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Hierarchy among Automata on Linear Orderings

VERONIQUE BRUYERE OLIVIER CARTON
Institut d’Informatique™ LIAFAT
Université de Mons-Hainaut Université Paris 7
Abstract

In a preceding paper, automata and rational expressions have been
introduced for words indexed by linear orderings, together with a Kleene-
like theorem. We here pursue this work by proposing a hierarchy among
the rational sets. Each class of the hierarchy is defined by a subset of the
rational operations that can be used. We then characterize any class by
an appropriate class of automata, leading to a Kleene theorem inside the
class. A characterization by particular classes of orderings is also given.

1 Introduction

The first result in automata theory and formal languages is the Kleene theorem
which establishes the equivalence between sets of words accepted by automata
and sets of words described by rational expressions. Since the seminal paper
of Kleene [15], this equivalence has been extended to many kinds of structures:
infinite words, bi-infinite words, finite and infinite trees, finite and infinite traces,
pictures, etc.

In [5, 6], we have considered linear structures in a general framework, i.e.,
words indexed by a linear ordering. This approach allows us to treat in the
same way finite words, left- and right-infinite words, bi-infinite words, ordinal
words which are studied separately in the literature. We have introduced a
new notion of automaton accepting words on linear orderings, which is simple,
natural and includes previously defined automata. We have also defined rational
expressions for such words. We have proved the related Kleene-like theorem
when the orderings are restricted to countable scattered linear orderings. This
result extends Kleene’s theorem for finite words [15], infinite words [9, 18], bi-
infinite words [14, 19] and ordinal words [10, 13, 24].

Another jewel of formal languages is the characterization of star-free lan-
guages by first-order logic [16] or by group-free semigroups [22]. A set of finite
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words is star-free if it can be described by a rational expression using concate-
nation, union and complementation only. The class of star-free sets is thus
obtained by restricting the rational operations. The star iteration is replaced
by complementation which is weaker when union and concatenation are already
allowed.

In this paper, we propose a hierarchy among rational sets of words on linear
orderings. As for star-free sets, this hierarchy is obtained by restricting the
rational operations that can be used. Each class contains the rational sets that
can be described by a given subset of the rational operations.

The rational operations introduced in [6] include the usual Kleene operations:
union, concatenation and star iteration. They also include the omega iteration
usually used to construct infinite words and the ordinal iteration introduced
by Wojciechowski [24] for ordinal words. Three new operations are added: the
backwards omega iteration, the backwards ordinal iteration and a last operation
which is a kind of iteration for all countable scattered linear orderings. The
lowest class of the hierarchy contains sets that can be described by rational
expressions using union, concatenation and star iteration. This is of course the
class of rational sets of finite words. The greatest class contains sets that can
be described by rational expressions using all rational expressions introduced in
[6]. Tt contains all rational sets of words on scattered linear orderings. Some
other classes of words already studied in the literature appear naturally in our
framework. Sets of words on ordinals introduced by Biichi [10] or sets of words
on ordinals smaller than w® studied by Choueka [13] form two classes of our
hierarchy.

We give a characterization of each class of the hierarchy by a corresponding
class of automata. A set of words belongs to the given class if and only if
it is recognized by an automaton of the corresponding class. Each of these
characterizations is thus a Kleene’s theorem which holds for that class. For well-
known classes, these Kleene’s theorems were already proved by Wojciechowski
[24] for words on ordinals or by Choueka [13] for words on ordinals smaller than
w®. In each case, the corresponding class of automata is obtained naturally by
restricting the kind of transitions that can be used. For instance, the automata
for words on ordinals do have left limit transitions but no right limit transitions
as there are defined by Biichi [10].

The last rational operation defined in [6] works like an iteration for all count-
able scattered linear orderings. It is binary. In this paper, we consider a simpler
definition of this iteration as a unary operation. This simplified definition seems
to be more natural but it turns out to be weaker. The results of this paper show
that the binary operation is really needed to obtain the Kleene’s theorem of [6].
This question was actually the original motivation of our work.

We also give a characterization of each class of the hierarchy (except one)
by a corresponding class of orderings. A set of words belongs to the given
class if and only if the length of each of its words belongs to the corresponding
class of orderings. For some classes as the class of sets of words on ordinals,
this characterization is straightforward. However some other classes need that
suitable classes of orderings are defined. These definitions are inspired by the



characterization of countable scattered orderings due to Hausdorff.

To summarize, the results of the paper establish a hierarchy among rational
sets of words on linear orderings, with connections between natural classes of
orderings, rational operations and the types of transitions in automata.

The paper is organized as follows. In Sections 2, 3 and 4, we briefly recall the
new notions introduced in [6]: words on linear orderings, automata and rational
expressions. We refer the reader to [21] for a complete introduction to linear
orderings. The different classes of the hierarchy are described in Section 5.
This hierarchy is summarized on Figure 7 and illustrated by some examples.
The characterization by appropriate orderings is studied in Section 6. The
characterization by appropriate automata of the new classes of the hierarchy is
studied in Section 8. Some technical proofs on orderings are put in Section 7.

The results of this paper were first presented in [7].

2 Orderings and Words

A linear ordering J is an ordering < which is total, that is, for any j # k in J,
either j < k or k < j holds. Given a finite alphabet A, a word (a;);ecs is a
function from J to A which maps any element j of J to a letter a; of A. We
say that J is the length |x| of the word x. For instance, the empty word ¢ is
indexed by the empty linear ordering J = &. Usual finite words are the words
indexed by finite orderings J = {1,2,...,n}, n > 0. A word of length J = w is
a word usually called an w-word or an infinite word. A word of length J = (
is a sequence ...a_sa_1a0a1as . .. of letters which is usually called a bi-infinite
word.

In this article, linear orderings are thus used to index sequences. Therefore
we are only interested in orderings up to isomorphism. We freely say that two
orderings are equal if they are actually isomorphic.

Given a linear ordering J, we denote by —J the backwards linear ordering
obtained by reversing the ordering relation. For instance, —w is the backwards
linear ordering of w which is used to index the so-called left-infinite words. For
a class V of linear orderings, we denote by —V the class {—J | J € V}.

Given two linear orderings J and K, the linear ordering J + K is obtained
by juxtaposition of J and K, i.e., it is the linear ordering on the disjoint union
J U K extended with j < k for any j € J and any k£ € K. For instance, the
linear ordering ¢ can be obtained as the sum —w + w. More generally, let J
and K for j € J, be linear orderings. The linear ordering Zj cs K is obtained
by juxtaposition of the orderings K; with respect to J. More formally, the
sum i ;I is the set L of all pairs (k, j) such that & € K;. The relation
(klajl) < (kg,jg) holds iff 71 < jo Or else 71 =72 and k1 < ko in Kj1-

The sum operation on linear orderings leads to a notion of product of words
as follows. Let J and K for j € J, be linear orderings. Let x; = (ax ;)rex, be
a word of length K, for any j € J. The product HjeJ x; is the word of length

w

L =73 c;K;equal to (ak;)x jer- For instance, the word a™ - a* of length



( = —w 4 w is the product of the two words a=%

respectively.

An ordering J is dense if for any ¢ < k in J, there is j € J such that
i < j < k. An ordering is scattered if it has no dense subordering. In this paper
as in [6], we only consider linear orderings which are countable and scattered.
This class is denoted by S and its elements are shortly called orderings. We
use the notation A for the subclass of S of finite linear orderings and O for the
subclass of countable ordinals. Recall that an ordinal is a linear ordering which
is well-ordered, that is, it does not contain the subordering —w.

The following characterization of the class S is due to Hausdorff [21]. The
notation 1 is used for the finite ordering with one element and the notation
08 < a denotes the usual ordering on ordinals.

and a* of length —w and w

Theorem 1 (Hausdorff) S = J,.p Ua where the classes U, are inductively
defined by

1. Up = {@’ 1};
2. Uo ={2 e, K;j | J e NU{w, —w,(} and K; € Ug, Us}-
Example 2 The ordinal w belongs to U; because w = Zjew K; with K; =1¢

Up. More generally one can check that the ordinal w™ belongs to U,, for any
n > 1. Finally, w* belongs to U, since it equals Zj@) K; with K; = w’ € U;.

In this article, we propose two new families of classes to characterize S.

Definition 3 For any a € O,
1. Vo ={o,1};
2. Vo={2 ;e K;j|J€OU{~w,(} and K; € Us, Vs}
One easily checks that for any a € O, the class —V,, can be defined by
{ZjeJ K;|Je—-0U{w,(}and K; € Uﬁ<a —Vs}.
Definition 4 For any a € O,
1. WO = {@, 1},
2. Wy = {ZjeJKj | Je OU-0OU{(} and K; € UB<aWﬁ}'
Example 5 The ordinal w* belongs to Vi, to —V,, and to W;. More generally,

O CViand OU—-0O C W;. It can be proved that the ordering (“ belongs to
W,,. The ordering ¢* is defined inductively on o € O as follows (see [21, p. 90]):

=1
(= (" W)+ (T w=(" ¢
==Y {IB<a}+1+> {¢P|B<a} ifaisalimit ordinal.



It is easy to see that U, C V, and V, C W, and that the classes V,, and
W, contain only scattered linear orderings. It follows from Theorem 1 that S
is equal to the union of the classes V,, and to the union of the classes W, as
stated in the following theorem.

Theorem 6 The following equalities hold.

S=JUs=J Vo= W

acO acO acO

3 Automata

In this section, we present the definition proposed in [6] for automata accepting
words on linear orderings. Before defining them in detail, we recall how usual
automata accept finite words. Consider an automaton A = (Q, 4, E, I, F') with
@ the set of states, A the alphabet, E C Q x Ax @ the set of edges, I C @ the set
of initial states and F' C () the set of final states. A word x = ajas---a, € A*
is accepted by A if there exists a sequence v = qoqy - - - g, of states that can be
inserted between the letters of w such that ¢o € I, g, € F and ¢;—1 “> g € E
for all 1 < j < n (see Figure 1). In terms of orderings, the ordering {0,1,...,n}
used for the sequence 7 corresponds to the set of cuts of the ordering {1,...,n}

used for the word z.
SN e

1 E F

Figure 1: Successful run in a usual automaton

We recall that a cut of an ordering J is a pair (K, L) of intervals such that
J=KULand k <[ forany k € K, € L. The two intervals K and L must
be disjoint and they form a partition of the set J. The set of all cuts of the
ordering J is denoted by J. The cuts can be linearly ordered as follows. Let
¢1 = (K1,L1) and ¢o = (K2, Ls) be two cuts of J. Define ¢; < ¢o whenever
K, € Ks. Note that J has always a least cut (&, J) denoted c¢pin and a greatest
cut (J, @) denoted cpax.

The set J U J is naturally endowed with a linear ordering such that J and J
are two of its suborderings as follows. For j € J and a cut ¢ = (K, L), the
relations j < ¢ and ¢ < j are respectively defined by 7 € K and j € L. For
any element j € J, there are two consecutive cuts denoted by c¢; € J and

c;' € J such that c; <j< c;-". These cuts are given by ¢; = (K, {j} U L) and
¢ = (KU{j},L) with K = {k | k < j} and L = {k | j < k}. See Figure 2



where each element of J is represented by a bullet, and each cut by a vertical
bar.

|- Jofofef---|---|o]ofe] -]
Figure 2: Ordering J U J for J = ¢ +¢

In our previous situation, J = {1,...,n} and J = {0,1,...,n}. The least
and greatest cuts of J are indices of an initial and a final state respectively.
Furthermore, q,- %5 ¢+ is a transition of the automaton for any j € J.

J

Automata accepting words on linear orderings are a natural extension of
finite automata. As above, they are defined as A = (Q, A, E,I,F). The set
FE is composed of three types of transitions: the usual successor transitions in
Q x A x Q, the left limit transitions which belong to P(Q) x @ and the right
limit transitions which belong to Q X P(Q).

b b
0— {1}
@D D e
Figure 3: An automaton on linear orderings

Example 7 The automaton depicted in Figure 3 has one left limit transition
{2} — 0 and one right limit transition 0 — {1}.

A word = (a;)jes of length J is accepted by A if it is the label of a
successful path. A path v is a sequence of states v = (gc).; of length J
verifying the following intuitive conditions. For two consecutive states in -,
there must be a successor transition labeled by the letter in between. For a
state ¢ in v which has no predecessor in v, there must be a left limit transition
P — g where P is the limit set of v to the left of ¢. Right limit transitions are
used similarly when ¢ has no successor in . A path is successful if its first state
Qe 1s initial and its last state ¢.,,,, is final.

More precisely, for any cut ¢ € J , define the sets lim.- v and lim.+ vy as
follows:

limy={qeQ|Vd <c3k ¢ <k<candq=q},

lirglfy:{qu\Vc<c’Elk c<k<cand q=q}.



For any consecutive cuts ¢; and ¢ of J - %, ¢+ must be a successor
J J 7 e c
j J

transition. For any cut ¢ # ¢y in J which has no predecessor, lim.- v — ¢
must be a left limit transition. For any cut ¢ # ¢pax in J which has no successor,
qc — lim.+ v must be a right limit transition.

Finally, a set of words is said to be recognizable if it is the set of words
accepted by some automaton.

bir i bai |

blbla|b]|b blblalb|b---
1 1 2 2 11 2 2 {2}

Figure 4: The word (b~“ab*)? is accepted

Example 8 The word (b~“ab*)? of length J = (+( is accepted by the automa-
ton of Figure 3. Indeed, there exists a sequence of states v = 017“2“017“2“0
of length J such that the first state is initial, the last state is final and the suc-
cessor, left limit and right limit transitions are respected. See Figure 4 where
the sets lim.- v and lim.+ v are also indicated. Note that the word (b=“ab“)*
cannot be accepted by the automaton. Indeed the only way to find an appropri-
ate sequence of states is to consider the sequence v = (01792%)¥¢q,, . . There is
no possible choice for ¢, because the cut cmax has no predecessor, limcr;ax ¥
is equal to {0, 1,2} and there exists no left limit transition {0,1,2} — ¢ in the
automaton.

The notion of path v we have introduced for words on orderings coincides
with the usual notion of path considered in the literature for finite words [20],
w-words [23] and ordinal words [2]. For a Muller automaton accepting w-words,
a left limit set P is computed at the end of the path. It is nothing else than the
states appearing infinitely often along the path. In our context, the path then
ends with an additional left limit transition from P to a state ¢ which is final.

An automaton is said to be trim iff any transition is used in a successful
path. If an automaton is not trim, it can easily be trimmed by removing any
state and any transition which does not appear in a successful path. The set of
words recognized by the automaton is of course not changed by this operation.

4 Rational Expressions

We now recall the notion of rational set of words on linear orderings as defined
in [6]. The rational operations include of course the usual Kleene operations for
finite words which are the union +, the concatenation - and the star operation .
They also include the omega iteration w usually used to construct w-words
and the ordinal iteration f introduced by Wojciechowski [24] for ordinal words.
Three new operations are also needed: the backwards omega iteration —w, the



backwards ordinal iteration —f and a last binary operation denoted ¢ which is
a kind of iteration for all orderings.
Given two sets X and Y of words, we define

X+Y = {z|zeXUY},

XY = {z-ylzeX,yeY}
X* = {Hje{17.._7n} zj|neN,z; € X},
X = Alljen v |5 € X},

X = {Ilje—wzjlz; € X},
Xt = {Iljca®j |l €O,z € X},
Xt = {Hje_azj |a€O,z; € X},
XoY = {[ljcjujzilJe€S\{@},z;eXifje Jand 2; €Y ifje J'}

The last operation needs some explanation. The notation J* is used for the
set j\{cmin, Cmax }- A word z belongs to X oY iff there is a nonempty ordering J
such that x is the product indexed by the ordering 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 (see Figure 5). We use the notation X for the set (X o¢)+e.
Hence

X°¢ = {ij | JES,Z‘j GX}.
jeJ
Note that contrarily to X ¢ Y, the empty ordering J = & is allowed in X° in a
way to construct the empty word e € X°. When operation ¢ is used as a unary
operation, we also use the notation ¢;. When it is used as a binary operation,
we use the notation ¢s.

X

/N

e e]e e . JuJ*

\/

Y

Figure 5: The operation X ¢ Y

Note that the definitions for the operations x, § and ¢ are similar to each
other. The only difference is that the products are over any J € N for operation
* whereas they are over any J € O for operation f, and over any J € S for
operation ¢;.

An abstract rational expression is a well-formed term of the free algebra over
{@} U A with the symbols denoting the rational operations as function symbols.
Each rational expression denotes a set of words which is inductively defined by
the above definitions of the rational operations. A set of words is said to be
rational if it can be denoted by some rational expression.



Example 9 The set of all words over the alphabet A is the rational set A°.
The set of words accepted by the automaton of Figure 3 is the rational set
(b~“ab)*.

It is stated in [6] that a set of words on countable scattered linear orderings is
accepted by an automaton iff it can be described by a rational expression. This
result extends the well-known Kleene’s theorem on finite words, its extension to
w-words [9] and to ordinal words [24].

Theorem 10 ([6]) Over countable scattered linear orderings, X C A° is rec-
ognizable iff it is rational.

The proof that any rational set of words is recognizable is by induction on the
rational expression denoting the set by giving the corresponding construction
for the automaton. The constructions for the union, the concatenation and
the star iteration are very similar to the classical ones for automata on finite
words [20]. The proof that any set of words accepted by an automaton is rational
is a generalization of the McNaughton and Yamada algorithm [17]. It is based
on an induction on the number of states of the automaton and the type of limit
transitions that are used in the path. The base of the induction is Kleene’s
theorem on finite and w-words. This generalization of the McNaughton and
Yamada algorithm is actually the most difficult part of the proof.

0— {2}
0—{0,1,2}
{2}—>1

121

Figure 6: Automaton accepting the set (a7“a*) o b

Example 11 The automaton pictured in Figure 6 accepts the set denoted by
the rational expression (a~“a*)<ob. The part of the automaton given by state 2
and the two limit transitons 0 — {2} and {2} — 1 accepts the word a~“a*
whereas the part given by the successor transition from state 1 to state 0 ac-
cepts the word b. Any occurrence of a~“a* is preceded and followed by an
occurrence of b in the automaton. Thanks to the limit transitions 0 — {0,1,2}
and {0,1,2} — 1, the occurrences of a~“a* are indexed by an ordering J,
the occurrences of b are indexed by the ordering J* and they are interleaved
according to the ordering J U J*.



5 Hierarchy

We now come to the main result of this paper. We introduce a hierarchy among
rational sets of words on countable scattered linear orderings. This hierarchy
is obtained by restricting the rational operations which can be used in the
rational expressions. Each class contains the rational sets which can be denoted
by rational expressions using only a given subset of the rational operations.
We do not consider all possible subsets of rational operations. The smallest
considered subset is the subset {+,-,*} of the three usual Kleene operations.
The corresponding class is of course the class of rational sets of finite words.
Then, the other operations are added to these three operations by increasing
power. This means that § is added after w, —f after —w, ©1 after § and —§, and
finally ©o after ¢;. This leads to 11 different subsets of rational operations and
11 corresponding classes of rational sets. The 11 classes of the hierarchy are
summarized in Figure 7.

The mirror of a word x of length J is the word —z of length —J (the
backwards linear ordering) defined by (—z); = z; for any j € J. Similarly, the
mirror of a set X of words is the set —X = {—x | z € X} and the mirror of a
class C of sets of words is the class {—X | X € C}. Note that if the set X of words
is recognized by an automaton A, the set —X is recognized by the automaton
obtained from A by reversing the successor transitions, changing the left limit
transitions into right limit transitions and vice-versa, and exchanging the sets of
initial and final states. In this hierarchy, some classes are the mirror of another
class. Classes 1/, 3’ and 4’ are the respective mirrors of Classes 1, 3 and 4 and
any statement concerning these classes can be easily deduced from the statement
concerning 1, 3 and 4. In the sequel, we omit the statement concerning these
classes.

The most interesting fact about this hierarchy is that each of its classes
of rational sets can be characterized by a class of automata of a special form.
Each characterization states that a rational set belongs to a given class of the
hierarchy iff it can be recognized by an automaton of the corresponding class.
Furthermore, for all classes but one, we have obtained a stronger result which
states that if a rational set belongs to a given class, then any automaton recog-
nizing this set belongs to the corresponding class. The characterization of each
class is actually a Kleene-like theorem since it states the equivalence between
some subset of rational operations and a class of automata of a special form.
The corresponding classes of automata are defined by restricting the limit tran-
sitions of the automata. Therefore, these Kleene-like theorems enlighten the
connections between the form of the limit transitions used in the automata and
the rational operations needed to denote the accepted sets.

Finally, all classes but one can be characterized by a particular class of
orderings. Each characterization states that a rational set belongs to a given
class of the hierarchy iff the lengths of all its words belong to the corresponding
class of orderings. The classes of orderings measure the structural complexity of
the orderings. Therefore, these characterizations establish connections between
the rational operations used in expressions and the complexity of the words

10



denoted by the expression.

The hierarchy is pictured in Figure 7. Each class is described in a box in the
following way. The first line lists the rational operations which are allowed in
rational expressions. The second line describes the form of the limit transitions
of the corresponding automata. The third line gives the corresponding class
of orderings. For instance, Class 1 is the class of all rational sets denoted by
expressions using +, -, * and w. The corresponding automata may have any
left limit transitions P — ¢ with ¢ ¢ P but they have no right limit transitions.
The corresponding class of orderings is the class of all ordinals smaller than w®.

Let us give a precise description of each class.

Class 0: This class corresponds to Kleene’s theorem [15] on rational sets of
finite words. The rational operations are the usual Kleene operations:
union, concatenation and star iteration. The automata are the usual au-
tomata on finite words with no limit transitions. The orderings are the
finite ones.

Class 1: This class corresponds to Choueka’s theorem [13] on rational sets
of words of length an ordinal smaller than w“. The rational operations
are the Kleene ones and the omega iteration. Automata considered by
Choueka are a special kind of automata on ordinals introduced by Biichi.
It is shown in [1] that these automata are equivalent to automata with no
right limit transitions and such that the left limit transitions are of the
form P — ¢ with ¢ ¢ P. The corresponding orderings are the ordinals
smaller than w®.

Class 2: The rational operations of Class 2 are the Kleene ones, the omega
iteration and the backwards omega iteration. The automata have left
limit transitions P — ¢ with ¢ ¢ P and right limit transitions ¢’ — P’
with ¢ ¢ P’. The associated orderings are the orderings belonging to
Un <o Un where the classes Uy, have been defined in Theorem 1.

Class 3: This class corresponds to Wojciechowski’s theorem [24] on rational
sets of words on countable ordinals. The rational operations are the Kleene
ones, the omega iteration and the ordinal iteration introduced by Woj-
ciechowski. The automata are those on ordinals introduced by Biichi [10].
They have any left limit transitions of the form P — ¢ but they have no
right limit transitions. The related orderings are exactly those of the class
O of all countable orderings.

Class 4: The rational operations of Class 4 are the Kleene one, the omega
iteration, the backwards omega iteration and the ordinal iteration. The
automata have any left limit transitions P — ¢ but right limit transitions
¢ — P’ limited by the condition ¢’ ¢ P’. The associated orderings are
the orderings belonging to | V., where the classes V,, are described in
Definition 3.

n<w

11



+, 0k W, —w, ﬁ? 7ﬂa 2
P—gqqd—P
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+, 0k W, —Ww, ﬁ? 7ﬂa o1
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@
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P—gq,q — P withge Pandq¢ € PP = P # P’
Un<an

+77*w7 +77*w7 w>_ﬁ
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Un<w n n<w Vi
+7 .k, W, +7'7*7w7_w +7 5k, C&)7_ﬁ
P—>q P—gq,q — P withq¢ P, g ¢ P q—>P/
Un<w Un
+7 5 ok, W +7 Lok, W
P —qgwithq¢ P ¢ — P’ with ¢ ¢ P’
{a €O ]a<w”} {-ae-0]a<w”}
+, - X
No limit transitions
N

®

Figure 7: Classes of the hierarchy
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Class 5: In this class, all rational operations but the operation ¢ are allowed.
The automata may have left and right limit transitions but these tran-
sitions must satisfy the following condition. If P — ¢ and ¢’ — P’ are
two transitions and if furthermore ¢ € P and ¢’ € P’, then one has nec-
essarily P # P’. The related class of orderings is equal to |J W, (see
Definition 4).

n<w

Class 6: In this class, all rational operations are allowed but the operation ¢
can only be used as a unary operation, that is the operation X ¢Y must
be restricted to the case Y = {e}. The automata may have left and right
limit transitions but these transitions satisfy the following condition ().
Condition (1): let P — ¢ be a left limit transition and ¢’ — P’ be a right
limit transition. If ¢ € P, ¢’ € P’ and P = P’, then q = ¢’ and for any
R C P with ¢ € R, the left and right transitions R — ¢ and ¢ — R must
appear among the transitions of the automaton.

We do not know a characterization by a particular class of orderings.

Class 7: This class corresponds to the Kleene theorem of [6] for all countable
scattered orderings. The operation ¢ is here used as a binary operation.

The new Classes 2, 4, 5 and 6 will be studied in detail in Sections 6 and 8.
Let us illustrate by examples some classes of the hierarchy.

Example 12 The set (b~“ab”)* of Examples 7 and 9 belong to Class 2. The
related orderings are K,, = Zje{l,___,n} ¢ which belong to Us,. Since the linear

ordering ¢ is neither an ordinal nor a backwards ordinal, the set (b~“ab“)*
cannot belong to a lower class.

a 0— {0}

' b 0— {0,1}
OO {0} =0

b {0,1} =0

Figure 8: Automaton accepting the set (a + bb)®

Example 13 The automaton of Figure 8 accepts the rational set (a + bb)°.
The operation ¢ is unary and the automaton satisfies Condition (). Hence it
is an example of Class 6. Note that it does not belong to Class 5. Indeed, the
condition on the limit transitions of the automaton is not respected. Moreover,
the set (a + bb)® contains the word [[,c ; a of length J = ¢ and we will see in
Lemma 16 that J belongs to W, but not to Un<w Ww,,.
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The following example shows that Class 6 of the hierarchy is strictly included
in Class 7. In other words, the operation ¢ turns out to be weaker when it is
considered as a unary instead of binary operation. This question was actually
the original motivation of the article.

{1}—>0 2—){1}
{0,1} -0 2 —{0,1}
{1,2} —0 2 —{1,2}

{0,1,2} -0 2—-1{0,1,2}

Figure 9: Automaton accepting the set e o a

Example 14 The automaton pictured in Figure 9 accepts the set eoa. This set
is the set of words over the alphabet {a} whose length is a complete ordering.
This will be explained below.

Recall that a linear ordering is complete if any nonempty subset which is
upper bounded has a least upper bound (or equivalently if any nonempty subset
which is lower bounded has a greatest lower bound).

This automaton does not satisfy Condition (t). Indeed there exist left and
right limit transitions P — ¢ and ¢’ — P’ such that ¢ € P, ¢’ € P and P = P’
but ¢ # ¢'. Take P = P’ ={0,1,2}, ¢ = 0 and ¢’ = 2. It can be shown that
any rational expression with a unary ¢ denotes a set which contains words with
a non complete length. Therefore the set € ¢ a does not belong to Class 6.

Let us now explain that (i) the rational expression € ¢ a denotes the set of
words the length of which is a complete ordering, (ii) the automaton pictured
in Figure 9 accepts this set.

(i) Coming back to the definition of the operation ¢, the set € ¢ a is equal to
{Iljcj-aj | J € S\{@} and a; = a}. It can be shown that a scattered
linear ordering K is complete iff there is a scattered linear ordering .J
such that K = J*. Therefore, a word x belongs to ¢ ¢ a iff its length is a
complete scattered linear ordering.

(ii) Let x = (a;)jes with J a complete ordering, labeling a path (gc) . ;- As
J is complete, any cut ¢ € J has a successor or a predecessor. So there
are three types of cuts : type 0 if ¢ has a successor and no predecessor,
type 1 if ¢ has a successor and a predecessor, type 2 if ¢ has a predecessor
and no successor. These three types correspond to the three states of the
automaton of Figure 9. We now explain the transitions of the automaton.

It is easy to check its successor transitions by considering all the possible
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pairs of consecutive cuts. The limit transitions are any P — 0 or 2 —
P, for any P C {0,1,2}. However some are never used inside paths.
Indeed any scattered ordering with at least three elements has always three
consecutive elements. It follows that the limit transitions can be restricted
to the transitions of the form P — 0 or 2 — P with P containing state 1.

Thus the automaton of Figure 9 accepts the set € ¢ a.

The proofs of the different characterizations of the classes are presented
in the following three sections. Recall that the characterizations of Classes 0,
1 and 3 are just another formulation of the respective results of Kleene [15],
Choueka [13] and Wojciechowski [24]. The characterization of Class 7 is just a
reformulation of our previous result in [6]. Note also that the characterizations
of classes 1/, 3’ and 4’ follow directly from the characterizations of classes 1, 3
and 4. The remaining classes are Classes 2, 4, 5 and 6.

Classes 2, 4 and 5 are characterized by suitable rational expressions, au-
tomata and linear orderings. In order to avoid unnecessary proofs, it could be
proved that the characterization by rational expressions implies the characteri-
zation by orderings which in turn implies the characterization by automata and
that finally the characterization by automata implies the characterization by
rational expressions. This outline of proof cannot be followed for Class 6 since
there is no corresponding class of orderings. Furthermore, much of the material
which is needed to present the proofs for Class 6 can also be used for the other
classes. Therefore, we have preferred to split the proofs into two parts. In the
next section, we first prove that the characterizations of Classes 2, 4 and 5 by
rational expressions and by orderings are equivalent. The proof of an order-
theoretic lemma (Lemma 16) is delayed to Section 7. In Section 8, we finally
prove that the characterizations of Classes 2, 4, 5 and 6 by rational expressions
and by automata are equivalent.

6 Connections with Classes of Orderings

In this section, we state and prove the characterization of Classes 2, 4 and 5
by appropriate classes of orderings. These characterizations are interesting by
themselves since they establish connections between the rational operations and
the structural complexity of the lengths of the words.

We recall that Hausdorff has characterized the class S as the union ¢ Ua
(see Theorem 1). We have proposed two new families of classes to characterize S
(see Definitions 3 and 4). The class S is then also equal to |J Vo and to
Uaco Wa (see Theorem 6).

The next theorem gives a characterization of Classes 2, 4 and 5 of the hier-
archy thanks to the classes of orderings U,, V,, and W,,. We use the notation
Rata(+, -, *x,w, —w) to express the alphabet and the rational operations which
are allowed in the rational expressions.

aeO
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Theorem 15 Let X C A° be a rational set. Then

1. X eRata(+,,*w,—w) <~ dn>0VeeX |zel,
2. X € Rata(+,,*,w, —w,f) <~ dn>0VvVexeX |z|eV,
3. X €eRata(+,,*xw,—w,f,—f) < In>0VexeX |z|]eW,

The proof of the theorem uses the following three lemmas. The first lemma
is a pure ordering theoretic lemma. It provides three orderings which do not
belong respectively to the classes U,, V,, and W,,. These orderings will be used
to show that, if the lengths of the words of a set X belong to a class U,, V,
or W,, then some rational operation cannot appear in a rational expression
denoting X.

Lemma 16 One has the following memberships.

W’ €U\ |J Un —w? eVo\ | Va and ¢Cew,\ [ W,

nw n<w n<w

The proof that the ordering w* belongs to U, but to no U, with n < w
can be found in Chapter 5 of [21]. In that chapter, a notion of rank r(J) is
introduced for any ordering J in §. The definition relies on the concept of
iterated condensations. It is then proved that given an ordering J € S, the
value « of its rank gives the smallest class U, to which J belongs. For example,
the rank of the ordering w* can be easily computed. It is equal to w showing
that w* belongs to U, but not to U, for any n < w. We have developed the
same approach for classes V,, and W, with a € O, by defining the adequate
notions of rank and iterated condensations. The related ranks of the orderings
—w* and ¢* can be easily computed, showing that —w* € V,\ U, ., Va and
¢“ € Wu\U, <o, Wn. All these developments are provided in Section 7, together
with a proof of Lemma 16. The main difficulty was here to define correctly the
new classes V, and W,, in a way to obtain Theorem 15. The reader who is
willing to believe Lemma 16 could skip Section 7.

The following lemma states that the classes U, V,, and W, are closed under
taking subordering.

Lemma 17 Let K be a subordering of an ordering L. If L belongs to Uy (Va,
W, respectively) for some a € O, then K also belongs to Uy, (Vo, Wy respec-
tively).

Proof This property is easily proved, by an induction on «, using the definition
of the classes U,, V,, and W,. It is based on the following fact. Suppose that L
is equal to ZjeJ L;. As a subordering of L, K is thus equal to ZjeJ K where
each K; is a subordering of Lj;. O

The proof of Theorem 15 finally uses the next lemma. Its proof is omitted
since it can be easily established by induction on the rational expression F.
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Lemma 18 Let X be a rational set denoted by a rational expression E. Let F
be a subexpression of E and Y the rational set denoted by F. Then, for any
y €Y, there exists x € X such that |y| is a subordering of |z|.

We now come to the proof of Theorem 15.

Proof of Theorem 15

(=) The proof is by induction on the rational expression denoting X. If
X =9, X =cor X = a with a € A, then for any z € X, we have |z| €
Uyg = Vo = Wy. The case X = X1 + Xy is trivial and the case X = XX,
follows from the following fact. If two orderings J; and J belong to U, (Va,,
W, respectively) and U, (Vi,, W, respectively), then the ordering J; + J2
belongs to U,, (V,,, W, respectively) where n = 1 + max(ny,ns). Suppose now
that X =Y*, X =YY% or X =Y %, with Y a rational set. Then any x € X is
equal to z = HjeJ y; with y; € Y and J € N U{w, —w}. Suppose by induction
hypothesis that

In>0VyeY |yl eU, (V,, W, respectively).

Since J € N U {w, —w}, it follows that |z| € Upt1 (Vpt1, Whe1 respectively).
The remaining cases X = Y# and X = Y ¥ are solved similarly using orderings
JeOu-0.

(<) Each of the three statements is proved in the same way.

1. Suppose that F* is a subexpression of the rational expression denoting
X. Let Z be the set denoted by F. We can suppose that Z # @ and Z # ¢,
otherwise the expression F* can be replaced by €. Take z # ¢ in Z. Then the
word y = 2" belongs to Z* and w* is a subordering of its length. By Lemma 18,
|y| is a subordering of |z| for some z € X. Thus w* is also a subordering of |z|.
This is impossible by Lemmas 16 and 17.

If F~* is a subexpression of the rational expression denoting X, then the
same argument leads to the existence of a word = in X such that —w* is a
subordering of |x|. By Lemmas 16 and 17, |z| belongs to no V,, and hence to no
U, since U,, C V,,. This states the contradiction.

The argument is similar if F} ¢ F5 is a subexpression of the rational expression
denoting X. Let Z; and Zs be the nonempty sets denoted by F; and F5. We
can choose z1 in Z; and zo in Zs such that z1zo # . Let J be equal to the
ordering w*. One verifies that J* is isomorphic to J. Consider the word y of
71 ¢ Zy equal to HjeJuj* ty witht; =z ifje Jandt; =2 if j € J*. Then
w® is a subordering of its length and the contradiction holds as before.

2. If F~!is a subexpression of the rational expression denoting X, we get
a contradiction as before. If I} ¢ F5 is a subexpression, then the proof is exactly
the same as before but with the ordering —w®, and we get again a contradiction.
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3. Suppose that Fy ¢ Fy is a subexpression of the rational expression de-
noting X. The proof is now repeated with the ordering J = (¢“. One checks
that J is a subordering of J*. The contradiction holds again. ]

7 An Order-Theoretic Excursion

This section is completely devoted to the proof of Lemma 16. The proof that the
ordering w* belongs to U, \J,,.,, Un can be found in Chapter 5 of [21]. We first
recall the notions of condensation and rank introduced in this reference which
are necessary to obtain this result. We then show how to adapt these notions
in a way to prove the other results of Lemma 16. The reader not interested in
this order-theoretic excursion is free to skip the section.

For two orderings K and L, we write K ~ L to denote that they are isomor-
phic. We recall that the notation 1 is used for the ordering with one element.
Let L be a linear ordering. A condensation of L is an equivalence relation on L
such that each of its classes is an interval. If ¢ is a condensation of L, the class
of an element x € L is denoted ¢(x). The quotient of L by ¢, that is the set
of classes, is denoted by ¢[L]. Since disjoint intervals are naturally ordered, the
quotient ¢[L] can be endowed with a linear ordering induced by the ordering
of L. If ¢ is a condensation of L and if ¢’ is a condensation of ¢[L], the com-
position of ¢ and ¢’ is the condensation ¢* of L such that the class ¢*(z) is
d (c(x)).

In the sequel, we consider condensations which are defined on all orderings.
Such a condensation c is thus defined on any ordering L but also on the quo-
tient ¢[L]. Therefore, the condensation can be applied again to ¢[L] to get the
ordering c¢*[L]. More generally, such a condensation can be iterated as follows
using an induction on the ordinal o € O as follows.

(x) = {=z}
@) = {y | e(c™ (@) = c(c* ()}
“(x) = A (z) if « is a limit ordinal.

B<a

A particular condensation is much studied in [21, p. 71]:

en(x) ={y | [z,yl e N}

The interval notation [z,y] is used even when y < z. In that case [z,y]
denotes the interval [y, z]. Thus, z and y are in the same interval with respect
to condensation cy iff the ordering [z, y] is finite.

Note that car(z) may not be finite. It can be an infinite interval whose
ordering is w, —w or (. Hence cpr[L] =~ 1 for any ordering L in N' U {w, —w, (}.
If L =w+ (—w) then cp[L] is the finite ordering with two elements. Examples
of iterated condensations are ¢} [w“] ~ w* for any n < w and c{/[w*] ~ 1.
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A notion of rank rp in relation with condensation cps is proposed in [21,
p. 82] as follows. If L is any ordering of S, then there exists a € O such that
cir[L] ~ 1. The smallest ordinal a satisfying that equality is called the rank
ra(L) of L. For instance, ray(w) =1, ra(w + (—w)) = 2 and ry (w¥) = w.

Theorem 1 and the next theorem are proved thanks to the notions of iterated
condensation and rank (see [21, p. 84]). The following theorem states that the
rank of an ordering L is the ordinal a such that L belongs to U, but L does
not belong to any Ug for 5 < a.

Theorem 19 For any ordering L € S, one has
ry(L) =min{a | L € Uy, }.

As a corollary, we get the first result of Lemma 16 that the ordering w®
belongs to Uy, \ U,,<,, Un-
For a class C of orderings, we denote by c¢ the condensation defined by

ce(z) ={y | [z,y] € C}.

In what follows, we consider the three condensations for C equal to the
class A of finite orderings, the class O of ordinals, and a new class A that we
now introduce. The class A is defined by

A={> K;|JeN and K; € OU-0}.

Jje€J

An ordering K belongs then to the class A if K is a finite sum of ordinals and
reverse of ordinals. The condensation c¢o has been already considered in [21,
p. 72].

For C equal to A/, O or A, we denote by C the class of orderings to which
any cc(z) belongs. For instance, we have seen before that A" = N U{w, —w, (}.
It is proved in [21, p. 72] that O = {2 e o Kj | Kj € O} It can also be
jec G | Kj € OU—0}. It should be noted

that any of the classes N ; O or A is closed under taking suborderings.
We now study iterated condensations cg, with o € O, for any class C equal

to N, O or A.

analogously proved that A = {3

Lemma 20 Let x be an element of an ordering L. The following inclusions
hold for any a € O.

cx(@) € cplx) C chlz)

Proof We only give the proof of the first inclusion. The second one can be
proved similarly using the properties that any class C is closed under taking
suborderings and that O C A.

The proof is by induction on . If a = 0, then ¢&(z) = {z} for any class C
and the inclusion holds trivially.
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If o is a limit ordering, the proof is easily obtained by induction since g (z) =
Us<a c(@)-

Suppose that & = F+1. Let us show that the inclusion ¢§,(x) C e (x ) holds.
If c,\/(cﬁ/(:n)) = c,\/(cﬁ/(y)), then by definition of cxr, we have [c} v (@), ¢ ( )] €
N where any cf/(z) is an element of the ordering cff[L]. By the induction
hypothesis, the intervals ¢ (z) and co(z) verify cjﬁ\/(z) C cg(z) for any z €
L, and thus the ordering of [c O( x),c ( )] is a subordering of [cf\/(x),cﬁ,(y)]
Therefore [co( x), cg( )] € N C O. It follows that co(cg(x)) = co(cg(y)).
Hence ¢ (x) C ¢ (x). O

For any class C equal to A/, O or A and for any ordering L € S, we define
the rank r¢(L) to be the smallest ordinal « such that ¢3[L] ~ 1. This notion
is well-defined thanks to properties of rank 7, and to the next corollary which
follows directly from the previous lemma.

Corollary 21 The following inequalities hold for any ordering L.
ra(L) <ro(L) < ra(L).

Let us compute the rank of the orderings considered in Lemma 16.

Example 22 We have seen before that ry(w”) = w. In the same way, we
have ry(—w®) = w. As the condensations cy and co act similarly on the
ordering —w*, it follows that ro(—w“) = w. One also checks that 74(¢*") = n
and r4(¢¥) = w.

The next proposition characterizes orderings of finite rank r¢ for any class C.

Proposition 23 Let L be a linear ordering. Then

1. rv(l) <w <= LGUn<w n
2. roll)<w <= Lel
3. ra(lly<w <= Lel

n<w

n<w

The proof of this proposition is based on the following lemma. This lemma
is stated in [21, p. 84] for the particular case C = N.
Lemma 24 Let L be a linear ordering such that L = ZjGJ K; with J € C. If
there exists a € O such that r¢(K;) < a for all j € J, then re(L) < o+ 1.

Proof Let us denote by ¢z (respectively ck;) the condensation c¢ applied to L
(respectively K;).

We first show by induction on o € O that if K is an interval of L, then for
any element = of K, the following equality holds.

i (x) =cf(z)NK.

This equality will be applied later to the particular intervals K.
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The cases @ = 0 and « a limit ordinal are immediate using the definition of

Suppose that o = B + 1. Consider the intervals cg(z) partitioning the
ordering L. The interval K divides at most two of them. Hence by induction
hypothesis, the ordering of the cf( (z) is the same as the ordering of the ci (2)
restricted to the elements z of K. Thus applying condensation once more leads
to ¢ (x) = c(x) N K.

Let us now suppose that r¢(K;) < o for all j € J. In other words, ¢ (z) =
K for all elements x of K;. By the first part of the proof we have also ¢ (x) =
cf(z)NK;. Thus K; C c%(x). It follows that the ordering of the intervals cf (2),
x € L, is a subordering of J € C. If one recalls that any class C is closed under
taking suborderings, the application of the condensation ¢y, to these intervals
¢ () leads to one interval equal to L. Therefore c§ 1! (z) = L and r¢ (L) < a+1.
O

Proof of Proposition 23 We first prove by induction on n, that any ordering L
in U, (respectively V,, and W,,) has a finite rank rar(L) (respectively ro (L) and
ra(L)). The case n = 0 is trivial. The induction step follows directly from
Lemma 24.

We now suppose that the rank ra(L) (respectively ro(L) and r4(L)) is
equal to an integer n and we prove by induction on n that L belongs to U,
(respectively V,,, and W,,) for some integer m. The case n = 0 is again trivial.
By definition of the rank, one has ¢Z[L] =~ 1. Tt follows that ¢4~ '[L] € C. The
ordering L is then equal to . ; L; where J € C and re(L;) = n — 1. By the
induction hypothesis the orderings L; belong to U,, (respectively V;,, and W,,,)
for some m. Since the ordering J € C belongs to Uy (respectively Vo and W),
it follows that L belongs to U,,+1 (respectively Vi, 42 and Wi, 42). O

We conclude this section with the proof of Lemma 16. It is obtained as a
direct consequence of Examples 5 and 22, and of Proposition 23.

8 Connections with Classes of Automata

In this section, we study the characterizations by automata of Classes 2, 4, 5
and 6 of the hierarchy. For each of these classes, we define a corresponding class
of automata. These classes of automata are obtained by restricting the limit
transitions which can occur in an automaton. We have the following theorem.

Theorem 25 Let X C A° be a rational set. Then

1. X belongs to Rata(+, -, *,w, —w) if and only if the limit transitions of any
trim automaton recognizing X satisfy

P—-qgeF = q¢P and ¢ - P € F = ¢ ¢ P

21



2. X belongs to Rata(+,-,*,w,—w,t) if and only if the limit transitions of
any trim automaton recognizing X satisfy

¢ —-PeE = q¢¢Pr

3. X belongs to Rata(+, -, *,w, —w, i, —t) if and only if the limit transitions
of any trim automaton recognizing X satisfy

P—q €eFE withqeP ,

=P cE withq cP } = P#P

4. X belongs to Rata(+, -, *,w, —w, t, —f,01) if and only if X is recognized
by an automaton satisfying the following Condition (1).

P—qgeFE withqe P qg=¢q
q — P' € E with ¢’ € P’ = for all RC P withq € R :
P=Pr R—qq— ReE

It must be pointed out that the last statement of the theorem is different
from the first three ones. It only states that for any set X in Class 6, there is an
automaton which satisfies Condition () whereas the first three ones state that
any automaton recognizing a set in Classes 2, 4 or 5 satisfies the given condition.
This difference comes from the lack of a corresponding class of orderings for
Class 6. Indeed the characterization of Classes 2, 4 and 5 by adequate orderings
is used in the proof of Theorem 25.

It is required in the first three statements that the automaton is trim. This
condition is of course necessary since transitions which cannot occur in a suc-
cessful path can have any form. This assumption however is harmless since an
automaton can easily be trimmed by removing useless states and transitions.

The proof of Theorem 25 follows the steps developed in [5] for the proof of
Theorem 10. We recall the tools used in that proof in the next two subsections.

8.1 From Rational Expressions to Automata

The proof given in [5] that any rational set is recognized by an automaton
is by induction on the rational expression denoting the set. For each rational
operation, let us recall the corresponding construction for the automaton. These
constructions apply to normalized automata defined as follows. An automaton
is mormalized if it has a unique initial state ¢ and a unique final state f # i and
if it has no transition which enters i or leaves f. In particular, we can suppose
that a normalized automaton has no transition of the form P — g or ¢ — P
where P contains i or f.

A normalized automaton never accepts the empty word. The next lemma
shows that the empty word can be added or removed without changing recog-
nizability (see [5] for a proof).
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Lemma 26 A set X C A° is recognizable iff X \ {€} is recognizable. Further-
more if £ ¢ X, then X can be recognized by a normalized automaton.

Suppose that the sets X; and X5 do not contain the empty word and that
they are recognized by the normalized automata Ay = (Q1, F1, I, F1) and Ay =
(Q2, Ea, I, F3), such that Q1 and Q2 are disjoint. We recall the constructions
of the automata for the sets X; + X, X1 X0, X7, X¥, X7, X! X% X? and
X1 ¢ X9. The situations where ¢ € X7 or € € X5 will be considered later.

Figure 10: Automaton for X; Xo

A1

Figure 11: Automaton for X7y

The case of the union is easy, the constructions for the concatenation and
the star operation are pictured in Figures 10 and 11.

A D )

Figure 12: Automaton for Xy

Let us consider the omega iteration (see Figure 12). The automaton has a
new final state f and additional left limit transitions P — f for all P contain-
ing i1. The construction for X;“ is symmetrical and is thus omitted.

The construction for the ordinal iteration is pictured in Figure 13. The new
automaton has additional left limit transitions P — ¢; for all P containing .
The construction for X ? is symmetrical and is thus omitted.

The construction of an automaton for X7 is the same as for X f except that
transitions 4, — P for all P containing i; are also added (see Figure 14). The
resulting automaton satisfies Condition ().

When the ¢ operation is binary, the automaton is obtained by merging the
initial state i1 of A; and the final state fs of As, by merging the initial state io
of As and the final state f; of A7, and by adding the left limit transition P — f;
and the right limit transition i3 — P for all P containing both i1 and f1 (see
Figure 15).
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A1

{Z‘l,...}ﬂl‘l

Figure 13: Automaton for X f

A1

{il,...} —>’L'1

’il —>{i1,...}

Figure 14: Automaton for X7

Ar
Ay

{ilvflv"'}*)fl
21 —){il,fl...}

Figure 15: Automaton for X; ¢ Xo

o AL

As

{iv, fr.. .} — f1, 11
{it, .} — fi,9)
i1,th — {i1, f1.. .}

’il,ill - {’Lll, e }

Figure 16: Automaton for X; ¢ Xs when € &€ X1, € Xo
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We conclude this list of constructions by treating the empty word. Any
set X is decomposed as X = X’ 4+ e(X) where X' is X \ {¢} and where ¢(X) is
either ¢ if e € X or & otherwise. Recall that if X is recognizable, then X’ can
be recognized by a normalized automaton (Lemma 26). We have the following
equalities X1X2 = X{Xé + E(Xl)XQ + X1€(X2) + E(Xl)E(XQ), Xik = X{*,
X¢ = e(X1)X1* + X]¥, X! = X]* and X? = X|°, showing that the previous
constructions are sufficient. Similar equalities do not exist for X; ¢ X5 which
means that particular constructions have to be proposed. The case ¢ ¢ X; and
€ € Xo is described in Figure 16 where A5 is a normalized automaton accepting
X). The construction of Figure 15 must be slightly adapted but it remains
essentially the same. The main difference is that the initial state i; and the
final state f; of A; are duplicated, as well as the related transitions (see the
new states ¢) and f] in Figure 16). The other cases ¢ € X; and € € Xo, ¢ € X3
and € € X5, are similar and left to the reader.

8.2 From Automata to Rational Expressions

We now recall the main steps of the proof given in [5] showing that any set
of words recognized by an automaton is rational. It is a generalization of Mc-
Naughton and Yamada’s algorithm.

Let A= (Q,A, E,I,F) be a fixed automaton. The content C() of a path v
is the set of states which occur inside 7. It does not take into account the first
and the last state of the path. A path « from a state p to a state p’ which is of
content S and labeled by x is denoted by v : p % p’. When z # ¢, the path v

uses a first transition o which leaves p and a last transition ¢’ which enters p’.
The path is then denoted v : o % o’

Let S be a subset of states and let o and ¢’ be two transitions of A. The
sets of words IS ,, V5 /) A5, and I'§ ,» are defined as follows.
15, = {z]0 % o)
VS ={z|o % o’ without any transition S — s}

Ay ={z|o % o’ without any transition s — S}

S, ={z|o % o’ without any transition s — S or S — s}.

Note that without any transition S — s means that the path v does not use any
left limit transition of the form S — s for any s € C(v), except perhaps for the
last transition if ¢/ is a left limit transition of this form. Similarly without any
transition s — S means that v does not use any right limit transition of this
form except perhaps for the first transition.

Both sets V5 » and AS / are subsets of IT§ ,» and the set T'J  is equal to
the intersection V3 s NAJ /.

The set X \ {} of nonempty words recognized by the automaton A is equal
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to the finite union

X\ {e} = U I3 (1)

SCQ,0e0ut(I),0’€n(F)

where Out(q) (respectively In(q)) denotes the set of transitions leaving (respec-
tively entering) state g. In [5], to show that X is rational, it is proved that II -
is rational by induction on the cardinality of S. The case S = @ is easily solved
since all four sets I15 -, V5 ., AS .+ and T'5 . are equal and they are included
in the alphabet A. The case S # @ is treated in four steps assuming that sets
E ., VE AR, and I'E  are rational for any R C S and any transitions 7, 7".
We brleﬂy outhne these four steps:

1. Tt is first proved that FS . 1s rational and this proof needs the classical
Kleene’s theorem for ﬁmte words as well as Kleene’s theorem for w-words.
The set Fgg/ is expressed as a rational expression with union, product,
star iteration, omega iteration and backwards omega iteration over the
alphabet B ={IIZ . | RC S,7,7" € E}:

IS, € Ratp(+,-, % w, —w). (2)

2. It is secondly proved that the set Agﬁr is rational thanks to the induc-
tion hypothesis and the previous step. The rational expression which is
obtained is over the alphabet C' = BU{I'Y /| 7,7" € E} and it uses the
additional rational operation f.

Ag,a’ € RatC(+7 HEW, —W, ﬁ) (3>

3. The rationality of the set Via/ is proved similarly. The additional rational
operation is here —4.

via’ € RatC(+a SR W, —W, _ﬁ) (4)

4. The last step showing that II5 / is rational is the most difficult. It is

based on the induction hypothe51s and the rationality of sets FT " AS
and Vfﬁ . The operation ¢o appears in this step.
Hg,a" € Ra‘tD(+a'a*7W7_w7ﬁ7_ﬁ702) (5)

with D = CU{AS /| 7,7 € E}U{VS_ | 7,7 € E}.

8.3 Proof
In this subsection, we give the proof of Theorem 25.

Proof of Theorem 25

Proof of the implication (=) for each statement
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1. Assume that the automaton recognizing X has a left limit transition
P — q with ¢ € P. We can suppose that this transition occurs in a successful
path. There are then a path from an initial state to ¢, a path from ¢ to ¢ with
content P and a path from ¢ to a final state. Let u, v # € and w be the labels of
these three paths. Each word of the set uvfw is then accepted by the automaton.
The word v*” belongs to the set vf. The ordering w* is thus a subordering of
the length of an accepted word. By Lemmas 16 and 17, there is a contradiction
with the first statement of Theorem 15. This proves that the automaton cannot
have transitions of the form P — ¢ with ¢ € P. By symmetry, it cannot have
transitions of the form ¢’ — P’ with ¢’ € P’.

2. Mimicking the proof of the previous case, we can show that if the au-
tomaton has a right limit transition ¢’ — P’ with ¢’ € P’, it accepts a subset
uv~* for three words u, v # € and w. The ordering —w* is thus a subordering
of the length of an accepted word. This leads to a contradiction with the second
statement of Theorem 15.

3. Assume that the automaton has a left limit transition P — ¢ with ¢ € P
and a right limit transition ¢ — P with ¢’ € P. We can suppose that each of
them occurs in a successful path. Thanks to the transition P — ¢q and ¢, ¢’ € P,
there is a path from an initial state to ¢/, a path from ¢’ to ¢ with content P
and a path from ¢ to a final state. Let u, v # € and w be the labels of these
three paths. In the same way with the transition ¢’ — P and q,q¢ € P, there
is a path from an initial state to ¢, a path from g to ¢’ with content P and a
path from ¢’ to a final state. Their respective labels are u’, v’ # € and w’. Then
any word of the set u(vov’)w is accepted by the automaton. Consider the word
y € vov equal to Hje.]uj* t;with J=¢¥ t;=vifje Jandt; =v'ifj € J*.
Then the ordering (¥ is a subordering of the length of the word uyw accepted
by the automaton. By Lemmas 16 and 17, there is a contradiction with the
third statement of Theorem 15. Therefore, the automaton cannot have a left
limit transition P — ¢ with ¢ € P and a right limit transition ¢ — P with
q € P.

4. This last case is treated differently. Given a set X in Rata(+, -, *, w,
—w, #, —f, ©1), the constructions described before in Subsection 8.1 yield an
automaton accepting X that satisfies Condition (f).

Proof of the implication (<) for each statement

1. Consider an automaton A accepting a set X, such that ¢ ¢ P and
q ¢ P’ for any transition P — ¢ or ¢ — P’. Let us show that the sets
IIS ., and I'S ,» are equal. With Equations (1) and (2), it then follows that
X € Rata(+,-,*,w, —w). Recall that I'J ,» C TI5 /. Let us prove that the other
inclusion also holds. Let v be a path labeled by a word x belonging to ng(,/.
Assume that a limit transition S — s or s — S is used inside this path, i.e.,
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s € C(). Then s € S since S = C(v), which is impossible. Therefore, = belongs
to I'J ./ and the sets I15 » and I'J ,/ are equal.

2. The second case is solved in the same way as for Case 1. The sets I15 /
and A5,/ are equal and X € Rata(+,-,*,w, —w, ) by Equations (1) and (3).

3. The same arguments are again used to show that the set Hia/ is equal
to AS ,» UV5 /. Assume that a path v labeled by a word = € 115 ,» uses a left
limit transition S — s and a right limit transition s’ — S with s,s" € C(7).
Then s and s’ belong to S and we get a contradiction with the hypothesis.

4. This last case needs more attention because the operation ¢; has not
been studied in [5]. Let A be an automaton accepting a set X and suppose that
it satisfies Condition (). We are going to show an equation similar to (5) but
with operation ¢1:

Hio, € Ratp(+, -, *,w, —w, §, —f,01). (6)

Let v = (¢c).cj be a path labeled by a word z = (a;)jes in II5 ,/, with
content S, first transition o and last transition ¢’. Let p and p’ be the first and
the last state of this path.

If «v has only left limit transitions S — s, or has only right limit transitions
s — S, then

z €A UVE . (7)

Otherwise, there exist a left limit transition S — s and a right limit transi-
tion s’ — S inside the path ~, with s,s’ € C(vy) = S. Note that for any such
transitions, the states s, s’ are equal, say to state ¢, by Condition (f). Consider
the subordering K of J defined by the occurrences of limit transitions S — ¢
and ¢ — S inside 7, that is

K:{c€j|1ir}1’y:Sor lir+n’y:S}.

One can verify that K has a least and a greatest element respectively denoted
by min(K) and max(K).

If K has cardinality 2, take ¢ € J such that min(K) < ¢ < max(K). Hence
the path v decomposes as the path p — g, followed by the path gq. — p’ showing
that

v €AYV, UVELAS, ®)

with 7 € Out(q.), 7 # ¢ — S and 7 € In(q.), 7" # S — 4e.

Let us now suppose that K has more than two elements. Let k < k’ be two
consecutive elements of K. Let 7, € Out(q) be the transition leaving ¢ = ¢ and
71, € In(g) the transition entering g = ¢g. Then the label of the path ¢i — g
belongs to 'S _, or IIE _, for some R C S.

Tk Tgr Tk Ty
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Let us study the set

Y =T° where T = U rsou o). (9)
T7€0ut(q),7’€In(q) RCS

Given an ordering L. € S and paths §; for [ € L with respective labels y; €
T, there exists a path ¢ with label y = [],c, w obtained by concatenation
of the paths §;. Indeed, any path §; is from state g to state q. Thus two
such consecutive paths can be concatenated. More generally, let us show that
any number of such consecutive paths can be concatenated. Suppose that this
implies the presence of a left limit or a right limit. Such a limit is equal to some
R C S with ¢ € R. By Condition (}), the limit transitions R — ¢ and ¢ — R
exist and can be used to concatenate the paths. Note that the content of § is
included in S.

Let us come back to the path v. Inside v, the path 7" : ¢min(k) — @max(k)
has label 2’ which belongs to the set Y previously defined and its content is
equal to S. This last statement is not imposed by the definition of Y. To
impose a content equal to S, we are going to show that the word z’ belongs to
a set Y’ defined by:

Y =Y U sy (10)

T€0ut(q), 7’ €In(q)

This is possible as follows. As K has at least three elements and it is a scattered
ordering, it follows that there exist in K three consecutive elements k < k/ < k”.
Let 0 and ¢’ be the paths qr — qr and qir — g inside the path . At least
one, say ¢, has its content equal to S by definition of K. Moreover, its label
belongs to the set I'Y ., for 7 € Out(qy) and 7" € In(gy). Thus the word z’
belongs to the set Y as defined by (10).

We now treat different cases according to the form of the first and the last

transitions o and ¢’ of the path 7.

eo#p—Sand o' #S —p. Aso#p— S, we have min(J) < min(K).
Similarly with ¢’, we have max(K) < rnax(j). The path v decomposes as a path
d : P = Gmin(k) followed by the path 7" and then by a path ¢ : guax(x) — P’
The label of ¢ belongs to the set Z = {J,/cyy(y (5. U Urcs ITZ /). The label
of ¢’ belongs to the set Z' = |, couy(q) (20" Y Upcs IFo). Hence

veZY'7. (11)

Therefore, for this first case, II5 ,, is the union of the sets given in (7), (8) and
(11). Tt thus belongs to Ratp(+, -, *,w, —w, §, —f§, 01).

eoc=p— Sand o #85 — p. Asor:pHS,wenowhavemin(JA)
min(K). We first assume that the minimum of the set K/ = K \ {min(K)
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exists. We change the previous definition of the path 6 to 6 : p — quin(x)-
Hence the definition of Z changes to Z = UT,eIn(q) IS .. Wegetxe ZY'Z as
n (11). We secondly assume that min(K’) does not exist. It means that there
exists an infinite decreasing sequence

e <k < <k < ko

in K’ whose infimum is equal to min(J). Without loss of generality we can
suppose that for any ¢ > 1, the content of the path qr, — gk, , is equal to S.
Hence the label of these paths belongs to Y (see the definitions (9) and (10) of
Y and Y'). Tt follows that

reY' 7. (12)

With (7), (8), (11) and (12), we have IIJ ,, € Ratp(+, -, *,w, —w, f, —4,01).
The case where o # p — S and ¢/ = S — p is symmetrical and omitted.

eoc=p— Sand o =S5 — p. Inthis last case, there are a state s inside v,
and two transitions 7 € In(s), 7 € Out(s) that are not limit transitions like
S — s and s — S. Hence, the path v decomposes as a path p — s followed by a
path s — p’ and the word x belongs to a product IT5 /TI¥ _, of subsets studied in
the previous case. This proves that Hio/ € Ratp(+, -, *,w, —w, t, —4,01). This
completes the proof. O

9 Conclusion

In this article, we investigate automata accepting sets of words indexed by lin-
ear orderings and rational expressions denoting such sets of words. In [5, 6]
a Kleene-type equivalence is established between sets of words defined by au-
tomata vs. rational expressions. By properly restricting the classes of automata
(of rational operations respectively), we here obtain several such equivalence re-
sults. Furthermore, except for one class (Class 6), we give close connections to
the type of the underlying linear ordering. On the other hand, we show in this
paper that the unary version of ¢ is strictly weaker than its binary version.

Let us mention recent results and open problems in the framework of au-
tomata on linear orderings. It is proved in [11] that the emptiness problem for
automata on linear orderings is decidable with a polynomial time complexity.
The equivalence problem for automata on linear orderings is proved to be de-
cidable in [8]. Other results related to combinatorics on words or equational
theories can be found in [3, 4].

Since the work of Biichi, automata and logics have been shown to have strong
connections. Connections between automata on linear orderings and adequate
logics should be investigated. The first step of this study relies on the closure of
the class of recognizable sets under the boolean operations. We recently know
that this class is closed under complementation [12].
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