(Cpg«).

Proof. We first show that there exists one and only one state p € P
such that 7P = p and bP = 1. For the existence, consider a word
w = ujugus - -+ € L(FG?) with u; € L(F) and u, € L(G) for all
n > 2. By definition of BDBA there is a unique final run of 8 over
w: po, U1, P1, U2, P2, - . .. Let us show first that p,, = p; foralln > 1.

Since o is idempotent, we have Tr(uz - - - up+1) = Tr(up+1). Since

Uy -Up Un
p1 2 Ppn+1 and pp i Pn+1, we deduce that p; = rPn+t =

pn- This implies p; = rP2 = rP1. Let p = p; so that p = r? and the
final run of B on w is pg, u1, p, uz, p, . . .. Now, for all n > 2 we have
Tr(up) = o and we deduce that p & p visits a final state from
Fin iff b” = 1. Since the run is accepting, we deduce that indeed
bP = 1. To prove the unicity, let p € P withp = r?, b? = 1 and
v € L(G). We have p & p and this run visits a final state from Fin.
Therefore, p, v, p, v, p, v, p, . .. is a final run of B on v®. Since B is
BDBA, there is a unique final run of 8 on v, proving unicity of p.

We apply Lemma 8.3. Denote by s, , the set of triples (¢,d, q") €
Q x {—,G} x Q such that the RTE CfF(q, d,q’) is defined.
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Starting from the initial state qo of A, there exists a unique se-
quence of steps x; = (g0, —,q7), x; = (41,2, X3, 45), x5 = (45, G
.q3), x5 = (g3, 2.X4 q;) x; = (qj_1-S 91 X[y = (g}, —

l+1,q) withi > 1, x x3,...,xlf c séF andxé,xi,... l’+1 e sP.
We define
_ (P P P vy
C1 = (Cpx)) D CG(x3)) © (CLp(x3) D Ci(xy)) ©

o (CPaxh B Ch(xl,y).
Cy=C1EH(G9?e:1).

We have dom(Cy) = FG and Fuuz? = FuP P for all uy € F and
up € G. Moreover, [C1][(u1u2) is the output produced by A on
I—TEEQP when starting on the left in the initial state go until it exists
on the right in state g. Now, C; is an «-RTE with dom(Cz) = FG*
and for all w = wjugus ... € FG® with u; € F and uy, € G for all
n > 1, we have [C2]|(w) = [C1[|(u1uz) € T*.

Now, we distinguish two cases. First, assume that there is a step
x = (¢, >, X, q’) e sP. Since o is idempotent, so is s”, and since

x4y = (g}~ z+1’ q) € sP we deduce that ¢’ = g. Therefore,
the umque run of A on Fw = FuiP P asP - - - follows the steps
x7xy -+ x{x] xxx---. Hence, the set of states visited infinitely
often along this run is X and the run is accepting iff X € F is a
Muller set. Therefore, if X ¢ F we have FG® Ndom(A) = 0 and we
set Crgo = L. Now, if X € F we have FG® C dom(A) and we set
Crge = C20((FG?¢ : L)ECE (x)®). We have dom(Cpge) = FG®
and for w = wqugus ... € FG® withuy € Fandu, € Gforalln > 1,
we have [Crge l(w) = [C1ll(uru2)[CE () (us)[CE ()] (ua) - - -
By (J2), we know that for all n > 3, [[C‘g(x)]](un) is the output
produced by A when running step x = (g, =, X, q) on #,”. We
deduce that [Crge [(w) = [AN(Fw) = [Al(w) as desired.

The second case is when the unique step x; = (g, >, X1, q1) in s?
which starts from the left in state q exits on the left. Since s? is idem-
potentand x/ , = (g}, —,X],,q) € s, by definition of the product
sP . sP thereis a unique sequence of steps x2 = (q1,Z, X2, q2), X3 =
(92, > X3,93), .-+, xj = (¢j-1.G. X, qj), xj+1 = (g5, =, Xj+1,9) in
sP with j > 2. Therefore, for all w = wjusus... € FG® with
u1 € Fand u, € G for all n > 1, the unique run of A on Fw =
Fu PP P - - - follows the steps x7x; -+ - x[x]; (1x2 - - - Xjxj41)?
Hence, the set of states visited infinitely often along this run is
X =X1UXpU---UXj;1. We deduce that the run is accepting iff
X € F. Therefore, if X ¢ ¥ we have FG® N dom(A) = 0 and we
set Crgo = L. Now, if X € F we have FG® C dom(A) and we set

Cs = ((G?e: 1) D Ch(x)) © (Ch(x2) D Ch(x3) ©
o (€2 (xj) O Ch(xj41)) -
Crge =C20 ((F?e: 1) T [G,C3]%).

We have dom(Crge) = FG? and for all w = ujupus . ..
with u; € Fand u, € G for all n > 1, we have

[CFGe l(w) = [C1](u1uz)[Cs I (uaus)[C3 I (usus) - - -
Using (J), we can check that this is the output produced by A when
running on Fw. Therefore, [Crge [|(w) = [Al(Fw) = [Al(w). O

€ FG%

We prove that w-2DMT|, are no more expressive than »-RTEs.

Proof of Theorem 3.4 (2). We use the notations of the previous sec-
tions, in particular for the w-2DMT|, A, the BDBA B. We apply
Theorem 8.1 to the canonical morphism Tr from 2* to the transi-
tion monoid TrM of (A, B). We obtain an unambiguous rational
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expression G = UIT:I Fy - Gl‘;’ over X such that £(G) = X% and for
all 1 < k < m the expressions Fy and Gy are e-free Tr-good rational
expressions and oG, is an idempotent, where Tr(Gy) = {og, }. For
eachl <k <m,letCy = CFkG,? be the »-RTE given by Lemma 8.4.
We define the final ©-RTE as

C=FGP2C : (RGP 2Cs - (Fme1G%_, ?Cme1 : Cr)) -
From Lemma 8.4, we can easily check that dom(C) = dom(A) and
[Cl(w) = [Al(w) for all w € dom(C). O

9 Conclusion

The main contribution of the paper is to give a characterisation
of regular string transductions using some combinators, giving
rise to regular transducer expressions (RTE). Our proof uniformly
works well for finite and infinite string transformations. RTE are a
succint specification mechanism for regular transformations just
like regular expressions are for regular languages. It is worthwhile
to consider extensions of our technique to regular tree transforma-
tions, or in other settings where more involved primitives such as
sorting or counting are needed. For readability and convenience
we decided to keep some redundancy in the current set of com-
binators for RTEs, see e.g., Remark 3.2. Finding a minimal set of
combinators achieving expressive completeness, as well as com-
puting complexity measures for the conversion between RTEs and
two-way transducers are open.
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