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VERONIQUE BRUYERE OLIVIER CARTON
Institut d’Informatique’ LIAFA*
Université de Mons-Hainaut Université Paris 7

September 25, 2006

Abstract

We consider words indexed by linear orderings. These extend finite,
(bi-)infinite words and words on ordinals. We introduce finite automata
and rational expressions for these words. We prove that for countable
scattered linear orderings, these two notions are equivalent. This result
extends Kleene’s theorem.

1 Introduction

The theory of automata finds its origin in a paper of S. C. Kleene of 1956 where
the basic theorem, known as Kleene’s theorem, is proved for finite words [16].
Since then, the study of automata has become a branch of theoretical computer
science in its own right and has developed in many directions, including study
of automata working on infinite words, trees, and traces ([18, 24]).

In this paper we focus on automata working on linearly ordered objects.
Examples of such objects are finite, infinite, bi-infinite and ordinal words, where
the underlying linear ordering is respectively a finite ordering, the ordering
of the positive integers, the ordering of the integers and the ordering of an
ordinal. Each such class of words has its corresponding family of automata and
in all cases, a Kleene-like theorem exists. Historically, Biichi introduced the
so-called Biichi automata working on infinite words, to show the decidability of
the monadic second order theory of (N, <) [8]. He later extended the method
to countable ordinals by using appropriate automata [9]. Biichi introduced w-
rational operations for infinite words in [9]. For words indexed by an ordinal
less than w*, Choueka defined rational operations and proved an analogue of
Kleene’s theorem in [11]. This result is extended to any countable ordinal by
Wojciechowski in [25]. The case of bi-infinite words is treated in [17, 13].
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The goal of this paper is to provide a unified approach of the study of
words indexed by any countable linear ordering. We introduce a new notion of
automaton which is simple, natural, and includes previously defined automata.
We also define rational expressions and we prove the corresponding extension
of Kleene’s theorem (Theorem 20).

Words indexed by arbitrary countable linear orderings were first considered
in [12] as solutions of systems of equations. They can be viewed as the frontiers
of labeled binary trees in which the labels of the leaves are read from left to
right. For these words, some kind of rational expressions have been studied in
[12, 15, 23]. They have the nice property that the rational operations are total
operators. For instance, an w-power can be concatenated with a finite word and
the resulting word can be iterated by a reversed w-power. These operations lead
to a characterization of the words which are the frontier of regular trees.

In our model, there are three groups of rational operations. First, there
are the usual union, concatenation, finite iteration and omega iteration, as well
as the ordinal iteration introduced in [25] for ordinal words. Next, there are
reverse omega iteration and reverse ordinal iteration. They capture the left-
infinite ordinal words and the bi-infinite words. Finally, a last operation is
necessary. It is the iteration for all linear orderings. This binary operation
(denoted by ¢ below) is subtle since it takes into account the cuts of a linear
ordering as defined in [21].

We also define automata that work on words indexed by linear orderings.
In our formulation, the notion of a path in an automaton depends heavily on
cuts. In the case of a finite word w of length n, the underlying ordering is
1 <2< -+ <n. The n+ 1 states of a path for w are inserted between the
letters of w, i.e. at the cuts of the ordering. In general, for a word w indexed by
a linear ordering, the states of a path labeled by w are indexed by the cuts of
the ordering. Our automata have three types of transitions: the usual successor
transitions, left limit transitions, and right limit transitions. For two consecutive
states in a path, there is always a successor transition labeled by the letter in
between. For a state ¢ which has no predecessor in a path, there is always a left
limit transition between the left limit set P and ¢. Right limit transitions are
used when a state has no successor in a path. The notion of left limit set P is
already used in the acceptance condition of the classical Muller automata ([24])
which work on words of length w.

We think that our approach may have applications to the area of timed au-
tomata which are used for the specification and verification of real-time systems.
Recently, ordinal words (called Zeno words) were considered as models of infinite
sequences of actions which occur in a finite interval of time [14, 3]. While the
intervals of time are finite, infinite sequences of actions can be concatenated. A
Kleene-like theorem already exists for standard timed automata (where infinite
sequences of actions are supposed to generate divergent sequences of times) [1].
In [3], automata of Choueka and Wojciechowski are adapted to Zeno words. A
kind of Kleene’s theorem is proved, that is, the class of Zeno languages is the
closure under an operation called refinement of the class of languages accepted
by standard timed automata.



The paper is organized as follows. Basic notions on linear orderings are given
in Section 2. Words indexed by linear orderings are introduced in Section 3.
Rational expressions denoting sets of such words are defined in Section 4. Au-
tomata accepting words on linear orderings are introduced in Section 5. Finally,
Section 6 is devoted to the proof of the equivalence between rational expressions
and automata.

Part of the results of the present paper has been presented at the conference
MFCS’2001 [5].

2 Linear orderings

In this paper, we consider words on linear orderings, that is, totally ordered
sequences of letters. We are only interested in countable linear orderings. Fur-
thermore, we focus on scattered linear orderings. In this section, we provide the
needed material on orderings. We recall the definitions and we fix the terminol-
ogy. We refer the reader to [21] for a complete introduction to linear orderings.

A linear ordering J is a set equipped with an ordering < which is total, that
is, for all j # k in J, either j < k or k < j holds. The order type of an ordering J
is the class of all orderings isomorphic to J. The order types of N, Z and Q
under the usual ordering are respectively denoted by w, ( and n. For every non-
negative integer n, the order type of an ordering with n elements is denoted
by n. When we do not need to distinguish between isomorphic orderings, we
will sometimes also use w ({, 7, n) to stand for an arbitrary ordering of type w
(respectively, ¢, n, n).

Recall that an ordinal is a linear ordering which is well-ordered. This means
that any non-empty subset has a least element. In this paper, we only consider
countable ordinals, that is, ordinals less than the ordinal w;.

Given a linear ordering J, we denote by —J the backwards linear ordering
obtained by reversing the ordering relation. Suppose that the ordering relation
of J is denoted by the symbol <. The ordering —J has the same underlying
set but its ordering relation <* is defined by j <* k if and only if k£ < j. For
instance, the ordering —N is the ordering ..., 3,2,1,0. Its order type is denoted
by —w.

Example 1 Let Z? be the set of all pairs (k, j) of integers. Define the relation
(klajl) < (kg,jg) by jl < jQ or jl = jQ and k1 < ko. The relation < linearly
orders Z2.

Example 2 Let Z“ be the set of all sequences (4, )n>0 of integers in which there
are finitely many n such that j, # 0. Define the relation (jn)n>0 < (kn)n>o0 if
and only if j,, < k,, where m is the greatest integer such that j,, # k.. The
relation < endows Z* with a linear ordering. It can be proved that if m is taken
as the least integer such that j,,, # k,,, one obtains an ordering isomorphic to Q.

Two elements j and k of a linear ordering J are called consecutive if j < k
and if there is no element ¢ € J such that j < i < k. The element j is then called



the predecessor of k and k is called the successor of j. Note that an element k
has a predecessor if and only if the set {j | 7 < k} has a greatest element.

Let K be a subset of a linear ordering J. If the least or the greatest element
of K exists, it is denoted by min(K) or max(K), and K is then said to be left
closed or right closed. Otherwise, it is said to be left open or right open. If the
the greatest lower bound or the least upper bound of K exists, it is denoted
by inf(K) or sup(K). Note that if K is left closed, its least element is also
the greatest lower bound of K, that is, inf(K) = min(K). An ordering J is
complete if any subset K which is lower bounded has a greatest lower bound (or
equivalently if any subset K which is upper bounded has a least upper bound).

An ordering K is a subordering of an ordering J if K is a subset of J and if
the order of K is the restriction to K of the order of J. An interval of a linear
ordering J is a subset K of J such that for all j, k € K and i € J, the relation
j <t < k implies that ¢ belongs to K.

Let J and K be two linear orderings. The linear ordering J + K is the
ordering obtained by juxtaposition of J and K. More formally, it is the linear
ordering on the disjoint union J U K extended with j < k for all j € J and
k € K. For instance, if J and K are the orderings —N and N, the ordering
J + K is isomorphic to Z.

More generally, let J be a linear ordering and let K; be a linear ordering for
all j € J. The linear ordering > . ; K; is the set of all pairs (k, j) such that
k € K;. The relation (ki,j1) < (k2,j2) holds if and only if j; < jo or ji1 = jo
and ky < kp in K . For instance, if J = Z and K; = Z for j € Z, the sum
> jes K 1s isomorphic to the ordering 7?2 already considered in Example 1.

2.1 Cuts

A Dedekind cut or simply a cut of a linear ordering J is a pair (K, L) of intervals
such that J = K U L and such that for all k € K and [l € L, k < [. Note that
K and L are disjoint — in fact they form a partition of J. The set of all cuts
of the ordering J is denoted by J.

Example 3 Let J be the ordering {1,2,3}. The set .J contains the four cuts
(2,11,2,3)), ({1} {2,3}), ({1.2}.{3}) and ({1,2,3},2). More generally, if J
contains n elements, J contains n + 1 cuts.

The two trivial cuts (&, J) and (J, @) are usually not considered as cuts in
the literature [21] but they are essential for our purpose and they are included
in the set J. However, it is sometimes convenient to ignore these two cuts and
we denote by J* the set J — {(2,.J), (J, )} of non-trivial cuts.

The set J can be linearly ordered as follows. For all cuts ¢; = (K1, L1) and
co = (K3, L), define the relation ¢; < ¢y if and only if Ky € Kj. This inclusion
implies L1 2 Lo and the definition is therefore symmetric. The cuts (&, J) and
(J,2) are the least and the greatest element of J. They are respectively called
the first and the last cut of J. We denote them by cpin and ¢pax.



Example 4 Let J be the ordering N. The set .J contains the cut ({0,...,n —
1},{n,n+1,...}) for each integer n € N and the last cut (N, &). The ordering J
is thus isomorphic to the ordering N + 1 of order type w + 1.

More generally, if J is an ordinal «, the ordering J is the ordinal o+ 1. Indeed,
for any cut ¢ = (K, L) different from the last one, the interval L has a least
element j. and the function which maps the cut ¢ to j. is one-to-one.

From the previous examples, it may seem that the ordering J is close to the
ordering J. The following example shows that this is not always true.

Example 5 Let J be the ordering Q. The set J is not countable since each
irrational number defines a unique cut of Q.

More generally, if J contains a subordering of order type 7, then J is not count-
able. Therefore, we will only consider countable scattered linear orderings as
defined in the next section.

For any J, the ordering Jis complete and we often use this fact in the sequel.
Indeed, the least upper bound of a subset M of J is the cut (Ko, Lo) where the
intervals Ky and Lg are defined by

Ky = U K and Lg= ﬂ L.
(K,L)eM (K,LyeM

The greatest lower bound of M is given analogously.

2.2 Scattered linear orderings

A linear ordering J is said to be dense if it contains at least two elements and if
for alli < kin J, thereis j € J such that i < j < k. A linear ordering is scattered
if it contains no dense subordering. Thus scattered orderings are those that do
not contain a subordering of order type n. The following characterization of
countable scattered linear orderings is due to Hausdorff.

Theorem 6 (Hausdorff) A countable linear ordering J is scattered if and
only if J belongs to |J Vo where the classes V,, are inductively defined by

a<wi

1. Vo ={J | J of order type 0 or 1};
2. Vo ={>2c; Kj | J of order type n, w, —w, or ¢ and K; € Ug, Vs}-

The orderings Z? and Z* considered in Examples 1 and 2 are scattered. They
respectively belong to the classes Vo and V,, defined above. In the sequel, we
denote by S the class of all countable scattered linear orderings. It follows from
the previous theorem that if J is a countable scattered linear ordering, then J
is also a countable scattered linear ordering. Conversely, if J is countable, then
J is countable and scattered.



2.3 The ordering J U J

The orderings of J and J can be extended to an ordering on the disjoint union
JU J as follows. This means that J U J can be endowed with a linear ordering
such that J and J are then two of its suborderings. For j € J and a cut
¢ = (K, L), define the relations j < ¢ and ¢ < j by, respectively, j € K and
j € L. Note that exactly one of these two relations holds since (K, L) is a
partition of J. These relations together with the orderings of J and J endow
J U J with a linear ordering. This ordering will be used in Section 4. Notice
that for any two consecutive elements j; < jo of J, there is exactly one cut ¢
such that j; < ¢ < ja. Analogously, for any two consecutive cuts ¢; < ¢g of J,
there is exactly one element j € J such that ¢; < j < ¢2. The elements of J
and the cuts of J interleave.

+
c. C;
J 7

Figure 1: Ordering J U J for J = 72

Example 7 The ordering J = Z? is equal to the sum Y jer L introduced in
Example 1. There is a cut between each pair of consecutive elements in each
copy of Z, but there is also a cut between consecutive copies of Z. There are
also the first and the last cuts. The ordering JU Jis pictured in Figure 1 where
each element of J is represented by a bullet and each cut by a vertical bar.

For each element j € J, there are two consecutive cuts ¢; and c;r such that
c; <j< c;r. They are defined as ¢; = (K,{j} U L) and c;-" = (KU{j},L)
with K = {k | ¥ < j} and L = {k | j < k}. Thus there is a one-to-one
correspondence between elements of .JJ and pairs of consecutive cuts in J. Notice
that a cut ¢ = (K, L) has a predecessor if and only if K has a greatest element j.
In this case the cut ¢ is equal to c;r and its predecessor (in J) is c; . The cut
¢ = (K, L) has a successor if and only if L has a least element j. It is then equal
to ¢; and its successor (in J) is c;r.

The first and last cut of J are respectively the least and the greatest element
of the ordering JU J. Thus the ordering J U .J* is the one obtained by removing
the first and the last cut from JUJ. A straightforward induction on the rank of
the classes V,, in Theorem 6 shows that if J is a countable scattered ordering,
then J U J and J U J* are countable and scattered as well.

Both orderings J U J and J U J* are complete. The following lemma gives
a characterization of the ordering J U J. It is needed in Section 6.2.

Lemma 8 Let K be a complete scattered linear ordering with a least and a
greatest element. Let J and J' be two suborderings such that JNJ = @ and
K = JUJ'. Suppose that for consecutive elements k and k' of K, either k € J



and k' € J ork € J and k' € J. Suppose also that any element of J has
a predecessor and a successor in J'. Then J' is isomorphic to J and K is
isomorphic to J U J.

Proof We define a function f from K into J U J as follows. For any k € K,

define
k) = k ifkeJ
C\{edli<kh{jed|k<j}) ifkeJ.

Since JNJ' = @ and K = JU.J', the function f is well defined. The restriction
of f to J is the identity. The image of an element of J’ is a cut of J. Therefore
f is a function from K into J U J.

We claim that the function f is one-to-one. Thus we must show that k # &’
implies f(k) # f(k'). If k € J or k' € J, the result is trivial. Suppose then
that k, k' € J' and that k < k’. Since K is scattered, there are two consecutive
elements j < j' of K such that & < j < j' < k’. Since j and j' are consecutive,
either j belongs to J or j' belongs to J. Therefore the two cuts f(k) and f (k')
are different.

We now prove that the function f is onto. It is clear that J C f(K). Let
(L, M) be a cut of J. We claim that there is k € J’ such that (L, M) = f(k).
Since K is complete and has a least and a greatest element, any subset of K
has a greatest lower bound and a least upper bound. Define the two elements
l and m of K by | = sup(L) and m = inf(M). If [ belongs to L, it has a
successor k in J' and one has (L, M) = f(k). If m belongs to M, it has a
predecessor k in J' and one has (L, M) = f(k). If [ and m do not belong to L
and M, they belong to J’ and their image by f is the cut (L, M). O

2.4 Condensation

The following notion is needed in Section 6.2. Let J be a linear ordering. A
condensation of J is an equivalence relation ~ on J such that each of its classes
is an interval. The ordering of J induces a linear ordering of the quotient J/ ~.

The quotient J/~ inherits some properties of J. If J has a least or a greatest
element, then J/ ~ also has a least or a greatest element which is the class of
the least or greatest element of J. If J is complete, then J/~ is also complete
and if J is scattered, then J/~ is also scattered.

We mention here some useful properties of consecutive classes k and k' of J/~
when the ordering J is complete. Define j and j' by j = sup(k) and j' = inf(k’).
By definition, one has j < j'. If j < j/, then j and j’ respectively belong to &
and k' since the classes k and k' are consecutive. In that case, the interval k is
right closed and &’ is left closed. If j = j/, then j belongs to either k or k’. In
the former case, k is right closed and &’ is left open and in the latter case, k is
right open and k' is left closed. Note that it is impossible that k is right open
and k' is left open.

In the sequel, we consider only linear orderings which are countable and scat-
tered. This restriction is needed in the proof of the main result (Theorem 20)



which states that rational expressions and automata are equivalent. The defini-
tion of the rational operations given in Section 4 also depends on this restriction.
The ordinal iterations in particular are restricted to countable ordinals. How-
ever, the definition of automata that we introduce in Section 5 makes sense for
all linear orderings.

3 Words on linear orderings

Let A be a finite alphabet whose elements are called letters. For a linear or-
dering J, a word of length J over A is a function which maps each element of
J to a letter of A. A word on a linear ordering J can be viewed as a labeled
ordering where each point of J has been decorated by a letter. A word is de-
noted in a sequence-like notation by (a;)jes where a; € A is the image of the
element j. The word whose length is the empty set is called the empty word
and it is denoted by €.

The notion of word just introduced generalizes notions common in the lit-
erature. If the ordering J is finite with n elements, a word of length J is a
finite sequence aj .. .a, [18]. A word of length N is a sequence agajas ... which
is usually called an w-word or an infinite word [24]. A word of length Z is
a sequence ...a_sa_1a9a1as ... which is usually called a bi-infinite word. An
ordinal word is a word indexed by a countable ordinal.

Example 9 Recall that the ordering N + (—N) is the ordering of {(n,0) | n >
0} U {(—Tl, 1) | n > 0} with (kl,jl) < (k‘g,jg) if and only if 71 < j2 or j1 = j2
and k1 < ky. The word x = ¥ (ab)™* is the word of length N+ (—N) defined by

L if j =1 and k odd
"7 7 )b otherwise.

Let = (aj)jes and y = (bx)rex be two words of length J and K. The
product (or the concatenation) of x and y is the word z = (¢;)ic sk of length

J + K such that
a ifled
c| =
b ifleK

The product of = and y is denoted xy. More generally, let J be a linear ordering
and for each j € J, let z; be a word of length Kj;. The product [];c;x; is
the word z of length K = )" jes K defined as follows. Suppose that each word
x; is equal to (aj)rer; and recall that K is the set of all pairs (k,j) such
that £ € K;. The product z is then equal to (a;)m,jex- This definition
can be extended to sets. Given sets (X;) e, the product II;c ;X is the set
{ILjcjz; | x; € X;}. When J is finite or isomorphic to w, the product is called
a finite product or an w-product.

Two words « = (a;)jes and y = (by)rer of length J and K are isomorphic
if there is an order-preserving isomorphism f from J to K such that a; = by



for all j in J. This obviously defines an equivalence relation on words. A
class of words up to isomorphism is called a type. In this paper, we identify
isomorphic words. This makes sense since the automata and rational expressions
we introduce do not distinguish isomorphic words: an automaton A accepting
a word x, for example, also accepts any word isomorphic to . Since isomorphic
words are identified, the length of word is more an order type than an ordering.
For instance, a word of length N (or Z), is rather called a word of length w (or
0.

Note that some orderings, such as Z, have non trivial internal isomorphisms.
This induces some unexpected isomorphisms between words. For instance, let
x and y be the words (a;);cz and (b;);ez defined by

if =0 if j =1

b otherwise b otherwise.

The words x and y are isomorphic since the function f given by f(z) =z + 1
is an automorphism of Z. Using notation of Example 9, both words can be
denoted b~ “ab”.

Example 10 For j € Z, define the word x; by z; = b~¢ if j is even and by
zj = ab¥ if j is odd. The product [T, ;2 is the word (b~“ab) of length ¢.

4 Rational expressions

In this section, the rational operations used to define rational sets of words
on scattered linear orderings are introduced. These rational operations include
the usual Kleene operations for finite words—union, concatenation, and finite
iteration (though these must be appropriately extended to our notion of word).
They also include omega iteration (usually used to construct w-words) and the
ordinal iteration introduced by Wojciechowski [25] for ordinal words. Three
new operations are also needed: backwards omega iteration, backwards ordinal
iteration, and an additional binary operation, a kind of general iteration for
scattered linear orderings.

Union, concatenation and finite iteration are denoted as usual by the symbols
+, - and *. Omega iteration and ordinal iteration are denoted by the symbols w
and ff whereas backwards omega iteration and backwards ordinal iteration are
denoted by the symbols —w and —4. Iteration for all scattered linear orderings
is denoted by the symbol ©.

We first define the various sorts of iteration in a unified framework. Given a
set X of words and a class J of linear orderings, define iteration X7 of X with
respect to J by

XJZ{HZ‘j|JEjaDdZ‘jEX}.
jeJ
The sets X*, X¥, X~ X% and X ¥ are then respectively equal to X for J
equal to the class of all finite linear orderings, the class {w} which only contains



the ordering w, the class {—w} which only contains the ordering —w, the class
of all countable ordinals and the class {—a | & < w1} of all countable backwards
ordinals.

We now define the binary operations. Let X and Y be two sets of words.
The sets X +Y, X - Y and X ¢Y are defined by

X+Y=XUY, X -Y={zy|lzeXandyeY} and

XoV={]] z|JeS\{0}andz eXifjeJandz €Y ifje J}.
jeJu*

A word z belongs to X oY if and only if there is a non-empty countable scattered
linear ordering J such that z is the product of a sequence of length J U J* of
words where each word indexed by an element of J belongs to X and each word
indexed by a cut in J* belongs to Y. Note that if the empty word ¢ does not
belong to X, it does not belong to X o Y.

A rational expression over A is a well-formed term of the free algebra over
{@} U A with the symbols denoting the rational operations as function symbols.
We inductively define a mapping L from this algebra into the family of sets of
words over A in the following way.

L(2) = 2, L(a) = {a},
L(E") = L(E)",
L(E*) = L(E), L(E™) = L(E)™,
L(E*) = L(EY, L(E~%) = L(E) ™,
L(E+F)=L(E)+ L(F),  L(E-F)=L(E)-L(F),
L(EoF) = L(E) o L(F).

We say that the rational expression E denotes the set L(E). A set of words is
rational if it can be denoted by a rational expression.

As usual, the dot denoting concatenation is omitted in rational expressions.
Thus, the rational expression a - (a + a-b*)? is written a(a + ab®)*. We also use
the following abbreviations. If E is a rational expression, the expressions e, E¢
and E° respectively abbreviate @*, E~“E“ and F ¢¢. If the alphabet A is the
set {a1,...,an}, the symbol A is also used as an abbreviation for the expression
a1+ -+ ay.

Example 11 The expressions A®+¢ and (A°+¢)a(A®+¢) denote respectively
the set of all words and the set of words having an occurrence of the letter a.

Example 12 The expression A* denotes the set of finite words and the ex-
pression (A®)¥(A° + ) 4+ (A°® + €)(A°)™% denotes its complement. Indeed, a
linear ordering J is not finite if and only if it has some cut (K, L) such that
either K does not have a greatest element or L does not have a least element.
The rational expression (A°)“ denotes the set of words whose length does not
have a last element. Therefore, the expression (A°)“(A° 4 ¢) denotes the set

10



whose length has a cut (K, L) such that K does not have a greatest element.
Symmetrically, the expression (A® + €)(A®)~* denotes the set of words whose
length has a cut (K, L) such that L does not have a least element.

In the sequel, we will often use the following lemma.

Lemma 13 The class of rational sets over an alphabet A is closed under the
rational operations.

Proof It is clear that if the sets X and Y are respectively denoted by the
expressions F and F, then the sets X +Y, X -V, X* X« X« X% X~%and
X oY are respectively denoted by the expressions £ + F, E-F, E*, E¥, E~%,
EfY E=%and Eo F. O

We say that a set X has a rational expression over the sets X; if we can find
an expression for X in terms of the sets X; using only the rational operations.
The previous lemma states that if X has a rational expression over the sets X;
and each set X is rational, then X is itself rational.

In the sequel, we also need the following lemma. Let X1,...,X,, be sets of
words over an alphabet A, and let B be the alphabet {by,...,b,}. We define a
function A which maps each letter b; to the set X;. The function is first extended
to each word w = (b;;)jcs over B by setting

Aw) =[] X,
jeJ
Second, it is extended to sets of words over B by setting

AW) = | AMw).

weWw

Lemma 14 If each set X; is rational and if the set W is rational, then the set
AW) is also rational.

Proof The proof is divided into two parts. In the first part, we show that
A commutes with all rational operations. In the second part, we prove the
statement of the lemma.

We begin by establishing the following equalities for any index set I and any
linear ordering J

/\(U W;) = U AW3) (1)

el el
AT W) =TT Awy). (2)
JjeJ JjeJ

Equality (1) follows immediately from the definition of A. To prove Equality (2)
we use the equality A(J[;c;w;) = [;c; A(w;) for any words w; which follows
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easily from the definition of A.
AT W) =M ws | ws € Wy}
jeJ jeJ
U M w)
'ijWj jeJ

U ITrw))

w; €W; j€J
U {1122 €AMw)}

w;eW; jedJ

[T ).

JjeJ

Two particular cases of Equalities (1) and (2) are A(W7 + Wa) = A(W7)+ A (W)
and )\(Wl . WQ) = /\(Wl) . )\(WQ)
The following computation shows that A commutes with the finite iteration.

AW = W) = [Jawm™) = [ xw)m = aw)*.

n>0 n>0 n>0

Similar computations show that A commutes with the rational operations w,
—w, #, and —f. It remains to prove that A(W7 ¢ Wa) = A(W7) o A(W3), an
equality which is established as for Equality (2).

The statement of the lemma is proved by induction on the structure of the
rational expression denoting the set . The base cases (W = & and W = {b;})
follow from the definition of A\ and the hypothesis that X; is rational. The
induction step easily follows from the first part of the proof and Lemma 13. [

In the rest of the paper, we often make no distinction between a rational
expression F and the set L(E) denoted by it. For instance, we write a(a+ ab®)?
for the set L(a(a + ab®)?).

5 Automata

In this section, automata on words on linear orderings are defined. As in the
rest of the paper, linear orderings considered in this section are countable and
scattered. However, it is worth pointing out that our definition of automata is
suitable for all linear orderings. Automata that we define are a natural general-
ization of Biichi automata [9] on ordinal words. Automata introduced by Biichi
are usual (Kleene) automata with left limit transitions of the form P — p used
for limit ordinals. The automata that we introduce have limit transitions of the
form p — P as well.
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Definition 15 Let A be a finite alphabet. An automaton A over A is a 4-tuple
(Q, E,I,F) where Q is a finite set of states, E C (Q x Ax Q)U(P(Q) x Q) U
(QxP(Q)) is the set of transitions, I C Q is the set of initial states and F C Q
is the set of final states.

Since the alphabet and the set of states are finite, the set of transitions is
also finite. Transitions are either of the form (p,a,q) or of the form (P, ¢q) or
of the form (g, P) where P is a subset of (). A transition of the former case is
called a successor transition and it is denoted by p % q. A transition of the
two latter cases are respectively called a left limit or a right limit transition and
they are denoted by P — ¢ and ¢ — P. Before explaining what a path is and
how an automaton accepts words, we illustrate this definition with the following

example.
b b
0— {1}
@ ¢ {2} =0

Figure 2: Automaton of Example 16

Example 16 The automaton pictured in Figure 2 has 3 successor transitions
which are pictured as labeled edges of a graph. It also has a left limit transition
{2} — 0 and a right limit transition 0 — {1}. The state 0 is the only initial
state and the only final state.

We say that a transition leaves a state g if it is either a successor transition
q % p for some state p or a right limit transition ¢ — P for some subset P of
states. We say that it enters a state g if it is either a successor transition p % ¢
or a left limit transition P — ¢. The sets of transitions leaving and entering a
state ¢ are respectively denoted by Out(g) and In(q). More generally, for a set
P of states, we define Out(P) = J,cp Out(q) and In(P) =, p In(q).

In order to define the notion of path in such an automaton, the following
notion of limits is needed. We define it for an arbitrary linear ordering J but we
use it when the considered ordering is actually the ordering J of cuts of a given
ordering J. Let @ be a finite set, let J be a linear ordering and let v = (g;) e
be a word over @. Let j be a fixed element of J. The left limit set and right limit
set of v at j are the two subsets lim;- v and lim;+ v of @ defined as follows.

limy={geQ|Vk<j Fk<i<jandqg=q},
i
111}17:{q6Q|Vk>j Hj<i<kandqg= ¢}
J

Thus the left limit at j is the set of states to the left that occur infinitely often
infinitely close to j. Note that if j has a predecessor, the limit set lim;- v is
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empty. Conversely, if 7 has no predecessor and is not the least element of J,
lim;- « is non-empty since the set () is finite. Similar results hold for right limit
sets. For ¢ = min(J), we define lim.- v = @ and for ¢ = max(J), we define
lim,+ v = @ (although these two limits are literally defined as equal to @ by the
above formulas).

We now come to the definition of a path in an automaton on linear orderings.
Roughly speaking, a path is a labeling of each cut of the ordering by a state of
the automaton such that local properties are satisfied.

Definition 17 Let A be an automaton and let x = (aj)jes be a word of

length J. A path v labeled by x is a sequence of states v = (q.) of length J
such that

ced

e For consecutive cuts cj_ and c;-', q.- L, q.+ 1S a successor transition.
J J

o For any cut ¢ which is not the first cut and which has no predecessor,
lim.- v — q. is a left limit transition.

e For each cut ¢ which is not the last cut and which has no successor, q. —
lim.+ v is a right limit transition.

It is worth pointing out that the length of a path labeled by a word z of
length J is the ordering J of the cuts of J. Since a sequence of states indexed
by Jis actually a function from J into Q, we sometimes use a functional notation
and the state g. of a path -y is also denoted by v(c).

By the previous definition, there is a transition entering the state ~(c) for
each cut ¢ which is not the first cut. This transition is a successor transition
if the cut ¢ has a predecessor in J and it is a left limit transition otherwise.
Similarly, there is a transition leaving y(c) for any cut ¢ which is not the last
cut.

Since the ordering J has a least and a greatest element, a path always has
a first and a last state, which are the images of the first and the last cut. A
path is successful if its first state is initial and its last state is final. A word is
accepted or recognized by the automaton if it is the label of a successful path. A
set of words is recognizable if it is the set of words accepted by some automaton.

The notion of path we have introduced for words on orderings coincides with
the usual notion of paths considered in the literature for finite words, w-words
and ordinal words. Let x be a finite word aj ... a,. The set of cuts of the finite
ordering {1,...,n} can be identified with {1,...,n+1} (see Example 3). In our
setting, a path labeled by x is then a finite sequence ¢y, ..., ¢,+1 of states such
that ¢; & gj41 is a successor transition for each j in {1,...,n}. This matches
the usual definition of a finite path in an automaton [18, p. 5].

Let * = apajas ... be an w-word. The set of cuts of the ordering J = w is
the ordinal w +1 = {0,1,2,...,w} (see Example 4). The pairs of consecutive
cuts are the pairs (7,7 + 1) for j < w whereas the cut ¢ = w has no predecessor.
In our setting, a path ~ labeled by x is a sequence qg, q1,q2,-..,q., of states
such that ¢; “& gj41 is a successor transition for all j < w and such that
lim,- v — g, is a left limit transition. Note that lim,- v is the set of states
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which occur infinitely many times in . This path is successful if and only if ¢
is initial and ¢, is final. Define the family 7 of sets of states by

7 ={P|3q € F such that P — g € E}.

The path v is then successful if and only if gy is initial and the set lim,- v of
states belongs to the family 7. This matches the definition of a successful path
in a Muller automaton [24, p. 148].

The set of cuts of an ordinal « is the ordinal o + 1. Therefore, the notion
of path we have introduced coincides for ordinal words with the notion of path
considered in [2].

Figure 3: A path labeled by (b~“ab”)?

Example 18 Consider the automaton A of Figure 2 and let x be the word
(b=«ab”)? of length Z 4 Z. A successful path ~ labeled by z is pictured in
Figure 3. This path is made of two copies of the path 017“2¥0. A path for the
word (b~*ab”)¢ cannot be made by Z copies of 01~%2%0 because the right limit
set of the first state would be {0, 1,2} and the automaton has no transition of
the form ¢ — {0, 1,2}. The automaton A recognizes the set (b~“ad“)*.

a,b

{0} — 0

Figure 4: Automaton of Example 19

Example 19 Consider the automaton A pictured in Figure 4. This automaton
has no right limit transition. It recognizes the words whose length is an ordinal
since a linear ordering J is an ordinal if and only if each of its cuts except the
last has a successor in J. The automaton obtained by suppressing the left limit
transition of .4 recognizes the set of finite words since a linear ordering J is
finite if and only if each of its cuts except the first has a predecessor in J and
each of its cuts except the last a successor in J.

6 Rational expressions vs automata

In this section, we prove that rational expressions and automata are equivalent.
This means that a set of words on linear orderings is rational if and only if it can
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be recognized by an automaton. This result extends Kleene’s well-known theo-
rem for finite words. Kleene’s theorem was first extended to words of length w
by Biichi [7] and was later extended to words of ordinal length by Wojciechowski
[25]. We have then the following theorem, which is the main result.

Theorem 20 A set of words on countable scattered linear orderings is rational
if and only if it is recognizable.

The following two examples illustrate the theorem.

a,b
0—{1,2}

@ 5 {1} -2

Figure 5: Automaton recognizing (4%¥)~%

Example 21 Let A be the alphabet {a,b}. The automaton pictured in Figure 5
recognizes the set denoted by the rational expression (A“)~%. The part of the
automaton given by state 1 and the left limit transition {1} — 2 recognizes the
set A“. The successor transition from state 2 to state 1 allows the concatenation
of two words of A“. The right limit transition 0 — {1, 2} leads to a sequence of
length —w of words of A“.

0—{2}
0—{0,1,2}
{2} —1

{0,1,2} — 1

Figure 6: Automaton recognizing a‘ o b

Example 22 The automaton pictured in Figure 6 recognizes the set denoted
by the rational expression a¢ ¢ b. The part of the automaton given by state 2
and the two limit transitions 0 — {2} and {2} — 1 accepts the word a¢ whereas
the part given by the successor transition from state 1 to state 0 accepts the
word b. Each occurrence of a¢ (except the first) is preceded by an occurrence of
b in the automaton, and each occurrence of a (except the last) is followed by an
occurrence of b. More generally, thanks to the limit transitions 0 — {0, 1,2} and
{0,1,2} — 1, the occurrences of a¢ are indexed by a linear ordering J € S\ {2},
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the occurrences of b are indexed by the ordering J* and they are interleaved
according to the ordering J U J*.

The next two sections are devoted to the proof of the theorem. The first
section contains the proof that a rational set is recognizable and the second
section contains the proof of the converse.

6.1 From rational expressions to automata

In this section, we prove that any rational set of words is recognized by an
automaton. The proof is by induction on the structure of the rational expression
denoting the set. For each rational operation, we describe a corresponding
construction for the automata. The constructions for union, concatenation, and
finite iteration are very similar to the classical ones for automata on finite words
[18, p. 15].

In order to combine two automata, it is convenient if no transition enters
an initial state or leaves a final state. Furthermore, some problems may come
from the empty word. To overcome them, any set X may be decomposed as
X = X'+ 0(X), where X’ is X — {e} and §(X) is {e} if € € X or @ otherwise.

An automaton is said to be normalized if it has a unique initial state 7 and a
unique final state f # i and it has no transition which enters i or leaves f. Note
that these conditions imply that the states ¢ and f can only occur as the first
state and the last state of a path. Therefore transitions of the form P — ¢ or
q — P where P contains i or f cannot occur in a path. In the sequel, we assume
that a normalized automaton does not have transitions of the form P — ¢ or
q — P where P contains ¢ or f.

The following lemma states that the empty word can be added or removed
without changing recognizability, and that a recognizable set which does not
contain the empty word can be recognized by a normalized automaton. Note
that this condition is necessary since a normalized automaton cannot accept the
empty word.

Lemma 23 Let X be a set of words. The set X is recognizable if and only if
X + € is recognizable. Furthermore if ¢ ¢ X, then X can be recognized by a
normalized automaton.

Proof Suppose that X is recognized by the automaton A = (Q, E,I, F). The
set X + ¢ is recognized by the automaton A’ obtained by adding a new initial
and final state 7. Let Q' be the set @ U {i} where ¢ does not belong to Q.
The automaton A’ is equal to (Q', E',I', F') where E' = E, I’ = I U {i} and
F' = FU{i}.

Conversely, suppose that the set X + e is recognized by the automaton
A= (Q,E,I, F). Without loss of generality, we may assume ¢ ¢ X. The set X
is then recognized by the normalized automaton A’ obtained by modifying A
as follows. Let Q' be the set Q U {4, f} where ¢ and f are new states that do
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not belong to @. Define the set E’ of transitions by
E=FBu{i% f|3pLqwithpelandqcF}
Uf{i Lq|3pLqwithpeIJu{i - P|3Ip— P withpec I}
U{pL flapLqwithge FYU{P — f|3 P — q with g € F}.

It is then straightforward to check that the automaton A" = (Q', E’,{i},{f})
recognizes X. Indeed, a non-empty word x labels a successful path v in A if
and only if it labels the successful path v/ in A’ obtained by replacing the first
and last states of v by ¢ and f. O

We claim that if both sets X; and X5 are recognizable, then the sets X; +
Xo, X1 Xo, X7, Xy, X7, Xf, Xfﬁ and X; ¢ X5 are also recognizable. For
each of these rational operations, we describe a corresponding construction on
automata.

Suppose that the sets X; and X, are recognized by the automata A; =
(Q1, E1, 11, F1) and Ay = (Q2, Es, I, F>). Without loss of generality, we may
assume that @1 and @2 are disjoint. The set X7 + X5 is then recognized by the
automaton A obtained by mere juxtaposition of the two automata 4; and As.
This automaton A is equal to A = (Q, F, I, F') where Q = Q1UQ2, E = E1UE,,
I =1 Ul and F = F} U F;. Note that this construction does not require that
the automata recognizing X; and Xs be normalized.

In order to define formally the constructions for the other rational operations,
we introduce the following notation. Let A be an automaton (@, E, I, F') and
let ¢ be one of its states. We denote by E[p < g| the set of transitions obtained
by replacing by p each occurrence of ¢ in each transition of E.

a(>——A1H<H @ Az @

Figure 7: Automata A; and Az

The constructions on automata corresponding to the other rational opera-
tions require that the automata be normalized. Define X{ and X} by X| =
X1 —e and X} = Xo —e. The sets X; and X, are equal to X7 + §(X1) and
X} 4+ 6(X2). By Lemma 23, the sets X| and X} are recognized by two normal-
ized automata Ay = (Q1, F1, {i1},{f1}) and Ay = (Q2, Es, {i2}, {f2}) pictured
in Figure 7. In the figure, all states which are neither initial nor final are rep-
resented by a squared box. Without loss of generality, we may assume that ¢
and @2 are disjoint.

The set X7 X5 is equal to X{ X5 + 6(X1) X, 4+ X16(X2) + 6(X1)d(X2). Since
the class of recognizable sets is closed under union, it suffices to construct an
automaton for X X5. This set is recognized by the automaton A obtained by
first juxtaposing the automata 4; and A4s and then merging the final state f;
of A; and the initial state i3 of Ay into a state called f; which is neither initial
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Figure 8: Automaton for XX}

nor final. This construction is pictured in Figure 8. The automaton A is equal to
(Q, B, {ir}, {f2}) where Q = Q1UQ2—{i2} and E' = E) UE,[f1 < i2]. Suppose
that the words z; and zo label the successful paths 7; and 2 in A; and As.
Since io is identified with f1, the two paths «; and 72 can be concatenated to
form a successful path in A labeled by xjx5. Conversely, the state f; = is
occurs at least once in any successful path in A and it occurs exactly once since
no transition leaves f; in A; and no transition enters is in As. Therefore, any
successful path in A is the concatenation of successful paths in .4; and A5. This
proves that A recognizes the set X{X}.

Al

Figure 9: Automaton for X7

The set X; = X" is recognized by the automaton A obtained by merging
the initial state 7; and final state f; of A; into a state which is both initial and
final. This construction is pictured in Figure 9. More formally, the automaton .4
isequal to (Q, E, {i1},{i1}) where @ = Q1—{f1} and E = E1[i1 < f1]. Suppose
that x1, ..., x, are accepted by A;. The successful paths ~1, ..., 7y, in A; labeled
by z1,...,z, can be concatenated to form a successful path in A. Conversely,
there are finitely many occurrences of the state i = f1 in a successful path
in A since there is no limit transition P — ¢ or ¢ — P with P containing i;.
Therefore, a successful path in A is the concatenation of a finite number of
successful paths in A;. This proves that A recognizes the set X7 = X]".

—=f_JA| (D~ )i

Figure 10: Automaton for X“

The set X{ is equal to §(X1)X]" + X1“. Since we have already proved that
the class of recognizable sets is closed union and finite iteration, it suffices to
construct an automaton for set X]“. This set is recognized by the automaton A
obtained by first merging the initial state i; and final state f; of A; into a state
called ¢; which is initial but not final, and then by adding a new final state f
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together with all left limit transitions P — f where P contains ¢;. The con-
struction is pictured in Figure 10. The automaton A is equal to (Q, E, {i1}, {f})
where Q@ = Q1 U{f} —{fi} and E = Ey[iy «— fL]U{P — f | i1 € P}. Sup-
pose that the words xg,x1,2o,... are accepted by A;. The successful paths
Y0,7Y1, Y2, - - - in Ajp labeled by xg,z1,x2,... can be concatenated with an addi-
tional state f at the end to form a successful path in A. Conversely, there are
exactly w occurrences of the state i, = f; in a successful path in A since the
only transitions entering the final state are the left limit transitions P — f with
i1 € P. Furthermore, the least upper bound of these occurrences is the last cut
since there is no left limit transition P — ¢ with i; € P and q # f. Therefore,
a successful path in A is the concatenation of w successful paths in A;. This
proves that A recognizes the set X|“.
An automaton recognizing X; * is similar to the automaton for X.

Al (in,..} =iy

Figure 11: Automaton for X f

The set Xf = X{ﬁ is recognized by the automaton A obtained by first
merging the initial state i; and the final state f; into a state called ¢; which is
both initial and final, and then by adding all left limit transitions P — i; where
P contains i;. The construction is pictured in Figure 11. The automaton A is
equal to (Q, B, {i1}, {i1}) where Q = Q1 — {f1} and E = E[iy — fi] U{P —
i1 | i1 € P}. Let a be a countable ordinal and suppose that each word zg is
accepted by A; for § < a. Let g be a successful path labeled by zg. Suppose
first that « is not a limit ordinal. Thus the sequence ~ of states obtained by
concatenating the paths s is a successful path in A since this automaton has
the transitions P — i; where 7; € P. In case « is a limit ordinal, the paths v3
are concatenated with the additional state i1 at the end to form a successful path
in A. Conversely, since the automaton A does not have any transition ¢ — P
where i; € P, the ordering of the occurrences of the state ¢; in a successful
path is well-ordered. Therefore, a successful path in A is the concatenation of
a sequence of successful paths in A; indexed by some countable ordinal. This
proves that A recognizes the set X,

An automaton recognizing X, ¥ is similar to the automaton for X f

N == R
A iv — {i1, f1...}

Figure 12: Automaton for X7 ¢ X5
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For the set X7 ¢ Xo, we first suppose that X; and X do not contain the
empty word. They are then recognized by the normalized automata 4; and As.
The set X7 ¢ X5 is recognized by the automaton .4 obtained by juxtaposing
the automata A; and As, by merging the initial state i; of A; and the final
state fy of Ao into an initial state called i1, by merging the initial state i of As
and the final state f; of A; into a final state called f1, and by adding all the
left limit transitions P — f; and all the right limit transitions i; — P where
P contains both i; and f;. The construction is pictured in Figure 12. The
automaton A is then equal to (@, E, {i1}, {f1}) where Q = Q1 U Q2 — {i2, fo},
E = E\UEyiy — fo][fi — i) U{P — f1 | i1, 1 € PYU{iy — P | i1, f € P}.
Let J be a non-empty countable scattered linear ordering. If the words (x;);es
are accepted by A; and if the words (y.).. j. are accepted by Az, the successful
paths labeled by these words can be interleaved and concatenated to form a path
in A since this automaton has all the appropriate limit transitions. Conversely,
a successful path in A is made of intervals which either contain states of A;
or states of As. Applying Lemma 8 to the ordering K of these intervals, a
path in A can be decomposed as the concatenation of successful paths (v;);e.s
in A; and successful paths (v.) in As. This proves that A recognizes the
set X7 ¢ Xs.

ceJ*

{in, fro o} = fi,40
{i, -} — fr,d)
i1,1 — {i1, f1...}

i, i — {d,...}

Figure 13: Automaton for X; ¢ (Xs +¢)

If either X; or X, contains the empty word, the previous construction must
be slightly adapted but it remains essentially the same. We describe it for the
case where X5 contains the empty word but X; does not. The other cases
are very similar. The construction is as follows. The initial state i; of A; is
duplicated. This means that a new initial state ¢} is added, and new transitions
i1 = qand i] — P are added whenever i; < q and i — P are transitions of A;.
Analogously, the final state f; is duplicated by adding a new final state f{. The
automaton A recognizing X; ¢ X5 is obtained by juxtaposing the automata Ay
and Ay, merging the two states i} and f;, merging the initial state i; of A;
and the final state fo of A5 into an initial state called i1, merging the initial
state io of A and the final state fi of A; into a final state called f1, and adding
all the left limit transitions P — f; and P — 4} and all right limit transitions
i1 — P and i} — P where P either contains 7} or contains both 4; and f;. The
construction is pictured in Figure 13.

We have now shown that for each rational operation, there is a corresponding
construction on automata. For the base cases of the induction, we note that &
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is recognized by the automaton ({i, f},@,{i},{f}), and for each letter a, the
set {a} is recognized by the automaton ({7, f},{: = f},{:i},{f}). Thus, for
each rational expression, there is an automaton recognizing the set denoted by
that expression.

6.2 From automata to rational expressions

In this section, we prove that for any automaton A, there is a rational expression
denoting the set of words recognized by A. We first introduce some notation.
Let A= (Q,E, I, F) be a fixed automaton. The content C(v) of a path ~ is the
set of states which occur inside . It does not take into account the first and
the last state of the path. Recall that a path + labeled by a word of length J
is a function from .J into Q. The content of a path + is thus formally defined
by C(y) = v(J*). Recall that Out(P) and In(P) respectively denote the set of
transitions that leave and enter a state in P.

A path v from state p to state p’ having content P and labeled by z is
denoted by

PP

If x # €, the path 7 uses a first transition o which leaves p and a last transition ¢’
which enters p’. To emphasize the use of o and ¢/, the path ~ is then denoted

Z /
g~ 0 .
P

In both notations, we may omit the label or the content of the path if they are
not relevant.

In the proof, we often decompose a path into several paths. Given a path v
of length J and two cuts ¢ < ¢’ of J, the path denoted by v[c, ¢] is the part of
from ¢ to ¢.

Let P be a subset of @ and let o and ¢’ be two transitions of A. We define
the sets of words 117 ./, VE ., AP, and T'Z , as follows.
17+ = {z | 3y of the form a% o'}

VZE 4 ={x | Iy of the form o % o’ without any transition P — r}

AP

5.0’ =12 | 37 of the form & % o’ without any transition r — P}

IL o ={x | 3y of the form o % o’ without any transition r — P or P — r}.

Note that without any transition P — r means that the path + does not use
any left limit transition of the form P — r for any r € @ except perhaps for
the last transition if o’ is a left limit transition of this form. Thus, the left limit
lim,.- v at any cut ¢ different from the last cut must be a proper subset of P.
This fact will be used in the arguments that follow.

22



Both VZ . and AL ., are subsets of 117, and the set 'Y/ is equal to the
intersection VI » AL . /

The paths considered in the definition of the sets IIZ ,, V& ., AP  and
I‘f’ . use at least one transition. Therefore, the empty word is not contained in

them. Since a path is successful if its first and last states are respectively initial
and final, the set of words recognized by the automaton A is equal to the union

5(A) + U nz,

PCQ,0€0ut(l),0’€In(F)

where §(A) is equal to € if I N F # & and to & otherwise. We claim that every
set of the form IIZ ., VZ ./ AE ., or 'Y . is rational. The proof is by induction

on the cardinality of P.
We first suppose that P is the empty set &. If both transitions o and ¢’ are

equal to the same successor transition p % ¢, all four sets 117 ., VI / AP
and I’ f; . are equal to the singleton {a}. Otherwise, they are all empty. In both

cases, they are rational. This completes the base case of the induction.

The rest of the proof is devoted to the induction step. We suppose that P
is non-empty and that for any R C P and any transitions 7 and 7/, all four sets
e, VE . A and TE . are rational. We first prove in Section 6.2.1 that
the set I'7 + has a rational expression over the sets II . for R C P. By the
induction hypothesis and by Lemma 14, the set I'Y . is rational. Then we prove
in Section 6.2.2 that both sets VZ . and AL have rational expressions over
the sets I'Y_ studied in Section 6.2.1 and the sets ITZ_,, VE . AL, and TZ ,
for R C P. By the induction hypothesis and by Lemma 13, VZ  and AL
are rational. Finally, we prove in Section 6.2.3 that the set Hf’ , has a rational
expression over the sets I'Y_, VP, AP . and the sets II® _,, VE . AE_, and
I'E_, for R C P. Again by the induction hypothesis and by Lemma 13, g . is
rational.

In the following section, the proof uses the Kleene theorem for usual au-
tomata accepting finite words and a Kleene-like theorem for Biichi automata
accepting w-words. We refer the reader to [18] for finite words and to [19] for

w-words.

6.2.1 T7 . is rational

Let v be a path labeled by a word z = (a;) e in Ffﬁ/. Let p and p’ be the
first and last states of this path. By definition of 'Y/, the path v does not use
any limit transition r — P or P — r for any r € Q, except possibly for the
beginning or ending transition. We show how to decompose the path ~ in such
a way as to find a rational expression for I'Z » over the sets II# , with R C P.

We consider three cases depending on the form of the transitions ¢ and o”.

e ¢ is different from p — P. The idea is to decompose the path ~ into
a sequence of consecutive paths, each of whose content is strictly included in
P. The way these consecutive paths are combined to give v will be described
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by an automaton. Kleene’s theorem for finite words together with its analog
for w-words will allow us to infer from the induction hypotheses that I‘f: o s
rational.

Consider the cut (K, L) of the ordering J defined as follows.

K ={ce J|C(Hlemn:d]) C P}
L={ceJ|CHlemn,c]) = P}

Note that K is non-empty since the first cut ¢y, belongs to K and that L is also
non-empty since the last cut c¢ax belongs to L. Since Jisa complete ordering,
K has a least upper bound ¢;. By definition of (K, L) and of the content,
this cut ¢; must belong to K and it is thus equal to max(K). Note that ¢;
is different from cpi, since o is different from p — P and that it is different
from cpmax since L # &. Therefore there are transitions 71 and 7 entering and
leaving the state g1 = y(c1). Let Ry and R’ be the contents C([cmin, ¢1]) and
C(v[e1, emax])- By definition of ¢, one has Ry C P and R" C P. If R' C P,
then x belongs to ITF9. IIF /. If R' = P, then x belongs to Hﬁgifﬁ/ﬁ/ and the
argument given above for v can be repeated for the path 7y[c1, cmax| since 71 is
not equal to g1 — P. We then get a second cut cg in the interval (¢1, ¢max) such
that Ry = C(v[c1,c2]) € P and C(7y[c2, cmax]) C P.

So, we get either a finite sequence or an w-sequence of distinct cuts c¢q, ca, . . .
corresponding to states qi, qo, ... with related sets HGIEOT{ , Hfllﬁé, ..., where R C
P and 74, and 7 are the transitions entering and leaving ¢g;. Note that by
construction

Ry_1U {qk} URL =P (3)

for every positive integer k.
If the sequence of cuts obtained is a finite sequence cq, . .., ¢,, then the word
x € TL ./ belongs to the finite product
Mo 1B , | T[Bn—1  TIEn (4)

’
0,Ty T1,To Tn—1,Ty, Tn O

In that case, the transition ¢/ must be different from the transition P — p’
because R, C P. We claim that if the sequence of cuts is an w-sequence
c1,Ca, ..., then x belongs to the w-product

Ifo, 18 118, . (5)

0,71 T1,To T2,T3 o

The least upper bound ¢ = sup{cy, | k£ > 1} is equal to the last cut of J. Indeed,
Equation (3) implies that the left limit lim.- 7 is equal to P. Since the path ~
is without any left limit transition P — ¢ for any q € @, except for the last one,
c is the last cut of J and ¢’ must be the left limit transition P — p’.

Thus, we have proved that if x belongs to I‘f’ -, then it belongs to a product
like (4) if o’ is different from P — p’, or like (5) if ¢’ is equal to P — p’. We
consider two cases.

We first suppose that ¢’ is different from P — p’. Let us now give an
automaton B which describes in a precise way the possible concatenations of
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the sets Hf_ikT/ that can arise in (4). The automaton is over the alphabet
C={E.|R C P,7,7" € E}. This means that each set ITI¥  is considered as
a letter.

The states of B are triplets (R, q, R') where ¢ is a state of A, and R and R’
are sets of states of A such that RU {q} U R’ = P. The automaton B also has
initial states of the form (p, R’) for R’ C P and final states of the form (R,p’)

for R C P. Transitions of B are defined as follows. There is a transition

nk
(RlaqlaRi) —/ (R27q27R/2)

if and only if R} = R2 = R, 7 leaves q; and 7’ enters go. There is a transition
from an initial state

R
(paR/) T (RQ,(]Q,R2)

if and only if Rf = Ry = R, 7 = o and 7’ enters ¢o. Analogously, there is a
transition to a final state

R
(R17Q15R1) (R27 )

if and only if Rf = Ry = R, 7 leaves ¢; and 7" = ¢’. Note that the initial states
can only occur as the first state of a path and that final states can only occur
as the last state of a path. Indeed, there is no transition entering initial states
and no transition leaving final states.

This automaton B is a usual automaton that accepts finite words over C.
We claim that it has the following two properties.

i) If a finite sequence IT59 ITR1 , . TIE» . as in (4) occurs as the decompo-

T1,Ty Tn,O
sition of a word z in T’ it 1s then accepted by B.

o,0’

ii) Conversely, if a sequence 1%, T1E , . TIE» , is accepted by B, the finite

g Tl T1 7'2 Tn O
product of the corresponding sets is contalned in F

Statement (i) follows directly from Equation (3). Conversely, let w be a word
%o M1, .. IIE» ./ accepted by B and let x be a word over A belonging to
the product HRO/HRl .. ..II8n . of the corresponding sets. The word z can
be factored z = xoxl . T, where each x; belongs to Hﬁin’ﬂ' By definition
of HﬁfT{H, there is in A, a path 7, ~> 7,41 of content R;, labeled by z;. By
definition of the transitions of B, these paths can be concatenated in A to yield
a path o ~ ¢’ labeled by x. By definition of the states of B, the content of this
path is P but is without any transitions r — P or P — r. This completes the
proof of Statement (ii).

Let W be the set of words accepted by B. By Kleene’s theorem, W is
rational. By Statements (i) and (ii), 'Y, = A(W) where the function X is
naturally defined on C'. By Lemma 14 and by the induction hypothesis, Ff; o
is rational. This completes the proof of the case ¢’ different from P — p’. Note
that the rational expression expressing I‘P + over the HR  only involves unions,
concatenations, and finite iterations since W only contains finite words.
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We now suppose that ¢’ is equal to the transition P — p’. The proof
of this case is very similar, but since the products of (5) are w-products, the
automaton B is replaced by a Biichi automaton B’ that accepts w-words over
the alphabet C'. We first recall that a Biichi automaton is a usual automaton
with initial and final states. An infinite path in such an automaton is successful
if it starts in an initial state and if it goes through a final state infinitely many
times. The automaton B’ is almost the same as the automaton B. The only
difference is that there are no final states of the form (R, p’) and that all states
of the form (R, ¢, R’) and (p, R') are final. All infinite paths starting in an initial
state of this Biichi automaton are thus successful.

We claim that the automaton B’ has the following two properties

" B TR TR : .
i) If an w-sequence I, IT70 L II72 ... as in (5) occurs as the decomposition

of a word z in I‘f;g/, it is then accepted by B’.

s ; ; Ro T[R: ,TIR is /
ii") Conversely, if an w-sequence II7¥o IT 1112, ... is accepted by B', the

w-product of the corresponding sets is contained in Ff, o

The proofs of these two statements are exactly the same as those for B. Let
W be the set of w-words accepted by B’. By the Kleene-like theorem for Biichi
automata, W is rational. By Statements (') and (ii’), I'Y, = A(W). By
Lemma 14 and by the induction hypothesis, Ff, o is rational. This completes the
proof of the case o’ equal to P — p’. Note that the rational expression expressing
I‘f’ »/ over the HffT/ only involves unions, concatenations, finite iterations, and

w iterations since W only contains w-words.

e ¢’ is different from P — p’. This case is symmetrical to the previous one.
The w iteration is replaced by the —w iteration.

e 0 equals p — P and ¢’ equals P — p’. Let ¢ be a cut of J such that
Cmin < € < Cmax- The path ~ is then decomposed into two paths v1 = Y[cmin, ]
and 2 = 7[¢, cmax] and the word x is factored x = x5 where z;1 and x5 are
the labels of 41 and ~5. The content of 7 and the content of «5 are both equal
to P because o equals p — P and ¢’ equals P — p'.

Let ¢ be the state y(c) and let 7, 7’ be the transitions entering and leaving ¢
at c¢. By definition of I‘f; -, both transitions 7 and 7’ are different from p — P
and P — p’. The word z belongs then to a product of the form 'Y T ., for
some (7',7) € T where

T ={(r",7)| 3¢ 7 €In(q),7 € Out(q) and 7" # P — q,7 # q — P}.
It follows that

P P P
Fo’,o' g U FU7T/FT»UI
(r',7)eT

and since 'Y /T'F » c T'L , for each (7/,7) € T, the relationship is actually one
of equality. The set on the right is a finite union of products of terms shown
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to be rational in the previous two cases and so is itself rational; thus I‘f; o 1
rational.

6.2.2 AF_ and V? . are rational

We now prove that Af; . is rational. The proof for Vf’ o/ 1s symmetrical. Let ~y

be a path labeled by a word z = (a;)jes in AL /. Let p and p’ be the first and
the last state of this path. By definition, this pﬁth does not use any right limit
transition r — P, except perhaps for o.

The idea is again to decompose the path v into a sequence of consecutive
paths. The decomposition is performed according to the occurrences of the left
limit transitions P — r in . The label of each path of this decomposition
belongs to some set I‘ﬁ - whose rationality has been proved in Section 6.2.1.

Consider the subordering K of J defined by the occurrences of left limit
transitions P — r in -, that is

K ={ce J|limy= P}. (6)

Note that cpin cannot belong to K because lim - + is empty by definition.
The last cut cypax belongs to K if and only if ¢ isn‘lclﬁe transition P — p’.

If K is empty or contains only ¢pax, then the word x belongs to I‘f’ o In
the rest of this section, we assume that K contains some cut other than ¢y ay.
We will consider two cases depending on whether ¢ is the transition p — P or
not. Before considering these two cases, we state two properties of K that will
be useful in both cases.

We first claim that K has a greatest element max(K). Let ¢ = sup(K) be
the least upper bound of K. The left limit lim.- v is then equal to P and thus
¢ belongs to K. If ¢’ is equal to P — p’, then max(K) = ¢pax. Otherwise one
has max(K) < ¢max-

The ordering K is not necessarily an ordinal but it is almost well-ordered.
We claim that if it contains an infinite decreasing sequence cg > ¢1 > cg > - -,
then this sequence converges to cnin and the transition ¢ must be p — P. This
implies in particular that for any cut (L, R) of K different from (@, K), the
ordering R is an ordinal.

Suppose that K indeed contains an infinite sequence ¢y > ¢; > ¢ > --- and
let ¢ be the greatest lower bound of {¢; | ¢ > 0}. The right limit lim.+ vy is then
equal to P. Since the path does not use any right limit transition » — P, except
perhaps for o, it follows that c is the first cut ¢y, and that o is the transition
p— P.

We consider two cases depending on the form of transition o.

e o is different from p — P. By the second property of K, there exists no
infinite decreasing sequence in K, that is, K is well-ordered. It follows that K
has a least element min(K') and that each element c of K different from max(K)
has a successor in K that we denote by c¢+1 by a slight abuse of language. Let 7
and 7. be the transitions entering and leaving the state ¢. = y(c). By definition
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of K, the transition 7. is equal to P — ¢, for each ¢ € K. Let z. be the label of
the path v[c, ¢+ 1]. Each word . belongs to I‘fmT;+ . Let y be the label of the
path v = y[emin, min(K)]. The word y belongs to Fiﬁnmm . If the transition ¢’
is different from P — p’, one has max(K) < ¢max- In that case, we also consider
the label z of the path 4" = y[max(K), ¢pax]. The word z belongs to I‘f:nax(K)’o/
if C(y"") = P and it belongs to IIZ o0 i C(") =R C P. If ¢/ is equal
to P — p/, the word z is equal to y c<max(rc) Te and if o' is different from
P — p/, the word z is equal to y(Hc<maX(K) xc)z.

Therefore, as K is well-ordered,

#
A:;/cr:;/u(u r)( U rﬁ;) @

T'erT’ TeT T'eT’

if o/ equals P — p’, and

f
stoertov(Urm) (U ) (Urtee U s

T'eT’ TeT 7'eT”’ TeT T7€T RCP

if o/ is different from P — p’, where the subsets T and T of transitions are
defined as follows:

T={r|3¢ge P 7€Out(q),7#q— Pand P— qec E}, 9)
T"={P—gq|gqePand P— q€ E}. (10)

Let us show that inclusions (7) and (8) are in fact equalities. We first study

the set
#
X = ( U rﬁ}) :
TeT v'eT’

We start with a small remark concerning transitions of T”. Let 71,75 € T”
be two transitions of the form 7{ = P — ¢; and 75, = P — ¢». Let ¢ be a path
ending with 77, that is 0 is a sequence of states of the form §'q;. Then §'¢s is
also a path with the same label and the same content as ¢’q;. By this remark,
we can conclude that I'Y . =T7 .

We claim that each non-empty word z € X labels a path § : 7 ~ 7' of
content P for some 7 € T and 7/ € T’, and that ¢ is without any right limit
transition r — P, for all » € Q). Let x be a non-empty word of X. It can be
factored x = Ilg<ox3 where 0 < o < w; and each word x3 belongs to Ffﬁﬁé
for some 75 € T" and 75 € T". Let dg be a path 73 ~» 7 labeled by z. Define
05 by 6 = d3q5. We claim that for any ¢ such that P — g belongs to E,
6= (Hﬁ<a5'ﬁ)q is a path labeled by z. Indeed, if 3 is a successor ordinal 8" + 1,
the first state of 63 can replace the last state of §3: due to the previous remark.
If B is a limit ordinal, the left limit of § at the first state g of g is P and P — ¢

is a transition by definition of 7'. Note that the path § is without any right limit
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transition r — P, for all » € Q. If z is the empty word, we take for § the empty
path.

Finally a path ¢ of label y € T'? » with 7/ € T”, can be concatenated with
the path § constructed above, due again to the previous remark. For the same
reason, the path §’d can be concatenated with a path §” labeled by z in I'Z
or in Hf’o/ for R C P. Moreover the resulting path is without any right limit
transition r — P, for all € Q.

Therefore, if ¢’ equals P — p’, then equality holds in (7), otherwise equality
holds in (8). This shows that AZ . has a rational expression over the sets I'Z
and the sets IIZ_, for R C P. By the induction hypothesis and by Lemma 13,
AL is rational.

e 0 equals p — P. We work again with the path v with label z as defined at
the beginning of Section 6.2.2. Two cases occur depending on the existence of
an infinite decreasing sequence in the set K defined by Equation (6).

We first suppose that there is no infinite decreasing sequence in K. The
set K is then well-ordered. Since K # @, it has a least element ¢ = min(K)
which is different from cpi,. The path v can be decomposed into the two paths
Y1 = Y[cmin, €] and y2 = Y[¢, Cmax|. Let x1, 2o be the labels of the paths 71,
v, and let 7/, 7 be the transitions entering and leaving the state ¢ = v(c¢). By
definition of ¢, the word x; belongs to I'Y . The word z3 belongs to AL, or
in ITZ » with R € P according to the content of 7. Note that AZ ., is such
that 7 is different from ¢ — P and thus has been proved to be rational in the
previous case.

This shows that

ze |J TP.(AF, U] OE,) (11)

TeT /el RCP

where the sets T and T" are defined by Equations (9) and (10).

We now suppose that there is an infinite decreasing sequence ¢; > co >
c3 > --- in K. We can assume that c; is different from cpax. Otherwise ¢y
is removed from the sequence to get another infinite decreasing sequence with
that property. Let ¢; be the state v(¢;), and let 7/ and 7; be the transitions
entering and leaving the state g; at ¢;. Let ; be the path v[c;11,¢;]. Recall
that we have proved that the sequence (¢;);>1 converges to ¢min. This shows
that the path y[cmin, ¢1] can be decomposed as a sequence of length —w of the

paths ;. By definition of Agj -, each transition 7; is different from the transition
g; — P. This shows that the label z; of ; belongs to AL that has already

Ti41,T;
been shown to be rational in the previous case. Let xy be label of the path

Y0 = 7[c1, Cmax]- It belongs to AF _+if C(vy) = P and it belongs to IIE _/ if
C(y) = R C P. Thus

S < U Ai,,_/) U Afﬂl @] U H,,}_%’U/ (12)
P

TeT T7'€T’ TeT T7€T RC
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where the sets 7" and 1" are defined by Equations (9) and (10).
Combining the two cases (11), (12) with the case K = @ or K = {cmax},
one has

AP CcTl, U U rr.|ar,u ok,

TeT, €T’ RCP
—w
P P R
u( U A) Uazu U m,
TeT T'eT’ TeT T€T RCP

One can verify that this inclusion is an equality. The sets AL, AP, of
this equality have been shown to be rational in the previous case. By Lemma 13
and by the induction hypothesis, AL . is rational.

0,0

6.2.3 II7, is rational

In this last part of the proof, we show Hf’ .~ has a rational expression over the
sets P/, VP, AP, and the sets IIZ /., VE . AE , and TE , for R C P.

The proof is organized as follows. A path of a word in Hf; . 1s decomposed
into small intervals using a first condensation ~ (see Section 2.4 for definition).
Four types of intervals are obtained by this decomposition. Then some intervals
are grouped with a second condensation = to reduce the number of types of
intervals to two. Finally, Lemma 8 is used and we get a rational expression
involving the binary operation .

Let v be a path labeled by a word « = (a;)jes in IIZ ;+. Let p and p’ be the
first and the last state of this path.

Consider the condensation ~ of J defined as follows. For all cuts c1,c2 € J
where ¢; < ca, the relations ¢; ~ ¢ and ¢y ~ ¢; hold if and only if for every
¢ € [e1, ¢2), lim+ v # P and for every ¢ € (¢1, ¢o], lim.- v # P.

Any equivalence class of ~ is an interval. Note that two consecutive cuts are
always ~-equivalent. As Jis complete with a least and a greatest element, every
interval can be expressed as one of the four forms (c1,¢2), (1, 2], [c1,c2) and
[c1,co]. The form of an interval is unique because consecutive cuts are always
equivalent. In the sequel we speak about the four types (), (], [) and []. Recall
that an interval is right open (respectively right closed) if it has type () or [)
(respectively (] or []).

Let us study the structure of the equivalence classes of ~ and the consecutive
elements of the quotient ordering K = J /~. Note that K is a complete scattered
ordering with a least and a greatest element.

Let k € K be an equivalence class of ~, with ¢; = inf(k) and c; = sup(k).
For any ¢ € (c1,¢2), one has lim.+ v # P and lim.- v # P. If ¢; = co, that is,
k is the singleton {¢;}, then limcl_ v = limc;r v = P. If ¢; < ¢g, one verifies that
k is left open if and only if limc;r ~v = P. Symmetrically, k is right open if and
only if limcz_ v=P.
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Consider two consecutive elements k < k' of K. As J is complete, it is
impossible that k is right open and %’ is left open. As consecutive cuts are
equivalent modulo ~, it is also impossible that k is right closed and %’ is left
closed. Moreover, any element k of K which is right open always has a suc-
cessor k' which is then left closed. Symmetrically, if k is left open, it has a
predecessor k' which is right closed.

We now define a condensation = of the ordering K = .J /~. For all k; <
ko € K, the relation

kl ~ k‘Q

holds if and only if all elements of the interval [kq, k2] have the same type.

As done for K, we study the quotient ordering L = K/~ which is a complete
scattered linear ordering with a least and a greatest element.

If I is an equivalence class of ~ with elements of type (), then [ is a singleton.
Otherwise, let k1 < ko be in [. As K is scattered, there are two consecutive
elements k] < kb in [k1, k2] both of type (). This is impossible in K. In the
same way, any equivalence class of &~ with elements of type [] is a singleton.
Classes whose elements are of type (] or [ ), however, need not to be singletons.

Note that any equivalence class | with elements of type [) always has a
successor and if [ is left open, it also has a predecessor. Moreover, recall that an
element k of K of the type [c1,cz) satisfies limc; ~ = P. Thus, the least upper
bound ¢ = sup{ca | [c1 c2) € I} also satisfies lim.- v = P. If [ is left open, the
greatest lower bound ¢ = inf{c; | [c1 ¢2) € I} satisfies lim.+ v = P. In the same
way, any class [ with elements of type (] always has a predecessor and if [ is
right open, it also has a successor. By similar reasoning, any class [ reduced to
a singleton of type () has a predecessor and a successor.

Consider now two consecutive elements | < I’ of L. Since K/~ is complete,
it is impossible that [ is right open and I’ is left open. Let k = sup(l) and
k' = inf(l’). Assume first that [ and [’ are respectively right and left closed.
Then k and k' are consecutive elements of K, for which we already know the
possible configurations. Moreover, k and k' have different types since they are
in different classes. Assume now that [ is right open and that I’ is left closed. It
follows that k = &’ and the type of k is different from the type of the elements
of I. As [ is right open, two types are possible for its elements: (] or [). If the
type is [), one checks that k has type [] due to the properties seen for K. If
the type of the elements of [ is (], then k has either type [] or [). The last case
when [ is right closed and !’ is left open is symmetrical.

Let us go further. We consider L as a collection of intervals of J which par-
tition J, by composing the two condensations ~ and . To avoid any confusion,
when L is seen as the quotient ordering over K, that is L = K/, an equivalence
class is described as an interval composed of elements k of K. When L is seen
as the quotient ordering over J , a class is described as an interval of elements ¢
of J. A class [ is then seen as the interval Ure k of J.

Let us detail the different cases. We begin by considering the case where [ is
a singleton whose sole member k has type () or []. Seen over .J, we respectively
get I = (¢, ) or l =|c,c]. Let 7 be the transition leaving v(c) and let 7/ be the
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transition entering y(¢’). Therefore, if I = (¢, '), the label y of the path «][c, ¢/]
belongs to

rr with 7=~(c)— Pand 7' =P — () (13)
and if | = [¢, /], then either y = ¢ (when ¢ = ¢’) or y belongs to

Zew=TP U | JOE, with 7#7(c)— Pand 7 #P —(d).  (14)
RCP

We next consider those classes [ whose elements have type [). Suppose
that [ is left open. We have seen that over J, [ is an interval | = (¢, ¢’) such
that lim,+ v = P and lim, -~y = P. The path v[c,¢] is without any right
limit transition » — P. Let 7 be the transition leaving v(¢) and let 7" be the
transition entering y(c¢’). Then the label y of the path 7[c, ¢'] belongs to

AP with 7=7(c) > Pand 7' = P — 7(¢). (15)

A similar description holds for right open classes whose elements have type (].
With the same notation, we have [ = (¢, ') and the label y of the path «[c, ¢/]
belongs to

VP with 7=7(c) = Pand 7' = P —~(c). (16)

Two cases have yet to be considered: the case of left closed classes [ with
elements of type [) and the symmetrical case of right closed classes | with
elements of type (]. In the former case, [ is an interval | = [¢,¢/) over J such
that lim.+ v # P and lim.- v = P. The path «[c, ¢/] is again without any right
limit transition r — P and with the same notation as before, y belongs to

AT with 7#~(c) = Pand 7' = P — 5(c). (17)

In the latter case, a symmetric description holds with [ = (¢, ¢/] and y belongs
to

VP with 7=7(c) - Pand 7’ # P — 7(c). (18)

We now define two sets M and M’ such that M N M’ = & and such that
M U M’ is a collection of intervals which partition J. We define M as the
subordering of L composed of all the elements [ of L which are left and right
open intervals (¢, ¢’) over J. These intervals are exactly those paths whose labels
are described in (13), (15) and (16).

The set M’ is composed of some elements of L and of pairs or triples of
consecutive elements of L being merged into one interval. It is defined as follows.
Consider an element | = [cq, ¢2) of L whose label is described in (17). Recall that
I has a successor I’ which is necessarily a singleton & of type []. Such a class I’
has its label described in (14). The class I’ is equal to an interval I’ = [co, c3].
Analogously, if I” = (cs, c4] is an element of L whose label is described in (18),
it has a predecessor I’ = [c2, ¢3] whose label is described in (14).
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Let I’ = [c2,c3] be an interval whose label is given in (14). If it has a
predecessor [c1,c2) with a label in (17) and a successor (c3,cs] with a label
in (18), then the interval [c1, ¢4] obtained by fusion of the three intervals [e1, c2),
[c2, c3] and (c3, c4] belongs to M'. Otherwise, if I’ has only a predecessor [c1, ¢2)
(respectively a successor (cs, c4]), then the interval |1, c3] obtained by fusion of
[c1,c2) and [ca, c3] (respectively [cz, c4] obtained by fusion of [ca, ¢3] and (c3, c4])
belongs to M’. Otherwise, I’ itself belongs to M’. Note that M’ contains only
intervals of J that are both left and right closed. Note also that every element [
that, seen over J, is either left or right closed (or both) becomes part of some
fusion which is contained in M’.

Let us prove that the set M UM’ satisfies the hypotheses of Lemma 8. It is a
complete and scattered ordering with a least and a greatest element since it is a
condensation of L. If m = (¢, ¢') belongs to M, it has a successor since the cut ¢/
belongs to an interval m’ which is left closed and belongs to M’. Similarly, m
has a predecessor. Take m < m’ two consecutive elements of MUM'. If m € M,
we just proved that m’ € M'. If m € M’, it is impossible that m’ € M’ due to
the possible configurations of consecutive elements in L. Hence, Lemma 8 holds
and M’ is isomorphic to M.

For every m = (¢, ') in M, the label of the path v[e, ¢] belongs to (see (13),
(15) and (16))

X, =TE UAL  UVE, with 7=~(c)— Pand 7 =P — ().

Consider m = [¢,¢] in M. Let y be the label of path y[c, ¢/] (see (14), (17)
and (18) and the definition of M’). Suppose first that ¢ # ¢/, that is, y # €. Let
7 be the transition leaving v(c) and let 7/ be the transition entering v(c’). The
label y belongs to

— P P P P
YTﬂ" - U A‘r,‘r{ ZTlﬂ'ﬁ v‘1'2,‘1'/ U U A 'ng,‘r/

7'77'3
(7'1:77'1)671 (73,73)€T3
(7-2"’-2)67'2

U U AfT{ 71,7’ U Afﬂ"
(r1,m)€ET1

u J zZnxvh, u VP,
(15,m2)€T>2

U ZT7T,

where the sets 71, 7o and 73 are defined by

Th={(",7)|3q€P 7 =P —qr1e€O0ut(q) and 7 # q — P}
To={(",7)|3q€P 7 €ln(q), 7 # P - qand 7 =q — P}
T3={(r",7)|3IgeP 7" =P—qand 7 =q— P}.

Note that if m is not the first element of M UM, then 7 belongs to Ty = {7 |
Ir" (v',7) € 71} and if m is not the last element of M U M, then 7’ belongs
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toTy = {7’ | 3Ir (7',7) € Tz}. Otherwise, the set Y., is such that 7 = o or
7" = ¢’. Moreover, when 7 = ¢ and 7’ = ¢/, the definition of Z, ./ given by
Equation (14) must be slightly changed into Z, , = Fi o due to the content
being equal to P.

Let us study the elements m = [¢, ¢’] of M such that ¢ = ¢/. If M* contains
an element [c,c|, then M # & and there are in A two transitions P — ¢ and
q — P for some state ¢ € P. Analogously, if the first element of M is equal to
[¢, c], then M # & and the first transition o is equal to p — P (similarly for the
last element of M ).

We now come back to the label x € TIZ  of the path ~. If M = &, then M
is a singleton whose sole element is an interval [¢, ¢'] with ¢ # ¢. Tt follows that
x €Y, If M # &, we decompose 2 thanks to the rational operation ¢ used
on M U M*. Different cases have to be considered depending on the transitions
o and o’. Define the two sets X and Y by

Xx= |J Xr and V=] Y

4.9’ €P €T
T=q—P T'eT)
’ ’
T :PHq

Add to Y the empty word if there are in A two transitions P — ¢ and ¢ — P
for some state g € P. Define the set Y, = UT’ETQI Yorifo#Ep—PandY, =¢
if 0 = p — P. Define also the set Y, = UTGT1 Yo ifo! 2P —p and Y, =¢
if o/ = P — p’. Then the label x belongs to Y, (X ¢ Y)Y, showing the inclusion

Hg),o'/ g Yo’,o” U Yo- (X QY)YO-/.

It can be verified that the reverse inclusion holds as well. Clearly, the set
Y, o is included in Hf’ o/~ One checks that the right limit transitions ¢ — P and
the left limit transitions P — ¢’ involved in the operation ¢ are well managed
thanks to the conditions imposed by 77 and Tj.

Therefore, ITZ7  is expressed as a rational expression on the sets VZ_,, AP
P and IIZ  with R C P. This completes the proof.

7 Conclusion

In this paper, we have introduced automata and rational expressions for words
on linear orderings. We have proved that for words on countable scattered
linear orderings, these two notions are equivalent. This result extends the usual
Kleene’s theorem for finite words.

We mention some open problems. A natural generalization of the result
would be to remove the restrictions on the orderings, first considering words on
countable linear orderings and then words on all linear orderings. Automata
that we have introduced are suitable for all linear orderings. It seems however
that new rational operations are then needed. An operation like the n-shuffle
introduced in [15] is necessary.
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Automata on infinite words were introduced by Biichi to prove the decidabil-
ity of the monadic second-order theory of the positive integers [7]. Since then,
automata and logics have been shown to have strong connections [24]. The next
step is to investigate the connections between logics and the automata that we
have introduced. Such a study has to begin with the closure of the class of
recognizable sets under the boolean operations. On the other hand, it is known
that the monadic second-order theory of all linear orderings is undecidable [22]
if the continuum hypothesis is assumed (see [21, p. 397] for a survey).

Since the submission of this article, new related results have been obtained.
Carton and Rispal have proved that the class of recognizable sets introduced in
this article is closed under complementation [20]. The emptiness problem for
automata on scattered countable linear orderings has been shown to be decidable
with a polynomial time complexity in [10]; the equivalence problem has been
proved to be decidable in [6]. Very recently, Bés and Carton have shown that
the equivalence between automata and rational expressions can be extended to
all linear orderings if the n-shuffle is used [4].
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