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ABSTRACT. We define a new class of languages of w-words, strictly extending w-regular
languages.

One way to present this new class is by a type of regular expressions. The new ex-
pressions are an extension of w-regular expressions where two new variants of the Kleene
star L* are added: L” and L°. These new exponents are used to say that parts of the
input word have bounded size, and that parts of the input can have arbitrarily large sizes,
respectively. For instance, the expression (aB b)“ represents the language of infinite words
over the letters a, b where there is a common bound on the number of consecutive letters a.
The expression (as b)“ represents a similar language, but this time the distance between
consecutive b’s is required to tend toward the infinite.

We develop a theory for these languages, with a focus on decidability and closure.
We define an equivalent automaton model, extending Biichi automata. The main techni-
cal result is a complementation lemma that works for languages where only one type of
exponent—either L? or L°—is used.

We use the closure and decidability results to obtain partial decidability results for
the logic MSOLB, a logic obtained by extending monadic second-order logic with new
quantifiers that speak about the size of sets.

1. INTRODUCTION

In this paper we introduce a new class of languages of infinite words. The new languages
of this kind—called w B S-regular languages—are defined using an extended form of w-regular
expressions. The extended expressions can define properties such as “words of the form
(a*b)* for which there is an upper bound on the number of consecutive letters a”. Note that
this bound depends upon the word, and for this reason the language is not w-regular. This
witnesses that wBS-regular languages are a proper extension of w-regular languages.

The expressions for wBS-regular languages are obtained by extending the usual w-
regular expressions with two new variants of the Kleene star L*. These are called the
bounded exponent L? and the strongly unbounded exponent L°. The idea behind B is
that the language L in the expression L? must be iterated a bounded number of times,
the bound being fixed for the whole word. For instance, the language given in the first
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paragraph is described by the expression (aB b)“. The idea behind S is that the number of
iterated concatenations of the language L must tend toward infinity (i.e., have no bounded
subsequence).

This paper is devoted to developing a theory for the new languages. There are different
motivations for such a study. The first one is the interest of the model itself: it extends
naturally the standard framework of w-regular languages, while retaining some closure and
decidability properties. We also show that, just as w-regular expressions define the same
languages of infinite words as the ones definable in monadic second-order logic, the class
of wBS-regular languages also admits a logical counterpart. The relevance of the model is
also quite natural: the use of bounding arguments in proofs is very common, and the family
of wBS-regular languages provides a unified framework for developing such arguments. A
notable example is the famous star-height problem, to which we will return later in the
introduction. Another application of our results, which is presented in this paper, is an
algorithm deciding if an w-automatic graph has bounded out-degree. We believe that more
problems are related to this notion of regularity with bounds. In this paper, we concentrate
on a basic theoretical study of the model.

The first step in this study is the introduction of a new family of automata over infinite
words, extending Biichi automata, which we call bounding automata. Bounding automata
have the same expressive power as wBS-regular expressions. (However, the translations
between bounding automata and wBS-regular expressions are more involved than in the
case of w-regular languages.) A bounding automaton is a finite automaton equipped with
a finite number of counters. During a run, these counters can be incremented and reset,
but not read. The counter values are used in the acceptance condition, which depends
on their asymptotic values (whether counter values are bounded or tend toward infinity).
Thanks to the equivalence between automata and expressions, and using simple automata
constructions, we obtain the closure of wBS-regular languages under union, intersection
and projection.

Unfortunately, wBS-regular automata cannot be determinized. Even more problematic,
wBS-regular languages are not closed under complement. However, we are able to identify
two fragments of wBS-regular languages that complement each other. We show that the
complement of a language that only talks about bounded sequences is a language that only
talks about sequences tending toward infinity; and vice versa. The difficult proof of this
complementation result is the technical core of the paper.

Finally, we present a logic that captures exactly the wBS-regular languages, i.e. is equiv-
alent to both the wBS-regular expressions and automata. As it is well known, languages de-
fined by w-regular expressions are exactly the ones definable in monadic second-order logic.
What extension of this logic corresponds to wBS-regular expressions? Our approach is to
add a new quantifier, called the existential unbounding quantifier U. A formula UX.¢(X) is
true if it is possible to find sets satisfying ¢(X) of arbitrarily large size. Every wBS-regular
language can be defined in monadic second-order logic extended with U. However, due to
the failure of the closure under complementation, the converse does not hold. By restricting
the quantification patterns, we identify fragments of the logic that correspond to the various
types of wBS-regular expressions introduced in this paper.

Related work. This work tries to continue the long lasting tradition of logic/automata
correspondences initiated by Biichi [3, 4] and continued by Rabin [12], only to mention the
most famous names (see [14] for a survey). We believe that bounding properties extend
the standard notion of regularity in a meaningful way, and that languages defined by our
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extended expressions have every right to be called regular, even though they are not captured
by Biichi automata. For instance, every wBS-regular language L has a finite number of
quotients w~!L and Lw~!. (Moreover, the right quotients Lw~! are regular languages of
finite words.) Unfortunately, we do not have a full complementation result.

The quantifier U in the logic that describes wBS-regular languages was already intro-
duced in [1]. More precisely, the quantifier studied in [1] is B: a formula BX.¢ expresses
that there is a bound on the size of sets X satisfying property ¢. This formula is semanti-
cally equivalent to =(UX.¢). Although [1] went beyond words and considered infinite trees,
the proposed satisfiability algorithm worked for a very restricted fragment of the logic with
no (not even partial) complementation. Furthermore, no notion of automata or regular
expression was proposed.

Boundedness properties have been considered in model-checking. For instance, [2] con-
sidered systems described by pushdown automata whose stack size is unbounded.

Our work on bounds can also be related to cardinality restrictions. In [11], Klaedtke
and Ruess considered an extension of monadic second-order logic, which allowed cardinality
constraints of the form

X[+ [ X < AL [V

In general, such cardinality constraints (even |X| = |Y|) lead to undecidability of the
satisfiability problem. Even though cardinality constraints can express all wBS-regular
languages, the decidable fragments considered in [11] are insufficient for our purposes: those
fragments capture only a small fragment of wB.S-regular languages.

Finally, the objects we manipulate are related to the (restricted) star-height problem.
This problem is, given a natural number £ and a regular language of finite words L, to
decide if L can be defined by a regular expression where the nesting depth of Kleene-stars
is at most k. This problem, first raised by Eggan in 1963 [7], has a central role in the
theory of regular languages. It has been first shown decidable by Hashiguchi [8] via a
difficult proof. The correctness of this proof is still unclear. A new proof, due to Kirsten
[10], reduces the star-height problem to the limitedness problem for nested distance desert
automata. The latter are finite state automata, which assign a natural number to each
word. The limitedness problem is the question whether there is a bound on the numbers
produced by a given automaton. Nested distance desert automata—we were not aware
of their existence when developing the theory of wBS-regular languages—happen to be
syntactically equivalent to the hierarchical B-automata that we use as an intermediate
object in the present work. The semantics of the two models are also tightly connected,
and it is possible to derive from the result of our paper the decidability of the limitedness
problem for nested distance desert automata (though using our more general results, we
obtain a non-elementary complexity, which is far beyond the optimal PSPACE algorithm
of Kirsten).

Structure of the paper. In Section 2, we formally define the wBS-regular expressions
that are the subject of this paper. We introduce two restricted types of expressions (where
the B and S exponents are prohibited, respectively) and give an overview of the closure
properties of the respective expressions. In Section 3, we introduce our automata models and
show that they are equivalent to the wBS-regular expressions. In Section 4, we show how
our results can be applied to obtain a decision procedure for satisfiability in an extension
of monadic second-order logic. The main technical result, which concerns closure under
complementation, is given at the end of the paper, in Section 5.
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2. REGULAR EXPRESSIONS WITH BOUNDS

In this section we define wBS-regular expressions. The expressions are the first of
three means of defining languages with bounds. The other two—automata and logic—are
presented in the next sections.

2.1. Definition. In a nutshell, to the standard operations used in w-regular expressions,
we add two variants of the Kleene star *: the B and S exponents. These are used to
constrain the number of iterations, or more precisely the asymptotic behavior of the number
of iterations (this makes sense since the new exponents are used in the context of an w
exponent. When the B exponent is used, the number of iterations has to be bounded by
a bound which depends on the word. When the S exponent is used, it has to tend toward
infinity. For instance, the expression (a®b)“ represents the words in (a*b)* where the size
of sequences of consecutive a’s is bounded. Similarly, the expression (a°b)* requires the size
of (maximal) sequences of consecutive a’s to tend toward infinity. These new expressions
are called wBS-regular expressions. A more detailed definition is presented below.

Just as an w-regular expression uses regular expressions of finite words as building
blocks, for wBS-regular expressions one also needs first to define a finitary variant, called
BS-regular expressions. Subsection 2.1.1 presents this finitary variant, while Subsection 2.1.2
introduces wBS-regular expressions.

2.1.1. BS-regular expressions. In the following we will write that an infinite sequence of
natural numbers g € N“ is bounded if there exists a global bound on the g¢(i)’s, i.e.,
if limsup; g(i) < +oo. This behavior is denoted by the letter B. The infinite sequence
is strongly unbounded if it tends toward infinity, i.e., liminf; g(i) = +oo. This behavior
is denoted by the letter S. Let us remark that an infinite sequence is bounded iff it has
no strongly unbounded infinite subsequence, and that an infinite sequence is strongly un-
bounded iff it has no bounded infinite subsequence.

A natural number sequence ¢ is a finite or infinite sequence of natural numbers that
we write in a functional way: ¢(0),g(1),... Its length is |g|, which may possibly be occ.
We denote by N the set of sequences of natural numbers, both finite and infinite. A
sequence of natural numbers g is non-decreasing if g(i) < g(j) holds for all : < j < |g|. We
write g < n to say that g(i) < n holds for all i < |g|. For g a non-decreasing sequence of
natural numbers, we define ¢’ to be ¢'(i) = g(i + 1) — g(i) for all i such that i + 1 < |g].
The sequence g is of bounded difference if ¢’ is either finite or bounded; it is of strongly
unbounded difference if the sequence ¢’ is either finite or strongly unbounded.

A word sequence u over an alphabet X is a finite or infinite sequence of finite words
over X, i.e., an element of (X*)*°. The components of the word sequence @ are the finite
words ug, u1, . ..; we also write 4 = (ug, u1,...). We denote by ¢ the finite word of length 0,
which is different from the word sequence of length 0 denoted (). We denote by |i| the
length of the word sequence .

A language of word sequences is a set of word sequences. The finitary variant of wB.S-
regular expressions will describe languages of word sequences. Note that the finiteness
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concerns only the individual words in the sequences, while the sequences themselves will
sometimes be infinitely long.

We define the following operations, which take as parameters languages of word se-
quences K, L.
The concatenation of K and L is defined by

K - L= {{uvg,uivy...) : w€ K, v€L, |[u|=10]}.
The miz of K and L (which is not the union) is defined by
K+ L={w: ueK, ve L, Vi<max(|d|,|d|)w; € {u;} U{vi}},
with the convention that {u;} (respectively, {v;}) is 0 if i>|d]| (respectively, if i>|v]).
The * exponent of L is defined by grouping words into blocks:
L = {(uo - - - tug(0)y—1 Ug(0) - - - Ug(1)=15---) * U E L, g € N, g <|uf, gnon-decreasing} .
The bounded exponent LE is defined similarly:

LB = {<u0 . ug(O)—laug(O) . ug(l)_l, e > :
w € L, ge N* g <|u|, g non-decreasing of bounded difference} .

And the strongly unbounded exponent L is defined by:

LS = {<U() - Ug(0)—1> Ug(0) - - - Ug(1)—15 - - - > :
@€ L, g N* g <|u|, g non-decreasing of strongly unbounded difference} .

We now define BS-regular expressions using the above operators.

Definition 2.1. A BS-regular expression has the following syntax (a being some letter of
the given finite alphabet X):
e=0lelelaleeletele ||
As usual, we often omit the - symbols in expressions.
The semantic [e] of a BS-regular expression e is the language of word sequences defined
inductively by the following rules:

[0] = {0}
1= {0

£) < £),... }, ie., all finite word sequences built with e.
g, )}, i.e., all word sequences built with e.
a), < >, ...t U{{a,a,...)}, ie., all word sequences built with a.
[[ ]] [e] - [£1, [e+ /1= [e] + [/], [e*] = []", [¢®] = [e]”, and [¢%] = [¢]®.
A language of word sequences is called BS-regular if it is obtained by evaluating a BS-
regular expression. The B-regular (respectively, S-regular) languages correspond to the
particular case where the expression does not use the exponent S (respectively, B).

Example 2.2. The B-regular expression a” represents the finite or infinite word sequences

that consist of words from a* where the number of a’s is bounded:
[a®] = {(a/ @ a/W ) : f e N®is bounded} .
The language of word sequences [a? - (b-a?)%] consists of word sequences where the number

of consecutive a’s is bounded, while the number of b’s in each word of the word sequence is
strongly unbounded.
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Except for the two extra exponents B and S and the constant &, these expressions co-
incide syntactically with the standard regular expressions. Therefore, one may ask, how do
our expressions correspond to standard regular expressions on their common syntactic frag-
ment, which includes the Kleene star *, concatenation - and union +? The new expressions
are a conservative extension of standard regular expressions in the following sense. If one
takes a standard regular expression e defining a language of finite words L and evaluates
it as a BS-regular expression, the resulting language of word sequences is the set of word
sequences where every component belongs to L, i.e. [e] = {u : Vi<|u|.u; € L}.

In the fact below we present two important closure properties of languages defined by
BS-regular expressions. We will often use this fact, sometimes without explicitly invoking
it.

Fact 2.3. For every BS-regular language L, the following properties hold:
(1) L+L=1L,
(2) L= {{uso),usqy,---) = w€L, feN® f<|ul,f strongly unbounded}.

Proof. A straightforward structural induction. L]

Item 2 implies that BS-regular languages are closed under taking subsequences. That is,
every BS-regular language of word sequences is closed under removing, possibly infinitely
many, component words from the sequence. In particular every BS-regular language is
closed under taking the prefixes of word sequences.

2.1.2. wBS-reqular expressions. We are now ready to introduce the wBS-regular expres-
sions. These describe languages of w-words. From a word sequence we can construct an
w-word by concatenating all the words in the word sequence:

<u0,u1,...>“’ = Upug ...
This operation—called the w-power—is only defined if the word sequence has nonempty
words on infinitely many coordinates. The w-power is naturally extended to languages of

word sequences by taking the w-power of every word sequence in the language (where it is
defined).

Definition 2.4. An wBS-regular expression is an expression of the form:

n
=Y
1=1

in which each e; is a regular expression, and each f; is a BS-regular expression. The
expression is called wB-regular (respectively, wS-regular) if all the expressions f; are B-
regular (respectively, S-regular).

The semantic interpretation [e] is the language of w-words

U [e:]r - [£i%,
i=1...n
in which [-]7 denotes the standard semantic of regular expressions, and - denotes the con-
catenation of a language of finite words with a language of w-words. Following a similar
tradition for regular expressions, we will often identify an expression with its semantic
interpretation, writing, for instance, w € (a®b)“ instead of w € [(a®b)*].
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A language of w-words is called wBS-regular (respectively, wB-regular, wS-regular) if
it is equal to [e] for some wBS-regular expression e (respectively, wB-regular expression e,
wS-regular expression e).

In wBS-regular expressions, the language of finite words can be {¢}; to avoid clutter
we omit the language of finite words in such a situation, e.g., we write a* for {¢} - a®.

This definition differs from the definition of w-regular expressions only in that the w
exponent is applied to BS-regular languages of word sequences instead of regular word
languages. As one may expect, the standard class of w-regular languages corresponds to
the case of wBS-regular languages where neither B nor S is used (the presence of & does
not make any difference here).

Example 2.5. The expression (a®b)¥ defines the language of w-words containing an infinite
number of b’s where the possible number of consecutive a’s is bounded. The language (a°b)“
corresponds to the case where the lengths of maximal consecutive sequences of a’s tend
toward infinity. The language (a +b)*a” + ((a*b)*a®b)* is more involved. It corresponds to
the language of words where either there are finitely many b’s (left argument of the sum), or
the number of consecutive a’s is unbounded but not necessarily strongly unbounded (right
argument of the sum). This is the complement of the language (a®b)*.

Fact 2.6. Emptiness is decidable for wBS-reqular languages.

Proof. An wBS-regular language is nonempty if and only if one of the languages M - L¥
in the union defining the language is such that the regular language M is nonempty and
the BS-regular language L contains a word sequence with infinitely many nonempty words.
Therefore the problem boils down to checking if a BS-regular language contains a word
sequence with infinitely many nonempty words. Let N be the set of BS-regular languages
with this property, and let Z be the set of BS-regular languages that contain at least one
infinite word sequence (possibly with finitely many nonempty words). The following rules
determine which languages belong to Z and N.

K+LeTift KeZTorLel.

K-LeZTif KeZandLeZ.

L* and L? always belong to 7.

LSeTiff LeT.

K+LeNif KeNorLeN.

K- -LeN iffeither KeZand LeN,or K€ N and L €T.
L*, LB and L® belong to N iff L € \.

O

The constant £ will turn out to be a convenient technical device. In practice, £ L restricts
a language of word sequences L to its finite sequences. We denote by L the language of word
sequences € - L. This construction will be used for instance when dealing with intersections:
as an example, the equality L? N L® = L* holds when L does not contain e. It turns out
that € is just syntactic sugar, as stated by:

Proposition 2.7. Every wBS-regular expression (respectively, wB-regular and wS-regular
ones) is equivalent to one without the & constant.

Note that this proposition does not mean that £ can be eliminated from B.S-regular
expressions. It can only be eliminated under the scope of the w-power in wBS-regular
expressions. For instance, £ is necessary to capture the BS-regular language a. However,
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once under the w exponent, & becomes redundant; for instance (@)* is equivalent to (), while
(@—+ b)* is equivalent to (a + b)*b*.
Proposition 2.7 will follow immediately once the following lemma is established:

Lemma 2.8. Let T € {BS, B,S}. For every T-reqular expression, there is an equivalent
one of the form M + L where M is a reqular expression and L is T-reqular and does not
use €.

Proof. By structural induction, we prove that for every BS-regular expression L can be
equivalently expressed as

L=M+K |,
where M is obtained from L by replacing exponents B and S by Kleene stars and replacing

€ by €, and K is obtained from L by replacing & by 0.
Note that Fact 2.3 is used implicitly above. L]

2.2. Summary: The Diamond. In this section we present Figure 1, which summarizes
the technical contributions of this paper. We call this figure the diamond. Though not all
the material necessary to understand this figure has been provided yet, we give it here as a
reference and guide to what follows.

u,N,m

L wBS-regular expressions J
hierarchical wBS-automata
wBS-automata

u,n, T / \ u,n, T

2 o
wS-regular expressions C wB-regular expressions
hierarchical wS-automata hierarchical wB-automata
wS-automata wB-automata

\\) 5 /
~N
w—regular expressions

( Biichi automata

Nn,U,C,m

Figure 1: The diamond

The diamond illustrates the four variants of languages of w-words that we consider:
w-regular, wB-regular, wS-regular and wBS-regular languages. The inclusions between the
four classes give a diamond shape. We show in Section 2.3 below that the inclusions in the
diamond are indeed strict.
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To each class of languages corresponds a family of automata. The automata come in
two variants: “normal automata”’, and the equally expressive “hierarchical automata”. The
exact definition of these automata as well as the corresponding equivalences are the subject
of Section 3.

All the classes are closed under union, since wBS-regular expressions have finite union
built into the syntax. It is also easy to show that the classes are closed under projection,
i.e., images under a letter to letter morphism (the operation denoted by = in the figure), and
more generally images under a homomorphism. From the automata characterizations we
obtain closure under intersection for the four classes; see Corollary 3.4. For closure under
complement, things are not so easy. Indeed, in Section 2.3 we show that wBS-regular
languages are not closed under complement. However, some complementation results are
still possible. Namely Theorem 5.1 establishes that complementing an wB-regular language
gives an wS-regular language, and vice versa. This is the most involved result of the paper,
and Section 5 is dedicated to its proof.

2.3. Limits of the diamond. In this section we show that all the inclusions depicted
in the diamond are strict. Moreover, we show that there exists an wBS-regular language
whose complement is not wBS-regular.

Lemma 2.9. Every wB-regular language over the alphabet {a,b}, which contains a word
with an infinite number of b’s, also contains a word in (a®b)*.

Proof. Using a straightforward structural induction, one can show that a B-regular language

of word sequences L satisfies the following properties.

e If L contains a sequence in a*, then it contains a sequence in a”.

e If L contains a sequence in (a*b)Ta*, then it contains a sequence in (a®b)Ta®.
The statement of the lemma follows. ]

Corollary 2.10. The language (a°b)* is not wB-regular. The language (a®b)¥ is not wS-
reqular.

Proof. Being wB-regular for (ab)* would contradict Lemma 2.9, since it contains a word
with an infinite number of b’s but does not intersect (a®b)~.

For the second part, assume that the language (a®b)¥ is wS-regular. Consequently, so
is the language (a®b)¥ 4 (a+b)*a®. Using Theorem 5.1, its complement ((a*b)*ab)* would
be wB-regular. But this is not possible, by the same argument as above. A proof that does
not use complementation—along the same lines as in the first part—can also be given. []

We now proceed to show that wBS-regular languages are not closed under complement.
We start with a lemma similar to Lemma 2.9.

Lemma 2.11. Every wBS-regular language over the alphabet {a,b} that contains a word
with an infinite number of b’s also contains a word in (a®b+ a”b)~.

Proof. As in Lemma 2.9, one can show the following properties of a BS-regular language
of word sequences L.
e If I contains a word sequence in a*, then it contains one in a? + a”.
e If L contains a word sequence in (a*b)*a*, then it contains one in (a®b-+a”b)* (a® +
a®).
The result directly follows. U]
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Corollary 2.12. The complement of L = (a®b+ a®b)* is not wBS-regular.

Proof. The complement of L contains the word

a' ba'ba® ba'ba’ba® batba’balbatd ... |
and consequently, assuming it is wBS-regular, one can apply Lemma 2.11 to it. It follows
that the complement of L should intersect L, a contradiction. L]

3. AUTOMATA

In this section we introduce a new automaton model for infinite words, which we call
wBS-automata. We show that these automata have the same expressive power as wBS-
regular expressions.

We will actually define two models: wBS-automata, and hierarchical wBS-automata.
We present them, successively, in Sections 3.1 and 3.2. Theorem 3.3, which shows that both
models have the same expressive power as wBS-regular expressions, is given in Section 3.3.
Section 3.3 also contains Corollary 3.4, which states that wBS-regular languages are closed
under intersection. The proof of Theorem 3.3 is presented in Sections 3.5 and 3.6.

3.1. General form of wBS-automata. An wBS-automaton is a tuple (Q, %, q;,T'p, s, ),
in which @ is a finite set of states, 3 is the input alphabet, ¢; € @Q is the initial state, and
I'p and I'g are two disjoint finite sets of counters. We set I' = I'g UI'g. The mapping
associates with each letter a € 3 its transition relation
b CQx{ir,e} xQ.

The counters in I'g are called bounding counters, or B-counters or counters of type B. The
counters in I'g are called unbounding counters, or S-counters or counters of type S. Given
a counter a and a transition (p,v,q), the transition is called a reset of « if v(a) = r; it is
an increment of a if v(a) = 1.

When the automaton only has counters of type B, i.e., if I's = ) (respectively, of
type S, i.e., if 'z = (), then the automaton is called an wB-automaton (respectively, an
wS-automaton).

A run p of an wBS-automaton over a finite or infinite word ajas --- is a sequence of
transitions p = t1ta--- of same length such that for all 4, ¢; belongs to J,,, and the target
state of the transition ¢; is the same as the source state of the transition ¢;1.

Given a counter a, every run p can be uniquely decomposed as

p = pitn,patn, - ..

in which, for every i, t,, is a transition that does a reset on «, and p; is a subrun (sequence of
transitions) that does no reset on a. We denote by «a(p) the sequence of natural numbers,
which on its i-th position has the number of occurrences of increments of a in p;. This
sequence can be finite if the counter is reset only a finite number of times, otherwise it is
infinite. A run p over an w-word is accepting if the source of its first transition is the initial
state g7, and for every counter «, the sequence «(p) is infinite and furthermore, if « is of
type B then a(p) is bounded and if « is of type S then a(p) is strongly unbounded.

Example 3.1. Consider the following automaton with a single counter (the counter action
is in the parentheses):
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Assume now that the unique counter in this automaton is of type B. We claim that
this automaton recognizes the language L = (a®b(a*b)*)*, i.e., the set of w-words of the
form a™ba™b. .. such that liminf; n; < +0o0. We only show that the automaton accepts all
words in L, the converse inclusion is shown by using similar arguments. Let w = a™ba™b. ..
be a word in L. There exists an infinite set X C N and a natural number N such that ny < IV
holds for all k¥ € K. Without loss of generality we assume that 0 € K (by replacing N
by max(ng, N)). We now construct an accepting run of the automaton on the word w. This
run uses state ¢ in each position ¢ € N such that the distance between the last occurrence
of b before position ¢ and the first occurrence of b after position 7 is at most N. For other
positions the state p is used and the value of the counter is left unchanged. In this way, the
value of the counter will never exceed N. Since furthermore K is infinite, the counter will
be reset infinitely many times. This proves that the run is accepting. If the counter is of
type S, then the automaton recognizes the language (a°b(a*b)*)*.

Although this is not directly included in the definition, an wB.S-automaton can simulate
a Biichi automaton, and this in two ways: by using either unbounding, or bounding counters
(and therefore Biichi automata are captured by both wS-automata and wB-automata).
Consider then a Biichi automaton, with final states F'. One way to simulate this automaton
is to have an wB-automaton with the same state space, and one bounding counter, which is
reset every time a state from F' is visited, and never incremented. In this case, the accepting
condition for wBS-automata collapses to visiting F' infinitely often, since a bounded value is
assured by the assumption on not doing any increments. Another way to simulate the Biichi
automaton is to use an unbounding counter. Whenever the simulating automaton visits a
state in F', it nondeterministically decides to either increment the unbounding counter, or
to reset it. It is easy to see that the accepting state is seen infinitely often if and only
if there is a policy of incrementing and resetting that satisfies the accepting condition for
unbounding counters.

3.2. Hierarchical automata. Hierarchical wBS-automata are a special case of wB.S-
automata where a stack-like discipline is imposed on the counter operations.

An wBS-automaton is called hierarchical if its set of counters is I' = {1,...,n} and
whenever a counter ¢ > 1 is incremented or reset, the counters 1,...,7—1 are reset. There-
fore, in a hierarchical automaton, a transition (g, v,r) can be of three forms:

e v(1) =--- =wv(n) = ¢, i.e., no counter is affected by the transition. In this case we
write e for v.

e v(l)=---=wvk)=randv(k+1) = --- =v(n) = ¢ ie., the maximal affected
counter is k, and it is reset by the transition. In this case we write Ry, for v.

ev(l)=---=vk—-1)=r,vk)=iand v(k+1) =--- =v(n) = e, i.e., the maximal
affected counter is k, and it is incremented by the transition. In this case we write
I}, for v.
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It is convenient to define for a hierarchical automaton its counter type, defined as a word
in {B + S}*. The length of this word is the number of counters; its i-th letter is the type
of counter i.

Example 3.2. Consider the following hierarchical wBS-automaton:

CL(Il), b(Rl), C([g), d(RQ)

In this picture, we use once more the convention that the resets and increments are in paren-
theses. If this automaton has counter type 717> with 71,75 € {B, S}, then it recognizes
the language

<((aT1 b)*a™ c) 2 (aT1b)*a™t d) °

3.3. Equivalence. The key result concerning the automata is that the hierarchical ones
are equivalent to the non-hierarchical ones, and that both are equivalent to the wBS-
regular expressions. Furthermore, this equivalence also holds for the fragments where only
B-counters or S-counters are allowed.

Theorem 3.3. Let T € {BS, B,S}. The following are equivalent for a language L C 3¢.
(1) L is wT-regular.
(2) L is recognized by a hierarchical wT-automaton.
(3) L is recognized by an wT-automaton.

Before establishing this result, we mention an important application.

Corollary 3.4. The classes of wBS-reqular, wB-regular and wS-regular languages are
closed under intersection.

Proof. The corresponding automata (in their non-hierarchical form) are closed under inter-
section using the standard product construction. L]

The implication from (1) to (2) is straightforward since hierarchical automata are a
special case of general automata. In the following sections, we show the two difficult im-
plications in Theorem 3.3: that expressions are captured by hierarchical automata (Sec-
tion 3.5) and that automata are captured by expressions (Section 3.6). First, we introduce
in Section 3.4 the notion of word sequence automata.

3.4. Word sequence automata. In proving the equivalence of hierarchical wBS-automata
and wBS-regular languages, we will use a form of automaton that runs over word sequences.
A word sequence BS-automaton A is defined as an wBS-automaton, except that we add a
set of accepting states, i.e., it is a tuple (Q,%,qs, F,T'p,I's,d) in which @Q,%,q;,I'p,I's,d
are as for wBS-automata, and F' C @) is a set of accepting states.

A word sequence BS-automaton A accepts an infinite sequence of finite words # if there
is a sequence p of finite runs of A such that:

e for all ¢ € N, the run p; is a run over the word u; that begins in the initial state and
ends in an accepting state;
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e for every counter a of type B, the sequence of natural numbers

max(a(pp)), max(a(p1)),. ..

(in which max is applied to a finite sequence of natural numbers with the obvious
meaning) is bounded;
e for every counter a of type S, the sequence of natural numbers

min(a(po)), min(a(pr)), .

(in which min is applied to a sequence of natural numbers with the obvious meaning)
is strongly unbounded.

The variants of word sequence B-automata and word sequence S-automata are defined as
expected. The same goes for the hierarchical automata.

An equivalent way for describing the acceptance of a word sequence by a BS-automaton A
is as follows. Consider the wBS-automaton A’ obtained from A by a) removing the set of
accepting states F', b) adding a new symbol O to the alphabet, and c) setting d to contain
the transitions (q, R, qr) for ¢ € F with R(«) = r for every counter o. Then A accepts the
word sequence (vg, v1,...) iff A" accepts the w-word voOvO. ..

3.5. From expressions to hierarchical automata. This section is devoted to showing
one of the implications in Theorem 3.3:

Lemma 3.5. Every wBS-reqular (respectively, wB-regular, wS-reqular) language can be
recognized by a hierarchical wBS-automaton (respectively, wB-regular, wS-regular).

There are two main difficulties:

e Our word sequence automata do not have e-transitions, which are used in the proof
for finite words. Instead of introducing a notion of e-transition and establishing
that such transitions can be eliminated from automata, we directly work on word
sequence automata without e-transitions.

e When taking the mix or the concatenation of two languages L, K defined by hierar-
chical word sequence automata, there are technical difficulties with combining the
counter types of the automata for L and K.

We overcome these difficulties by first rewriting an expression into normal form before
compiling it into a hierarchical word sequence automaton. The basic idea is that we move
the mix 4+ to the top level of the expression, and also remove empty words and empty
iterations. To enforce that no empty words occur, we use the exponents L, Lt and LB+
which correspond to L - L*, L - L® and L - LB, respectively.

We say that a BS-regular expression is pure if it is constructed solely with the single
letter constants a and @, concatenation -, and the exponents +, B+ and S4. We say a
BS-regular expression is in normal form if it is a mix e; + --- + e, of pure BS-regular
expressions eq,...,e,. An wBS-regular expression is in normal form if all the BS-regular
expressions in it are in normal form.

In Section 3.5.1, we show that every BS-regular language (with no occurrence of €) can
be described by a BS-regular expression in normal form. Then, in Section 3.5.2, we show
that every wBS-regular expression in normal form can be compiled into a hierarchical word
sequence automaton.
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3.5.1. Converting an expression into normal form. Given a BS-regular language L, let us
define clean(L) to be the set of word sequences in L that have nonempty words on all
coordinates. Remark that, thanks to Fact 2.3, L is the same as (clean(L))*. Therefore, we
only need to work on sequence languages of the form clean(L). Using Fact 2.3 one obtains
without difficulty:

Fact 3.6. For every BS-reqular language L, either L = clean(L), L = & + clean(L), or
L =¢e+ clean(L).

The following lemma concludes the conversion into normal form:

Lemma 3.7. For every BS-regular language L, clean(L) can be rewritten as L1+ -+ Ly,
where each L; is pure.

The proof of this lemma has a similar flavor as the proof of the analogous result for finite
words, which says that union can be shifted to the topmost level in a regular expression.

Proof. The proof is by induction on the structure.
e For L = (),¢,&,a, the claim is obvious.
e Case L = K - M. There are nine subcases (according to Fact 3.6):
— If K is clean(K) and M is clean(M) then
clean(K - M) = clean(K) - clean(M) .

We then use the induction assumption on clean(K) and clean(M), and con-
catenate the two unions of pure expressions. This concatenation is also a union
of pure expressions, since

DK Y M=) K- M.
A i @]

— If K is clean(K) and M is € 4 clean(M) then
clean(K - M) = clean(K) + clean(K) - clean(M) .

In the above, the language clean(K') consists of finite prefixes of sequences in
clean(K). A pure expression for this language is obtained from clean(K) by
replacing every exponent with + and every letter a with a.

— If K is clean(K) and M is € 4 clean(M) then

clean(K - M) = clean(K) + clean(K) - clean(M) .
— The six other cases are similar.

e Case L = K + M. We have clean(K + M) = clean(K) + clean(M).

e Case L = K*. We have clean(K*) = (clean(K))*. By induction hypothesis, this
becomes (L1 + --- + L), for pure expressions L;. We need to show how the mix
4+ can be moved to the top level. For n = 2, we use:

(L1 + Lo)" =L + (L3 - L) T+ (L - L) - L3+
+ (L LT+ (L - LT LT+ LT .

The general case is obtained by an inductive use of this equivalence.
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e Case L = K°. This time, we use clean(K®) = (clean(K))°*, and get by induction
an expression of the form (Lj + --- + Ly,)%7, for pure expressions L;. We only do
the case of n = 2, the general case is obtained by induction on n:

(L1 + L) = (L1 + Lo)* - L™ - (L1 + L)
+ (Ll + Ly)" - L§+ (L1 + Lo)*
+ L5 (LY - L) - LY.
The right side of the equation is not yet in the correct form, i.e., it is not a mix of
pure expressions, but it can be made so using the mix, the concatenation and the x
exponent cases described above (resulting in a mix of 102 pure expressions).

e Case L = KB. Same as for case K*, in which the exponent * is replaced by B and
the exponent + is replaced by B+.

[

3.5.2. From normal form to automata. Here we show that every expression in normal form
can be compiled into a hierarchical automaton. Furthermore, if the expression is wB-regular
(respectively, wS-regular), then the automaton has the appropriate counter type.

We begin by showing how to expand counter types:

Lemma 3.8. A hierarchical BS-automaton of counter type tt' € {B,S}* can be transformed
into an equivalent one of counter type tBt'. A hierarchical BS-automaton of counter type
tSt' € {B,S}* can be transformed into an equivalent one of counter type tSSt .

Proof. Let A be the automaton. For the first construction, we insert a new counter of
type B at the correct position, i.e., between counter [t| and |¢t| + 1, and reset it as often as
possible, i.e., we construct a new automaton A’ of counter type ¢tBt' which is similar to A
in all respects but every transition (p,v,q) of A becomes a transition (p,v’,¢q) in A" with:

(R4 ifv=cand|t|=0
€ ifv=-eand|t| >0
P if v=1I;and k < |t|
v/ =< Ry, if v = Ry and k < |t|
R|t\+1 ifv= RM
Iny1  ifv=1I; and k > |t
Ry ifv=Rgand k > |t
For every w-word u, this translation gives a natural bijection between the runs of A over u
and the runs of A’ over w. This translation of runs preserves the accepting condition. Hence
the language accepted by A and A" are the same.
For the second construction, we split the S counter into two nested copies. The au-

tomaton chooses nondeterministically which one to increment. Formally, we transform ev-
ery transition (p,v,q) of A into possibly multiple transitions in A’, namely the transitions
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(p,v',q) with v € V in which:

{e} ifv=e
{I} if v=1I;and k < |t|
{Ry} if v =Ry and k < |¢t|
V= {[\t|+1a I|t\+2} if v=1Iy4
{Rjtj42} if v=Rjy41
{Ik—i-l} ifv=1I; and k > |t|+1
{Rk+1} if v=Rypand k> |t|+1

For every input w-word wu, this transformation induces a natural surjective mapping from
runs of A" onto runs of A. Accepting runs are mapped by this translation to accepting runs
of A. Hence the language accepted by A’ is a subset of the one accepted by A. For the
converse inclusion, one needs to transform an accepting run p of A over u into an accepting
run of A’ over u. For this one needs to decide each time a transition (p, [ It/+15 q) is used
by p, whether to use the transition (p, I|;41,¢) or the transition (p, |12, q) of A’. For this,
for all maximal subruns of p of the form

po(01s Lej415,90)P1 -+ (Prs Lt 415 @) oy

in which the counter |t| + 1 is never reset, and such that the counter [t| + 1 is never
incremented in the runs p}, one replaces it by the run of A’”:

Pg(ph [Z‘1 ) ql)pll/ Tt (pTH Ixna Qn)px
where

|t| +2 if ¢ is a multiple of [\/n]
T, =
‘ |t| +1 otherwise,

and p! is p} in which each counter k > [t| + 1 is replaced by counter k + 1. This operation

(2
transforms an accepting run of A into an accepting run of A’. L]

We will use the following corollary of Lemma 3.8, which says that any number of
hierarchical BS-automata can be transformed into equivalent ones that have comparable
counter types.

Corollary 3.9. Given hierarchical BS-automata Ay, ..., A,, there exist (respectively) equiv-
alent hierarchical BS-automata AY, ..., A, such that for all i,j = 1...n the counter type
of Al is a prefiz of the counter type of .A;- or vice versa. Furthermore, if Aq,..., A, are
B-automata (respectively, S-automata), then so are Ay, ... Al

Recall that we want to compile a normal form expression
M- (Ly+---+ L)~

into a hierarchical wBS-automaton (or wB, or wS automaton, as the case may be). This
is done in the next two lemmas. First, Lemma 3.10 translates each L; into a hierarchical
word sequence automaton, and then Lemma 3.11 combines these word sequence automata
into an automaton for the infinite words (L1 + - - - + L, )*. Since prefixing the language M
is a trivial operation for the automata, we thus obtain the desired Lemma 3.5, which says
that expressions can be compiled into hierarchical automata.
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Lemma 3.10. The language of word sequences described by a pure BS-regular (respec-
tively, B-regular, respectively, S-reqular) expression can be recognized by a hierarchical
word sequence BS-automaton (respectively, B-automaton, respectively, S-automaton).

Proof. By induction on the operations that appear in a pure expression.

e Languages accepted by hierarchical word sequence automata are closed under con-
catenation. Let us compute an automaton recognizing L - L' where L, L' are lan-
guages recognized by hierarchical word sequence automata A, A’ respectively. Using
Corollary 3.9, we can assume without loss of generality that the type of A is a prefix
of the type of A" (or the other way round, which is a symmetric case). Remark that
since L and L’ are pure, no state in A or A’ is both initial and final.

We do the standard concatenation construction for finite automata (by passing
from a final state of A to the initial state of A"), except that when passing from A
to A’ we reset the highest counter available to A.

e Languages accepted by hierarchical word sequence automata are closed under the
+ exponent. We use the standard construction: linking all final states to the initial
state while resetting all counters. In order to have non-empty words on all coordi-
nates, the initial state cannot be accepting (if it is accepting, we add a new initial
state).

e Languages accepted by hierarchical word sequence automata are closed under the
S+ exponent. We add a new counter of type S of rank higher than all others.
We then proceed to the construction for the + exponent as above, except that we
increment the new counter whenever looping from a final state to the initial one.

e For the B+ exponent, we proceed as above, except that the new counter is of type B
instead of being of type S.

[

The compilation of normal form expressions into automata is concluded by the following
lemma:

Lemma 3.11. Let Ly,...,L, be sequence languages recognized by the hierarchical BS-
automata Az, ..., A, respectively. The language (L1 + - -+ L)% is recognized by an wBS-
automaton. Likewise for wB-automata and wS-automata.

Proof. Thanks to Corollary 3.9, we can assume that the counter type of A; is a prefix of
the counter type of Aj, for i < j. We use this prefix assumption to share the counters
between the automata: we assume that the counters in A; are a subset of the counters in
Aj;, for i« < j. Under this assumption, the hierarchical automaton for infinite words can
nondeterministically guess a factorization of the infinite word in finite words, and nonde-
terministically choose one of the automata Aq,..., A, for each factor. L]

3.6. From automata to expressions. This section is devoted to showing the remaining
implication in Theorem 3.3:

Lemma 3.12. Fvery language recognized by an wBS-automaton (respectively, an wB-
automaton, an wS-automaton) can be defined using an wBS-reqular (respectively, wB-
reqular, wS-regular) expression.
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Before we continue, we would like to remark that although long, the proof does not
require any substantially original ideas. Basically, it consists of observations of the type:
“if a word contains many a’s and a b, then it either has many a’s before the b or many a’s
after the b”. Using such observations and Kleene’s theorem for finite words, we obtain the
desired result.

We begin by introducing a technical tool called external constraints. These constraints
are then used in Section 3.6.2 to prove Lemma 3.6.

3.6.1. Ezxternal constraints. Fxternal constraints provide a convenient way of constructing
wBS-regular languages. Let e be one of 0,+,S5,B. Given a symbol a ¢ ¥ and a word
sequence language L over ¥ U {a}, we denote by Lla : €] the word sequence language

LN((* - a)° o)

with the standard convention that L° = [¢]. This corresponds to restricting the word
sequences in L to ones where the number of occurrences of a satisfies the constraint e.
Here we show that external constraints can be eliminated:

Lemma 3.13. BS-reqular languages of word sequences are closed under external con-
straints. In other words, if L is a BS-reqular language over ¥ and a is a letter in X,
then Lla : €] is a BS-regular language over . B-reqular languages are closed under exter-
nal constraints of type 0,4, B. S-regular languages are closed under external constraints of
type 0,+, 5.

Proof. Structural induction. The necessary steps are shown in Figure 2. For some of the
equivalences, we use closure properties of Fact 2.3. L]

3.6.2. Controlling counters in BS-reqular expressions. In this section we show how B.S-
regular languages can be intersected with languages of specific forms. We use this to write
an wBS-regular expression that describes successful runs of an wBS-regular automaton,
thus completing the proof of Lemma 3.12.

In the following lemma, the languages L should be thought of as describing runs of a
BS-automaton. The idea is that the language K in the lemma constrains runs that are
good from the point of view of one of the counters. The set of labels I can be thought of as
representing the transitions which increment the counter, R as representing the transitions
which reset the counter, and A as representing the transitions which do not modify it. The
intersection in the lemma forces the counter operations to be consistent with the acceptance
condition.

Given a word sequence language L and a subset A of the alphabet, denote by L X A*
the set of word sequences that give a word sequence in L if all letters from A are erased
(i.e., a very restricted form of the shuffle operator). For instance B* X A* is the same as
(A+ B)*.

Lemma 3.14. Let X be an alphabet partitioned into sets A, I, R. Let L be a BS-reqular
word sequence language over Y. Then K N L is also BS-reqular, for K being one of:

(IPR)TIP ™ A*, (I°R)*I* x A* | I"(RI®)t X A* TIS(RI®)* x A

Similarly, B-reqular languages are closed under intersection with the first language, and
S-reqular languages are closed under intersection with the three other languages.
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bla:+] =0 for b #a
. _ bla:0] =0b for b # a
Eg?a.:} ; Z‘) for e € {0, B} bla:S] =b for b # a
ela :.S] =g ’ bla: B] =b for b # a
Ela:e] =&  foreed{0,B,S} ' B
flact] =0 5[[5% -
ala:e] =a for e € {B,+}

(L+L)a:e]=Lla:e]+ L'a:e] for e € {0,+,B, S}

(L-La:e]=Lla:e€]-L'a:e] for e € {B,0}
(L-La:e]=Lla:e]-L' +L-L'a:e] for e € {+, S}

L*la:S]=L*-(Lla:+]- L)+ L* - Lia: S]- L*
LBla: 0] = (L[a: 0))P

LBla:+]=L% Lia:+] L

LBla: B] = (Lla: B)?

LBla:S) =+ L% Lla:8] L

L%a: 0] = (L[a : 0])°

~
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Figure 2: Elimination of external constraints.

Proof. In the proof we rewrite K N L into an expression with external constraints, which
will use and constrain letters from some new alphabet ¥’ disjoint with X. In the proof, we
will consider equality up to the removal of letters from Y’. We then eliminate the external
constraints using Lemma 3.13, and then erase the letters from X’ (erasing letters is allowed,
since languages described by our expressions are closed under homomorphic images).

We begin by showing that (I¢ X A*) N L is BS-regular, for e = 0,+, B, S. Let a € X'
be a new symbol. The transformation is simple: replace everywhere in the expression the
letters 7 in I by i - a, and constrain the resulting language by [a : €].
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For K = (IBR)*I” X A*, the construction is by induction on the size of the expression
defining L. We use the following equalities (in which K’ = I'® X A*):

Knb=10b ifbe R and 0 otherwise
Kn(L+L)=(KNL)+ (KNL)
Kn(L-L'Y=(KNL)-(KNL)+(K'nL") + (K'NnL)- (KNL)
KNnL*=(K'NnL*) - (KNL)"-(K'NnL").
The remaining cases, namely K N L and K N L%, can be reduced to the L* case as follows.
First one rewrites L? (respectively, L) as (La)*[a : B] (respectively, (La)*[a : S]), where

a € ¥ is a new letter (recall that we consider here equality of languages up to removal of
letters from X'). Second, we use the associativity of intersection, i.e.,

Kn((La)*[a:e]) = (KN (La)")[a: €], for e=B,S.

For the case where K is either ((I°R)*I*) X A* or (I*(RI®)T) X A*, a slightly more
tedious transformation is involved. This is also done by induction. To make the induction
pass, we generalize the result to languages K of the form

Koy =I°R(IPR)*I' M A*, where e, f € {*,S} .
The transformations for L = b and L + L’ are as follows:
.f = pr—
K. b= b 1b€R‘ande f ==,
’ () otherwise,
KegN(L+L)=(KeyNL)+ (KepNL).

For sequential composition L - L', we use the convenient operation LI over the exponents
{*, S}, defined by
* Lok = %, and el f = S otherwise.

The transformation for sequential composition L - L’ is then the following:

Koy (L-L)= Y (KeeNL)-(KpsnL)

e'uf'=8

+ Y IYNL)- (KpynL)
e'Uf'=e

+ Y (KeenL) (I nL)
euf=f

The rule for L* is the most complex one. For conceptual simplicity we use an infinite sum.
This can be transformed into a less readable but correct expression using standard methods
for regular languages.

For n > 1, let L,, be the mix of all languages of the form

(I°“NnL*) (K¢ g NL)-(I*NLY)-- (Ky,g,NL)- (I N L"),
where the exponents e;, f;,g; € {*, S} satisfy
gileUfiyn =25, eol fi=e, and g, Ue, = f .

The language L,, corresponds to those word sequences, where the reset is done in n separate
iterations of L. The language K.y N L* is then equal to the infinite mix Ly + Lo +--- []
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We now use the above lemma to complete the proof of Lemma 3.12. Consider an wBS-
automaton A. We will present an expression not for the recognized words, but the accepting
runs. The result then follows by projecting each transition onto the letter it reads. Without
loss of generality we assume that a transition uniquely determines this letter.

Given a counter «, let I, represent the transitions that increment this counter, let R,
represent the transitions that reset it and let A, be the remaining transitions. Let I'g be
the set of bounded counters of A and let I'g be its unbounded counters. Given a state ¢,
we define Pref, to be the language of finite partial runs starting in the initial state and
ending in state ¢, and Loop, to be the language of nonempty finite partial runs starting and
ending in state ¢q. Those languages are regular languages of finite words, and hence can be
described via regular expressions. We use those expressions as word sequence expressions.

The following lemma concludes the proof of Lemma 3.12, by showing how the operations
from Lemma 3.14 can be used to check that a run is accepting.

Lemma 3.15. A run p visiting infinitely often a state q is accepting iff there is a partition
of I's into two sets I's . and I'y g (either of which may be empty) such that

p € Prefy - (Loop, N LN Lg.MN Ly s)* ,

where the languages Lp, Lgs and L. s are defined as follows:

L= () (IBR.)TI}) ™ 4

a€el'p

Ley= () USRa(ISR) I )AL, for (e, f) = (x,5),(S.%) .

aGF&f

Proof. 1t is not difficult to show that membership in Prefq(Loopq NLpNLg.N Lyg)* is
sufficient for p to be accepting.

For the other direction, consider an accepting run p. Let us consider an increasing
infinite sequence of positions u1,us,... in the run p such that for each n, all counters are
reset between u,, and u,+1 and the run assumes state ¢ at position u,. Such a sequence can
be found since each counter is reset infinitely often. Consider now an unbounded counter
a. For each n we define b to be the number of increments of o in p happening between u,,
and the last reset before u,,, likewise, we define af to be the number of increments of o in p
happening between wu,, and the next reset of a after u,,. By extracting a subsequence, we
may assume that either b is always greater than a}, or af is always greater than b{. In the
first case bf, is strongly unbounded and we put « into I'y g; in the second case aj; is strongly
unbounded and we put « into I'y 5. We iterate this process for all unbounded counters. []

4. MONADIC SECOND-ORDER LOGIC WITH BOUNDS

In this section, we introduce the logic MSOLB. This is a strict extension of monadic
second-order logic (MSOL), where a new quantifier U is added. This quantifier expresses
that a property is satisfied by arbitrarily large sets. We are interested in the satisfiability
problem: given a formula of MSOLB, decide if it is satisfied in some w-word. We are not
able to solve this problem in its full generality. However, the diamond properties from
the previous sections, together with the complementation result from Section 5, give an
interesting partial solution to the satisfiability problem.
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In Section 4.1 we introduce the logic MSOLB. In Section 4.2 we present some decidable
fragments of the logic MSOLB, and restate the diamond picture in this new framework.
In Section 4.3 we show how the unbounding quantifier can be captured by our automaton
model. In Section 4.4 we present an application of our logical results; namely we provide
an algorithm that decides if an w-automatic graph has bounded degree.

4.1. The logic. Recall that monadic second-order logic (MSOL for short) is an extension
of first-order logic where quantification over sets is allowed. Hence a formula of this logic
is made of atomic predicates, boolean connectives (A, V, —), first-order quantification (3z.p
and Vz.p) and set quantification (also called monadic second-order quantification) (IX.¢
and VX.p) together with the membership predicate z € X. A formula of MSOL can be
evaluated in an w-word. In this case, the universe of the structure is the set N of word
positions. The formula can also use the following atomic predicates: a binary predicate
x < y for order on positions, and for each letter a of the alphabet, a unary predicate a(z)
that tests if a position x has the label a. This way, a formula that uses the above predicates
defines a language of w-words: this is the set of those w-words for which it is satisfied.

In the logic MSOLB we add a new quantifier, the existential unbounding quantifier U,
which can be defined as the following infinite conjunction:

UX.p:= A 3X. (pA|X[ > N).
NeN
The quantified variable X is a set variable and | X | denotes its cardinality. Informally speak-
ing, UX.p(X) says that the formula ¢(X) is true for sets X of arbitrarily large cardinality.
If p(X) is true for some infinite set X, then UX.p(X) is immediately true. Note that ¢
may contain other free variables than just X.
From this quantifier, we can construct other meaningful quantifiers:

e The universal above quantifier A is the dual of U, i.e., AX.¢ is a shortcut for “UX.—¢.
It is satisfied if all the sets X above some threshold of cardinality satisfy property ¢.

e Finally, the bounding quantifier B is syntactically equivalent to the negation of the U
quantifier. Historically, this was the first quantifier to be studied, in [1]. It says
that a formula BX.¢ holds if there is a bound on the cardinality of sets satisfying
property .

Over finite structures, MSOLB and MSOL are equivalent: a subformula UX.p can
never be satisfied in a finite structure, and consequently can be removed from a formula.
Over infinite words, MSOLB defines strictly more languages than MSOL. For instance the
formula

BX. VzeX. a(x)| AN Ve <y <z (r,z€ X) — (y € X)]

expresses that there is a bound on the size of contiguous segments made of a’s. Over the
alphabet {a,b}, this corresponds to the language (a®b)*. As mentioned previously (recall
Corollary 2.10), this language is not regular. Hence, this formula is not equivalent to any
MSOL formula. This motivates the following decision problem:

Is a given formula of MSOLB satisfied over some infinite word?

We do not know the answer to this question in its full generality (this problem may yet
be proved to be undecidable). However, using the diamond (Figure 1), we can solve this
question for a certain class of formulas. This is the subject of Sections 4.2 and 4.3. In
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Section 4.4, we use the logic MSOLB to decide if a graph has bounded outdegree, for
graphs interpreted in the natural numbers via monadic formulas.

4.2. A decidable fragment of MSOLB. A classical approach for solving satisfiability
of monadic second-order logic is to translate formulas into automata (this is the original
approach of Biichi [3, 4] for finite and infinite words, which has been later extended by Rabin
to infinite trees [12], see [14] for a survey). To every operation in the logic corresponds a
language operation. As languages recognized by automata are effectively closed under those
operations, and emptiness is decidable for automata, the satisfaction problem is decidable
for MSOL. We use the same approach for MSOLB. Unfortunately, our automata are not
closed under complement, hence we cannot use them to prove satisfiability for the whole
logic, which is closed under complement.

V,A,3,U

[’ wBS-regular languages j

BS-formulas

VA, 3V, U (,/ \Q V. A, YA

wS-regular languages - wB-regular languages
S-formulas B-formulas

N e

N) C

w-regular languages

( MSOL-formulas

\/7/\7_\737\v/

Figure 3: Logical view of the diamond

For this reason, we consider the following fragments of the logic MSOLB, which are
not, in general, closed under complementation.

Definition 4.1. We distinguish the following syntactic subsets of MSOLB formulas:

e The B-formulas include all of MSOL and are closed under V, A,V,d and A.

e The S-formulas include all of MSOL and are closed under V,A,V,d and U.

e The BS-formulas include all B-formulas and S-formulas, and are closed under
V,A,d and U.

Note that in this definition, B-formulas and S-formulas are dual in the sense that the
negation of an S-formula is logically equivalent to a B-formula, and vice versa. The above
fragments are tightly connected to wBS-regular languages according to the following fact:

Fact 4.2. BS-formulas define exactly the wBS-reqular languages. Likewise for B-formulas,
and S-formulas, with the corresponding languages being w B-regular and wS-regular.
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Proof. (Sketch.) Thanks to the closure properties of wBS-regular languages, each BS-
formula can be translated into an wBS-regular language. We use here the standard coding
of the valuation of free variables in the alphabet of the word, see, e.g. [14]. Closure under
V and A is a direct consequence of closure under U and N. Closure under 3 corresponds to
closure under projection, which is straightforward for non-deterministic automata. Closure
under universal quantification follows as dual of the existential quantifications (using the
complementation result, Theorem 5.1). Closure under U of wS-regular and wBS-regular
languages is the subject of Section 4.3, and more precisely Proposition 4.4. Closure under A
of wB-regular languages is obtained by duality (once more using Theorem 5.1).

For the converse implication, a formula of the logic can use existential set quantifiers
in order to guess a run of the automaton, and then check that this run is accepting using
the new quantifiers. ]

These fragments are summarized in the logical view of the diamond presented in Fig-
ure 3. Also, from this fact we get that BS-formulas are not expressively complete for
MSOLB, since MSOLB is closed under negation, while wBS-regular languages are not
closed under complementation.

Since emptiness for BS-regular languages is decidable by Fact 2.6, we obtain the fol-
lowing decidability result:

Theorem 4.3. The problem of satisfiability over (w, <) is decidable for BS-formulas.

In the proof of Fact 4.2, we left out the proof of closure under U. We present it in the
next section.

4.3. Closure under existential unbounding quantification (U). Here we show that
the classes of wS- and wBS-regular languages are closed under application of the quanti-
fier U. This closure is settled by Proposition 4.4.

In order to show this closure, we need to describe the quantifier U as a language op-
eration, in the same way existential quantification corresponds to projection. Let ¥ be an
alphabet, and consider a language L C (X x {0,1})¥. Given a word w € X“ and a set
X CN, let w[X] € (¥ x {0,1})* be the word obtained from w by setting the second coor-
dinate to 1 at the positions from X and to 0 at the other positions. We define U(L) to be
the set of those words w € X“ such that for every N € N there is a set X C N of at least
N elements such that w[X] belongs to L.

Restated in terms of this operation, closure under unbounding quantification becomes:

Proposition 4.4. Both wS and wBS-reqular languages are closed under U.

We begin with a simple auxiliary result. A partial sequence over an alphabet ¥ is a
word in 1*¥¢, in which L & ¥ is a fresh symbol. A partial sequence is defined at the
positions where it does not have value L, it is undefined at positions of value L. We say
that two partial sequences meet if there is some position where they are both defined and
have the same value.

Lemma 4.5. Let I be an infinite set of partial sequences over a finite alphabet . There is
a partial sequence in I that meets infinitely many partial sequences from I.

Proof. A constrainer for I is an infinite word ¢ over P(X) such that for each i € N, the i-th
position of every sequence in [ is either undefined or belongs to ¢;. The size of a constrainer
is the maximal size of a set it uses infinitely often.
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We prove the statement of the lemma by induction over the size of a constrainer for I.
Since every I admits a constrainer of size ||, this concludes the proof.

The base case is when I admits a constrainer of size 1; in this case, every two partial
sequences in I meet, so any partial sequence in Isatisfies the statement of the lemma.
Consider now a set I with a constrainer ¢ of size n. Take some sequence s in I. If s meets
infinitely many sequences from I, then we are done. Otherwise let J C I be the (infinite)
set of sequences that do not meet s. One can verify that d is a constrainer for J, where d is
defined by d; = ¢; \ {s;}. Moreover, d is of size n — 1 (since s; = L can hold only for finitely
many ¢). We then apply the induction hypothesis. L]

Let L be a language of infinite words over X x {0, 1} recognized by an wBS-automaton.
We want to show that the language U(L) is also recognized by a bounding automaton.
Consider the following language:

K ={w[X]: forsome Y DO X, w[Y] € L} .

This language is downward closed in the sense that if w[X] belongs to K, then w[Y] belongs
to K for every Y C X. Furthermore, clearly U(L) = U(K). Moreover, if L is recognized by
an wBS-automaton (resp. wS-automaton), then so is K. Let then A be an wBS-automaton
recognizing K. We will construct an wBS-automaton recognizing U(K).

Given a word w € X¥, we say that a sequence of sets X1, Xs,... C Nis an an unbounding
witness for K if for every i, the word w[X;] belongs to K and the sizes of the sets X;
are unbounded. An unbounding witness is sequential if there is a sequence of numbers
a1 < ag < --- such that for each i, all elements of the set X; are between a; and a;+1 — 1.

The following lemma is a consequence of K being downward closed.

Lemma 4.6. A word that has an unbounding witness for K also has a sequential one.

Let X1, Xs,... be a sequential unbounding witness and let a; < as--- be the appro-
priate sequence of numbers. Let p1, po, ... be accepting runs of the automaton A over the
words w[X1],w[X2], ... Such runs exist by definition of the unbounding witness. A sequen-
tial witness X1, Xo,... is called a good witness if every two runs p; and p; agree on almost
all positions.

Lemma 4.7. A word belongs to U(K) if and only if it admits a good witness.

Proof. By Lemma 4.6, a word belongs to U(K), if and only if it admits a sequential witness.
Let X;, a; and p; be as above. For 4, let s; be the partial sequence that has | at positions
before a;11 and agrees with p; after a; 1. By applying Lemma 4.5 to the set {s1,s2...}, we
can find a run p; and a set J C N such that for every j € J, the runs p; and p; agree on some
position z; after a;1. For j € J, let p;- be a run that is defined as p; at positions before x;
and is defined as p; at positions after ;. Since modifying the counter values over a finite set
of positions does not violate the acceptance condition, the run p;- is also an accepting run
over the word w[Xj]. For every j,k € J, the runs p;- and p) agree on almost all positions
(i.e., positions after both z; and xj). Therefore the sequential witness obtained by using
only the sets X; with j € J is a good witness. ]

Lemma 4.8. Words admitting a good witness can be recognized by a bounding automaton.
Proof. Given a word w, the automaton is going to guess a sequential witness
ap < ag < --- Xlg[al,ag—l],Xgg[a2,a3—1]...

and a run p of A over w and verify the following properties:
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e The run p is accepting;
e There is no bound on the size of the X;’s;
e For every i, some run over w[X;] agrees with p on almost all positions.

The first property can be obviously verified by an wB.S-automaton. For the second property,
the automaton nondeterministically chooses a subsequence of X1, Xo, ... where the sizes are
strongly unbounded. The third property is a regular property. The statement of the lemma
then follows by closure of bounding automata under projection and intersection. L]

4.4. Bounds on the out-degree of a graph interpreted on sets. In this section,
somewhat disconnected from the rest of the paper, we show how to use the logic MSOLB for
solving a non-trivial question concerning w-automatic structures. An w-automatic (directed)
graph (of injective presentation) is a graph described by two formulas of MSOL, which are
interpreted in the natural numbers (hence the term w-automatic). The vertexes of the
w-automatic graph are sets of natural numbers. The first formula §(X) has one free set
variable, and says which sets of natural numbers will be used as vertexes of the graph. The
second formula ¢(X,Y") has two free set variables, and says which vertexes of the graph
are connected by an edge (if ¢(X,Y") holds, then both §(X) and §(Y) must hold). The
original idea of automaticity has been proposed by Hodgson [9] via an automata theoretic
presentation. The more general approach that we use here of logically defining a structure
in the powerset of another structure is developed in [6]. We show in this section that it is
possible to decide, given the formulas §(X) and ¢(X,Y") of MSOL defining an w-automatic
graph, whether this graph has bounded out-degree or not.

Let ¢(X,Y) be a formula of MSOLB with two free set variables. This formula can
be seen as an edge relation on sets, i.e., it defines a directed graph with sets as vertexes.
We show here that MSOLB can be used to say that this edge relation has unbounded out-
degree. The formula presented below will work on any structure—not just (w, <)—but the
decision procedure will be limited to infinite words, since it requires testing satisfiability of
MSOLB formulas.

In the following, we say that a set Y is a successor of a set X if ¢(X,Y) holds. We
begin by defining the notion of an X-witness. This is a set witnessing that the set X has
many successors. (The actual successors of X form a set of sets, something MSOLB cannot
talk about directly.) An X-witness is a set Y such that every two elements z,y € Y can be
separated by a successor of X, that is:

Ve,yeY. o #y— 20X, Z)N(x€Z—ygZ). (4.1)

We claim that the graph of ¢ has unbounded out-degree if and only if there are X-witnesses
of arbitrarily large cardinality. This claim follows from the following fact:

Fact 4.9. If X has more than 2" successors, then it has an X -witness of size at least n. If
X has n successors, then all X -witnesses have size at most 2".

Proof sketch. For the first statement, one first shows that X has at least n successors that are
boolean independent, i.e., there exists X1, ..., X, successors of X such that foralli =1...n,
X, isnot a boolean combination of X1,..., X;_1, X;y1,...,X,. From n boolean independent
successors one can then construct by induction an X-witness of size n.

For the second statement, consider X with n successors as well as an X-witness. To
each element w of the X-witness, associate the characteristic function of ‘w € Y’ for Y
ranging over the successors of X. If the X-witness had more than 2" elements, then at
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least two would give the same characteristic function, contradicting the definition of an X-
witness. []

As witnessed by (4.1), being an X-witness can be defined by an MSOL formula. There-
fore, the existence of arbitrarily large X-witnesses is expressible by an MSOLB formula with
a single U operator at an outermost position. This formula belongs to one of the classes
with decidable satisfiability in Theorem 4.3 below. This shows:

Proposition 4.10. It is decidable if an w-automatic graph has unbounded out-degree.

5. COMPLEMENTATION

5.1. The complementation result. The main technical result of this paper is the follow-
ing theorem:

Theorem 5.1. The complement of an wS-reqular language is wB-regular, while the com-
plement of an wB-regular language is wS-regular.

The proof of this result is long, and takes up the rest of this paper. We begin by
describing some proof ideas. For the sake of this introduction, we only consider the case of
recognizing the complement of an wS-regular language by an wB-regular automaton.

Consider first the simple case of a language described by an wS-automaton A which has
a single counter. Furthermore, assume that in every run, between any two resets, the incre-
ments form a single connected segment. In other words, between two resets of the counter,
the counter is first left unaffected for some time, then during the n following transitions
the counter is always incremented, then it is not incremented any more before reaching
the second reset. Below, we use the name increment interval to describe an interval of
word positions (a set of consecutive word positions) corresponding to a maximal sequence
of increments. We do not, however, assume that the automaton is deterministic (the whole
difficulty of the complementation result comes from the fact that we are dealing with nonde-
terministic automata). This means that the automaton resulting from the complementation
construction must check that all possible runs of the complemented automaton are rejecting.

The complement wB-automaton B uses a single B-counter, which ticks as a clock along
the w-word (independently of any run of A). A tick of the clock is a reset of the counter.
Between every two ticks, the counter is constantly incremented. Since the counter is a B-
counter, the ticks have to be at bounded distance from each other. We say that an interval
of word positions is short (with respect to this clock) if it contains at most one tick of the
clock. If the clock ticks at most every N steps, then short intervals have length at most
2N — 1. Reciprocally, if an interval has length at most IV, then it is short with respect to
every clock ticking with a tempo greater than N. According to these remarks, being short
is a fair approximation of the length of an interval.

The complement automaton B works by guessing the ticks of a clock using non-determinism
together with a B-counter, and then checks the following property: every run of A that
contains an infinite number of resets, also contains an infinite number of short increment
intervals. Once the clock is fixed, checking this is definable in monadic second-order logic,
i.e., can be checked by a finite state automaton without bounding conditions. Using this
remark it is simple to construct B.
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It is easy to see that if B accepts an w-word, then this word is not accepted by A.
The converse implication is a consequence of the following compactness property: if no run
of A is accepting, then there is a threshold IV € N such that every run of A either has less
than N increments between two resets infinitely often, or does finitely many resets. Such a
property can be established using Ramsey-like arguments.

Consider now a single counter wS-automaton, but without the constraint of increments
being performed during intervals. In our construction, we use an algebraic decomposition
result, Simon’s factorization forest theorem [13]. Using Simon’s theorem, we reduce the
complementation problem to a bounded number of instances of the above construction. In
this case, the complement wB-automaton uses one counter for each level of the factorization,
the result being a structure of nested clocks. As above, once the ticks of the clocks are fixed,
checking if a run makes few increments can be done by a finite state automaton without
any bounding conditions.

Finally, for treating the general case of wS-automata with more than one counter, we
use automata in their hierarchical form and do an induction on the number of counters.

5.2. Overview the complementation proof. Theorem 5.1 talks about complementing
two classes, and two proofs are necessary. The two proofs share a lot of similarities, and we
will try to emphasize common points.

From now on, a hierarchical automaton A with states @), input alphabet ¥ and coun-
ters I' is fixed. Either all the counters are of type S or all the counters are of type B. We
will denote this type by T' € {B, S}, and by T we will denote the other type. We say f € NN
is a B-function if it is bounded, and an S-function if it is strongly unbounded. We set =<
to be < if T'= 5 and > if T = B. The idea is that greater means better. For instance, if
n = m, then replacing n increments by m increments leads to a run that is more likely to
be accepting.

In this terminology, a run of an wT-automaton is accepting if its counter values (at the
moment before they are reset) are greater than some T-function for the order <. When
complementing an w7 -automaton our goal is to show that all runs are rejecting, i.e., for
every run, either a counter is reset a finite number of times, or infinitely often the number
of increments between two resets is smaller than a T-function with respect to the order <.

Our complementation proof follows the scheme introduced by Biichi in his seminal
paper [3] (we also refer the reader to [15]). Biichi establishes that languages recognized by
nondeterministic Biichi automata are closed under complement. In this proof Biichi did not
determinize the automata as usual in the finite case (this is impossible for Biichi automata).
Instead, he used a novel technique which allows to directly construct a nondeterministic
automaton for the complement of a recognizable language. The key idea is that—thanks to
Ramsey’s theorem—each w-word can be cut into a prefix followed by an infinite sequence of
finite words, which are indistinguishable in any context by the automaton (we also say that
those words have same type). Whether or not the w-word is accepted by that automaton
depends only on the type of the prefix and the type appearing in the infinite sequence.
The automaton accepting the complement guesses this cut and checks that the two types
correspond to a rejected word. For this reason the proof can be roughly decomposed into
two parts. The first part shows that each word can be cut in the way specified. The second
part shows that a cut can be guessed and verified by a Biichi automaton.
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Our proof strategy is similar. That is why, in order to help the reader gather some
intuition, we summarize below Biichi’s complementation proof, in terms similar to our own
proof for the bounding automata. Then, in Section 5.2.2, we outline our own proof.

5.2.1. The Biichi proof. In this section, we present a high-level overview of Biichi’s comple-
mentation proof.

A Biichi specification describes properties of a finite run of a given Biichi automaton. It
is a positive boolean combination of atomic specifications, which have three possible forms:

(1) The run begins with state p;
(2) The run ends with state g;
(3) The run contains/does not contain an accepting state.

We will use the letter 7 to refer to specifications, be they Biichi, or the more general form
introduced later on for bounding automata.

The following statement shows the Biichi strategy for complementation. The statement
could be simplified for Biichi automata, but we choose the presentation below to stress the
similarities with our own strategy, as stated in Proposition 5.3.

Proposition 5.2. Let B be a Biichi automaton with input alphabet 3. One can compute
Biichi specifications 11, . . ., T, and reqular languages L1, ..., L, C 3* such that the following
statements are equivalent for every infinite word u € 3¢

(A) The automaton B rejects the word u;
(B) There is some i = 1,...,n such that u admits a factorization uw = wvivy - -+ where:
(i) The prefiz w belongs to L;;
(ii) For every j, every run p over the finite word v; satisfies ;.
Moreover, for each i =1,...,n, the language K; C ¥X* of words where every run satisfies 7;
1s reqular.

In the above statement, the prefix w could also be described in terms of specifications,
but we stay with just the regular languages L; to accent the similarities with Proposition 5.3.

Proposition 5.2 immediately implies closure under complementation of Biichi automata,
since the complement of the language recognized by B is the union

LiKY +---+ L, K,

which is clearly recognizable by a Biichi automaton.

The “Moreover..” part of the proposition is straightforward, while the equivalence of
conditions (A) and (B) requires an application of Ramsey’s Theorem.

Our proof follows similar lines, although all parts require additional work. In particular,
our specifications will be more complex, and will require more than just a regular language
to be captured. The appropriate definitions are presented in the following section.

5.2.2. Preliminaries. Below we define the type of a finite run. Basically, the type corre-
sponds to the information stored in a Biichi specification, along with some information on
the counter operations. The type contains: 1) the source and target state of the run, like
in a Biichi specification; and 2) some information on the counter operations that happen in
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the run. Since we want to have a finite number of types, we can only keep limited informa-
tion on the counter operations (in particular, we cannot keep track of the actual number of
increments). Formally, a type t is an element of:

Q X {@, {'}7 {_Ov 0'}7 {'07 o0, O'}}F X Q :

To a given run, we associate its type in the following way. The two states contain respectively
the source (i.e. first) and target (i.e. last) state of the partial run. (A partial run is a finite
run that does not necessarily begin at the beginning of the word, and does not necessarily
end at the end of the word.) The middle component associates to each counter a € T' a
counter profile denoted—by slight abuse—t(a)). The counter profile is t(a)) = () when there
is no increment nor reset on counter «. The counter profile is t(a) = {-} when the counter
is incremented but not reset. The counter profile is ¢(a) = {-0, o-} when the counter is reset
just once, while ¢t(a)) = {-, 00,0} is used for the other cases, when the counter is reset at
least twice.

Note that the counter profiles are themselves sets, and elements of these sets have a
meaningful interpretation. Graphically, each symbol among -, -0, o-, oo represents a possible
kind of sequence of increments of a given counter. The circle o symbolizes a reset starting
or ending the sequence, while the dash - represents the sequence of increments itself. For
instance, -o identifies the segment that starts at the beginning of the run and end at the
first occurrence of a reset of the counter. Given a type t, we use the name t-event for any
pair

(a,¢) €T x {-,0,00,0}, with ¢ € t(a) .
The set of t-events is denoted by events(t). Given a t-event (v, ¢) and a finite run p of type
t, the value val(p, a, ¢) is the natural number defined below:

val(p,a,-)  the number of increments on counter « in the run.

val(p,,-0)  the number of increments on counter a before the first reset of counter a.

val(p,,0-)  the number of increments on counter « after the last reset of counter a.

val(p,,00) the minimal (with respect to <) number of increments on counter o
between two consecutive resets on counter o.

We comment on the last value. When T = S, val(p, o, 00) is the smallest number of
increments on counter « that is done between two successive resets of «. When T' = B, this
is the largest number of increments. At any rate, this is the worst number of increments,
as far as the acceptance condition is concerned.

A specification is a property of finite runs. It is a positive boolean combination of the
following two kinds of atomic specifications:

(1) The run has type t.
(2) The run satisfies val(p, a,c) < K.

The first atomic specification is defined by giving ¢. The second atomic specification is
defined by giving « and ¢, but not K, which remains undefined. The number K is treated
as a special parameter, or free variable, of the specification. This parameter is shared by all
atomic specifications. Given a value of K € N, we define the notion that a run p satisfies a
specification T under K in the natural manner.

Unlike the Biichi proof, it is important that the boolean combination in the specification
is positive. The reason is that we will use T-automata to complement T-automata, and
therefore we only talk about one type of behavior (bounded, or strongly unbounded).
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5.2.3. The decomposition result. In this section we present the main decomposition result,
which yields Theorem 5.1.

Proposition 5.3. For every wT-automaton A one can effectively obtain reqular languages
L+,..., L, and specifications 11, ...,T, such that the following statements are equivalent for
every w-word u:

(A) The automaton A rejects u;

(B) There is some i = 1,...,n such that u admits a factorization u = wvjvy - -+ where:
(i) The prefiz w belongs to L;, and;
(ii) There is a T-function f such that for every j, every run p over v; satisfies T;

under (7).
Moreover, for each i = 1,...,n, one can verify with a word sequence T-automaton B; if a
sequence of words vi,ve, ... satisfies condition (7). (Equivalently, the set of word sequences

satisfying (ii) is T-regular.)

First we note that the above proposition implies Theorem 5.1, since property (B) can
be recognized by an wT-automaton. This is thanks to the “Moreover...” and the closure of
wT-automata under finite union and the prefixing of a regular language.

The rest of this paper is devoted to showing the proposition. In Sections 5.3 and 5.4 we
show the first part, i.e., the equivalence of (A) and (B). Section 5.3 develops extensions of
Ramsey’s theorem. Section 5.4 uses these results to show the equivalence. In Sections 5.5
and 5.6 we prove the “Moreover...” part. Section 5.5 contains the construction for a single
counter, while Section 5.6 extends this construction to multiple counters. The difficulty in
the “Moreover...” part is that (ii) talks about “every run p”, and therefore the construction
has to keep track of many simultaneous runs.

5.3. Ramsey’s theorem and extensions. Ramsey-like statements (as we consider them
in our context) are statements of the form “there is an infinite set D C N and some index i €
I such that the property P;(x,y) holds for any x <y in D”. This statement is relative to a
family of properties {P;}icr. In general, the family {P,;};c; may be infinite. The classical
theorem of Ramsey, as stated below, follows this scheme, but for a family of two properties:
Pi=Rand P, =N?\ R.

Theorem 5.4 (Ramsey). Given R C N? and an infinite set E C N, there is an infinite
set D C E such that;

e forallz <y in D, (z,y) € R, or;

e forallz <y in D, (z,y) € R.

In the original statement of Ramsey’s theorem, the set E is not used (i.e. E = N).
We use the more general, but obviously equivalent, formulation to compose Ramsey-like
statements as follows. Assume that there are two Ramsey-like statements, one using prop-
erties {P;}icr, and the other using {Q;};es. We can apply the two in cascade and obtain
a new statement of the form “there is an infinite set D C N and indexes ¢ € I,j € J such
that both Pj(x,y) and Q;(z,y) hold for any x < y in D”. This is again a Ramsey-like
statement. This composition technique is heavily used below. We will simply refer to it as
the compositionality of Ramsey-like statements and shortcut the corresponding part of the
proofs.

The following lemma is our first Ramsey-like statement which uses an infinite (even
uncountable) number of properties.
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Lemma 5.5. For any h : N> — N there is an infinite set D C N such that either

e there is a natural number M such that h(x,y) < M holds for all x <y € D, or;
e there is an S-function g such that h(x,y) > g(x) holds for all x <y € D.

Note that in the above statement, only values h(z,y) for x < y are relevant. This will
be the case in the other Ramsey-like statements below.

Proof. By induction we construct a sequence of sets of natural numbers Dy O Dy D ---
The set Dg is defined to be N. For n > 0, the set D,, is defined to be the infinite set
D obtained by applying Ramsey’s theorem to F = D,,_1 \ {min D,,_1} with the binary
property R = h(z,y) < n.

Two cases may happen. Either for some n, the value of h(z,y) is at most n for all z < y
taken from D,,. In this case the first disjunct in the conclusion of the lemma holds (with D =
D,, and M = n). Otherwise, for all n, the value h(x,y) is greater than n for all z < y taken
from D,,. In this case, we set D to be {min D; : i € N} and g to satisfy g(min D;) = ¢. The
second conclusion of the lemma holds. ]

Definition 5.6. A separator is a pair (f,g) where f is a T-function and g is a T-function.
The following lemma restates the previous one in terms of separators.

Lemma 5.7. For any h : N> — N there is an infinite set D C N and a separator (f,g) such
that either;

o forallx <ye D, h(z,y) X f(x), or;

e forallx <ye D, h(z,y) = g(x).

Lemma 5.8 below generalizes Lemma 5.7: instead of having a single element h(x,y) for
each z < y, we have a set E,, of vectors. The conclusion of the lemma describes which
components of the input vectors from E, , are bounded or unbounded simultaneously.

When applied to complementing automata, each set h(z,y) will gather information
relative to the possible runs of the automaton over the part of a word that begins in position
x and ends in position y. Since the automaton is nondeterministic, h(x,y) contains not a
single element, but a set of elements, one for each possible run. Since the automaton has
many counters, and a counter may come with several events, elements of h(x,y) are vectors,
with each coordinate corresponding to a single event.

Before stating the lemma, we introduce some notation. Let C' be a finite set, which
will be used for coordinates in vectors. Given a vector v € N¢, a set of coordinates o C C'
and a natural number M, the expression v <, M means that v(a) =< M holds for all
coordinates o € 0. We use a similar notation for =, i.e. v =, M means that v(a) > M
holds for all coordinates o« € o . Note that A, is different from >,. The first says that
> {a} holds for some coordinate o € o, while the second says that >, has to hold for all
coordinates « € o.

Lemma 5.8. Let C' be a finite set, and for every natural numbers v <y € N, let E,, C NC¢
be a finite nonempty set of vectors. There is a family of coordinate sets © C P(C), an
infinite set D C N and a separator (f,g) such that for all x <y in D,

(1) for allv € E, 4, there is a coordinate set o € © such that v =, f(x), and;
(2) for all coordinate sets o € ©, there isv € Eyy such that v <, f(z) and v ¢\, g(7).

Proof. If we only take (1) into account, we can see © as a disjunction of conjunctions
of boundedness constraints, i.e., a DNF formula. The property (1) says that each vector
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satisfies one of the disjuncts. Keeping this intuition in mind, for two coordinate sets o, o’ C
C we write 0 = ¢’ if 0 O o’. Given two families of coordinate sets ©,0" C P(C), we
write © = O’ if for every disjunct o € © there is a disjunct ¢’ € ©’ such that o = ¢’. This
notation corresponds to the following property: if (1) holds for ©® and © = ©’, then (1)
also holds for ©’. There is a minimum element for this preorder which is () (the empty
disjunction, equivalent to false), and a maximum element {()} (a single empty conjunction,
equivalent to true). The preorder = induces an equivalence relation <, which corresponds
to logical equivalence of DNF formulas.

Let © C P(C) be a nonempty family of coordinate sets. For two natural numbers
x <y, we define hg(z,y) € N to be

he(x,y) =min<{M : Vve E,,.30€0.v=, M} .

By applying Lemma 5.7 to the property hg(x,y), we obtain an infinite set D C N and a
separator (f,g) such that either;

(a) forallz <y € D, ho(z,y) < f(x),

ie., for all v € E, , there exists 0 € © such that v <, f(x), or;

(b) for all x <y € D, hg(z,y) > g(x),

i.e., there exists v € E, , such that for all 0 € ©, v A, g(z).
Using compositionality of Ramsey-like statements, we can assume that the separator (f,g)
works for all possible families © simultaneously. Note however, that the choice of item (a)
or (b) may depend on the particular family ©. Furthermore remark that if to © corresponds
property (a), and © = O’ holds, then property (a) also corresponds to ©’. By removing
a finite number of elements of D, we can further assume that for any =z in D we have
f(z) = g().

Let ©® C P(C) be a family of coordinate sets that satisfies property (a), but is minimal
in the sense that for every family ©’ satisfying (a), the implication ©® = ©’ holds. The
family © exists since {()} satisfies (a) for any separator (f,g) (it is even unique up to <).
Without loss of generality, we assume that © does not contain two coordinate sets o’ C o,
since otherwise we can remove the larger coordinate set o and still get an equivalent family.

We will show that the properties (1) and (2) of the lemma hold for this family ©.
Property (1) directly comes from (a). Let us prove (2). Fix a coordinate set ¢ in O,
as well as ¢ < y in D. We need to show that for some v € E,,, both v =<, f(z) and
v =c\o 9(7). Let ©’ be the family of coordinate sets obtained from © by removing o and
adding all coordinate sets of the form o U {f}, for § ranging over C'\ 0. It is easy to see
that ©' = O, while © < O’ does not hold. In particular, by minimality of ©, the family ©’
cannot satisfy property (a), and therefore it must satisfy property (b). Let v be the vector
of B, , existentially introduced by property (b) applied to ©’. We will show that this vector
satisfies both v =<, f(z) and v =\, g(7).

First, we show v =<, f(x). Since the family © satisfies property (a), there must be a
coordinate set ¢’ € © such that v <, f(xz). We claim that ¢/ = o. Indeed, otherwise
o’ would belong to ©', and by (b) we would have v A, g(x). This is in contradiction
with v <, f(z) since f(z) < g(x).

Second, we show v >c\, g(z). Let then 3 be a coordinate in C'\ 0. By definition
of ©’, the coordinate set o U {3} belongs to ©’. By (b) for ©’, we get v(a) > g(z) for
some « € o U {f#}. Since above we have shown v =<, f(z) and f(z) < g(z), it follows
that a = 3 and v(83) = g(x). Since this is true for all 8 € C'\ o, we have v =\, g(z). [
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5.4. Descriptions. Recall the mapping val(p, «, ¢), which describes the number of incre-
ments that run p does on counter ¢ in the event a. By fixing a run p of type t, we can
define val(p) as a mapping from the set of t-events events(t) to N, i.e., a vector of natu-
ral numbers. This vector measures the number of increments in the run p for each event
and each counter, keeping track of the numbers which are the worst for the acceptance
condition. Note that the coordinates of val(p) depend on the type t of p—more precisely
on events(t)—and therefore the vectors val(p) and val(p’) may not be directly compara-
ble for runs p, p’ of different types. The key property of val is that given a sequence of
finite runs p1, pa, .. ., it is sufficient to know their respective types t1,ts,... and the vectors
val(py),val(pz), ... in order to decide whether or not the infinite run pyps ... satisfies the
acceptance condition. The descriptions defined below gather this information in a finite
object.

Definition 5.9 (description). A description is a set of pairs (¢,) where ¢ is a type and ~
a set of t-events.

The intuition is that ~ is the set of events where the counter values are bad for the
automaton’s acceptance condition, i.e.. small in the case when T'= S and large in the case
when T'= B.

A cut is any infinite set of natural numbers D, which are meant to be word positions.
We also view a cut as a sequence of natural numbers, by ordering the numbers from D in
increasing order. Given a cut D = {d; < dp < ---} and an w-word w € ¥, we define w|p
to be the infinite sequence of finite words obtained by cutting the word at all positions in D:

w\D:w[dl,...,dg—l], w[dg,...,dg—l],

Note that the prefix w[0,...,d; — 1] of w up to position d; — 1 is not used here; as in the
proof of Biichi, it is treated separately.

Definition 5.10 (strong description). Let w € ¥“ be an input w-word, 7 a description
and D C N a cut. We say that 7 strongly describes w|p if there is a separator (f,g) such
that for every x < y € D the following conditions hold.
e for every partial run p of type t over w from position x to position y, there is a pair
(t,7) € T such that val(p) =, f(x), and;
e for every pair (t,) € 7, there is a run p over w of type ¢ from position x to position y
such that val(p) = f(z) and val(p) = cvents(t)\y 9(2)-

Lemma 5.11. For every w-word w € X, there is a description T and a cut D such that T
strongly describes w|p.

Proof. Using Ramsey’s theorem and its compositionality, we find a cut Dy and a set of types
A such that for all x < y in Dy the following conditions are equivalent;

e there is a partial run of type ¢t between positions x and y, and;
e the type ¢ belongs to A.

The rest follows by applying Lemma 5.8 for all types ¢t in A, and using compositionality of
Ramsey-like statements. O

The problem with strong descriptions is that an wT-automaton cannot directly check if
a description strongly describes some cut word w|p. There are two reasons for this. First,
we need to check the description for each z < y in D, and therefore deal with the overlap
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between the finite words wlx,...,y]. Second, the second condition of strong description
involves guessing the T-function ¢, and this cannot be done using a wT-automaton.

Hence, we reduce the property to checking weak descriptions (see Definition 5.12) which
are stable (see Definition 5.14). Lemma 5.15 shows that this approach makes sense.

Definition 5.12 (weak description). Given a type t, a set of events v and a natural num-
ber N, a finite run p, is called consistent with (t,~y) under N if p has type t and val(p) <, N.
Given a description 7, a run p is called consistent with T under N if it is consistent with
some (t,7) € 7 under N.

Let w € ¥ be an input w-word, 7 a description and D a cut. We say that 7 weakly
describes w|p if there is a T-function f such that for all i € N, every run p over the i-th
word in w|p is consistent with 7 under f(7).

A weak description is a weakening of strong descriptions for two reasons: only runs
between consecutive elements of the cut are considered, and only the first constraint of the
strong description is kept.

The following lemma shows that weak descriptions can be expressed by specifications.

Lemma 5.13. For cvery weak description there is an equivalent specification. In other
words, for every description T there is a specification 7' such that the following are equivalent
for an w-word w and a cut D ;

e the description T weakly describes w|p, and;
e there is a T-function f such that for all i € N, every run p over the i-th word in
w|p satisfies 7" under f(i).

Proof. All the conditions in the definition of weak descriptions can be expressed by a spec-
ification. ]

In Definition 5.14, we present the notion of a stable description. The basic idea is to
mimic the notion of idempotency used in the case of Biichi.

Definition 5.14 (stability). A description 7 is stable if there is a T-function h such that
for all natural numbers N and all finite runs p = p; ... pg, if each p; is consistent with 7
under N for all i = 1...k, then p is consistent with 7 under h(N).

To illustrate the above definition, we present an example. In this particular example,
the description will be stable for T' = B, but it will not be stable for 7' = S. Let then T'= B
and consider an automaton with one counter & = 1, and one state ¢. We will show that
for t = (¢,{-},q) (we write {-} instead of the mapping which to counter 1 associates {-})
and v = {(1,-)}, the description 7 = {(¢,)} is stable. In the case of 7, the function h from
the definition of stability will be the identity function h(N) = N. To show stability of 7,
consider any finite run p decomposed as p; - - - pg, with each p; consistent with 7 under N.
To show stability, we need to show that

val(p) =y h(N) =N .
Since T' = B, the relation < is >, so we need to show that val(p) is at least N on all events

in 7. Since 7 has only one event (1,-), this boils down to proving val(p,1,-) > N. But this
is simple, because

’U(Il(p, 17') = Ual(plv 17') +ot ’U(ll(pk, 17') )
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and each p; satisfies val(p;,1,-) > N by assumption. Note that this reasoning would not
go through with T'= S, which is the reason why the above description is stable only in the
case T = B.

We now show that strong descriptions are necessarily stable.
Lemma 5.15. If 7 is a strong description of some w|p then T is stable.

Proof. We prove the statement for 7' = S first, and then for T'= B.

Case T = S. In this case < is <. Let p1,...,pr be runs such that p; is consistent
with (¢;,7;) € 7 under N for all ¢ = 1,...,k. We need to show that the composition
p = p1---pr of these runs is consistent with some (t,7) € 7 under h(N), for some S-
function h independent of pi,...,pr. The function A will be a linear function, with the
linear constant taken from the assumption that 7 strongly describes w|p. Let then (fo, go)
be the separator obtained by unraveling the definition of w|p being strongly described by 7.
We can assume without loss of generality that fj is constant, equal to M. Since gg tends
toward infinity, we can chose a natural number n such that go(i) > M holds for all i > n.

We now mimic each run p; by a similar run 7; over the (i + n)-th word in the sequence
w|p. By definition of a strong description, one can find for ¢ = 1,...,k a run m; over the
(i +n)-th word in w|p such that val(m;) <,, M and val(m;) > cvents(;)\y; o7 +n). From
the last inequality together with go(i +n) > M, we obtain:

for all (o, ¢) € events(t;), val(m;,a,¢) < M implies (o, ¢) €y ().

Let 7 be 7y . .. mg. Since 7 strongly describes w|p, the run 7 is consistent with (¢,~) under M
for some (t,7) in 7. Formally,

val(m) <y M (12) .

We will show that p is consistent with (¢,7) under N (M + 2), which establishes the
stability of 7, under the linear function h(N) = N(M +2). Let then (a,c) be an event in ~.
We have to prove

val(p,a,¢) < N(M + 2).
This is done by a case distinction depending on c.

¢ = - This means that 7 does not contain any reset of a. Let I C {1,... k} be the set of
indexes j for which 7; contains an increment of counter . By (42), and since (o, -)
belongs to 7, the number of increments of counter a in 7 is at most M. In particular,
the set I contains at most M indexes.

Let now ¢ € I. Still by (§2), the run 7, and hence also 7;, contains at most M
increments of a. By (#), this means that («,-) belongs to 7;. Hence, since p; is
consistent with (¢;,7;) under N, p; contains at most NV increments of «. Furthermore,
for i & I, m; does not increment «, and 7; has the same type as p;. Hence p; does
not increment the counter « either. Summing up: at most M runs among p1, ..., P
increment counter «, and those that do, do so at most N times.

Overall there are at most M N increments of « in p, i.e., val(p, o, c) < M N.

c=-o Let j be the first index such that p; contains a reset of a. Using the previous

case, but for k = j — 1, we infer that the prefix p;...p;_1 contains at most MN
increments of a.

By (#2), there are at most M increments of o before the first reset in 7. Since this

first reset occurs in 7;, the same holds for ;. By (4) we obtain that (a,-0) belongs
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to 7;. Finally, since p; is consistent with (¢;,7;) under N, there are at most N
increments of o before the first reset in p;.
Overall there are at most N(M + 1) increments of « before the first reset in p.

¢ = o As in the previous case.

¢ = oo As previously, but we need the bound N (M +2) since both ends of the interval have
to be considered.

Case T = B. In this case < is >. Let p = p1 ... pg be a run such that p; is consistent
with (¢;,7;) € 7 under N for all i = 1,...,k. We will show that p is consistent with 7
under N, i.e. h is the identity function. Let then (fy,go) be the separator obtained by
unraveling the definition of w|p being strongly described by 7. We can assume without loss
of generality that gy is constant, equal to M. As previously, since fy tends toward infinity,
we can chose a natural number n such that fo(n+ 1) > M(N + 2).

As in the case of T =S, we mimic each run p; by a similar run m; over the (i 4+ n)-th
word in w|p. By definition of a strong description, one can find for ¢« = 1,...,k a run m;
over the (i + n)-th word in w|p such that

val(m;) >4, fo(i +n) and  val(m) <evepts(e)\yi M -
From the last inequality we obtain:
for all (o, ¢) € events(t;), val(mi, a,¢) > M implies  («,¢) € (1) .

Let m be 7 ... 7. Since 7 strongly describes w|p, the run 7 is consistent with (¢,7)
under fo(n + 1) for some (¢,v) in 7. In combination with fo(n + 1) > M (N + 2), we have:

val(m) > M(N + 2) (#2) .

We will show that p is consistent with (¢,7) under N, which establishes the stability
of 7. For this, let («, c¢) be an event in v, we have to prove

val(p,a,¢) > N.
This is done by a case distinction depending on c.

¢ = - In this case the run 7 does not contain any reset of a. Let I C {1,...,k} be the set
of indexes j for which 7; does an increment of counter a. By (42) applied to («,-),
there are at least M N increments (actually, at least M (NN + 2) increments, but we
only need M N here) of a in 7. Two cases can happen; either I contains at least N
indexes, or there is some j € I such that p; contains at least M increments of a.
Consider first the case when I has at least NV indexes. Since there is at least one
increment of « in every p; for i € I, there are at least N increments of « in p.
Otherwise there is some j € I such that m; contains at least M increments
of a. By (#), this means that (c,-) belongs to ;. Finally, since p; is consistent
with 7; under IV, we obtain that p;, and by consequence also p, contains at least N
increments of a.
Overall there are at least N increments of « in p, i.e., val(p,a,c) > N.
c¢=- Let j be the first index for which 7; contains a reset of a. By (§2), there are at
least M (N + 1) increments (again, we do not need to use M (N + 2) here) of «
before the first reset in w. Two cases are possible: either M N increments of «
happen in 7y ...m;_1, or m; contains M increments of o before the first reset of a.
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In the first case we use the same argument as for ¢ = - (note that we were just
using a bound of M N in this case) over the run 7y ...7;_1. We obtain that there
are at least NV increments of « in py...p;_1.

Otherwise, there are M increments of a in 7; before the first reset. Using (f) we
deduce that (a,-0) belongs to 7;. Since p; is consistent with (¢;,;) under N, we
deduce that there are at least N increments of « in p; before the first reset.

Overall there are at least N increments of « in p before the first reset, i.e.,
val(p,a,c) > N.

¢ = o As in the previous case.
¢ = oo As previously (this time using the bound M (N + 2)).

[

We will now show how to tell if a word is rejected by inspecting one of its descriptions.
This notion of rejection will be parametrized by the set S of states in which the cut may
be reached. Note that rejecting loops only make sense for stable descriptions.

Definition 5.16 (rejecting loop). We say a state ¢ is a rejecting loop in a description 7, if
for all (¢,v) € 7 where the source and target state of the type ¢ is ¢ we have:
Case T = S. There exists a counter « such that either:
o t(a) =0 or t(a) = {-}, or;
® (a,00) €, or;
e Both (o,~) and («, o) belong to 7.
Case T = B. There exists a counter « such that either:
o t(a) =0 or t(a) = {-}, or;

e (a,c) €~ for some ¢ € {-0,00,0-}.

The idea behind the above definition is as follows: if the description 7 weakly describes
a cut word w|p, p is a run that assumes state ¢ in every position from D, then the fact that ¢
is a rejecting loop implies that p not accepting. Since every infinite run can be decomposed
into loops, this is the key information when looking for a witness of rejection.

Given a description 7 and a state p, we write pT to denote the set of states ¢ such that
for some (t,7) € 7, the source state of ¢ is p and the target state of ¢ is ¢. This notation is
extended to a set of states P71 in the natural manner.

If D is a cut and w is an w-word, then the D-prefiz of w is defined to be the prefix of w
that leads to the first position in D. Every w-word w is decomposed into its D-prefix, and
then the concatenation of words from w|p.

Lemma 5.17. Let w|p be a cut w-word strongly described by 7. Let P be the states reachable
after reading the D-prefix of w. If w is rejected, then every state in Pt is a rejecting loop.

Proof. We only do the proof for T = S, the case of T = B being similar. Let D =
{di,da,...}.

To obtain a contradiction, suppose that ¢ € P7 is not a rejecting loop. By definition,
there must be a pair (¢,) in 7—with ¢ the source and target of t—such that for every
counter «, none of the conditions from Definition 5.16 hold. That is, the value ¢(«) contains
< and o, the event («,00) is outside 7, and one of the events (o, =), (v, o) is outside 7.
Without loss of generality, let us assume («,-0) is outside ~.
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Let (f,g) be the separator appropriate to w|p obtained from the definition of strong
descriptions. For each natural number ¢ there is a run 7; of type ¢ between positions d; and
diy1 such that val(m;, o, ¢) > g(d;) holds for all events («, ¢) not in .

Since t(«) contains -0 and o-, the counter « is reset at least once in 7;. Furthermore, since
(v, 00) is outside v, every two consecutive resets of « in m; are separated by at least g(d;)
increments. Finally, since (a,-0) is outside ~, there are at least g(d;) increments of « before
the first reset in m;. Since this holds for every counter, we obtain that the run mmy...
satisfies the accepting condition.

By assumption on ¢ € Pr, there is some state p € P and a type in 7 that has source
state p and target state ¢q. In particular, the state ¢ can be reached in the second position
of the cut D: by first reaching p after the D-prefix, and then going from p to ¢q. From ¢
in the second position of D, we can use the run mem3... to get an accepting run over the
word w. This contradicts our assumption that w was rejected by the automaton. L]

The following lemma gives the converse of Lemma 5.17. The result is actually stronger
than just the converse, since we use weaker assumptions (the description need only be weak
and stable, which is true for every strong description, thanks to Lemma 5.15).

Lemma 5.18. Let w be an w-word, D C N a cut, and assume that the word sequence w|p
is weakly described by a stable description 7. Let P be the states reachable after reading the
D-prefix of w. If every state in Pt is a rejecting loop, then w is rejected.

Proof. Let p be a run of the automaton over w. We will show that this run is not accepting.
Let ¢; be the state used by p at position d;. For 7 < j, we denote by p; ; the subrun

of p that starts in position d; and ends in position d;. Let ¢; ; be the type of this run.
Consider now a run p; ;. This run can be decomposed as

Pij = Pii+1Pi4+142 " Pj—1,5 -
Let f be the T-function from the assumption that 7 weakly describes w|p. By recalling the

definition of weak descriptions, there must be sets of events ~;,...,7;_1 such that
(tiit,v) €T o (G -1) €T
val(piiv1) 2y f(di) -+ wval(pj—1,5) 24, f(dj-1) -

Let ¢ be a function, which to every k£ € N assigns the maximal, with respect to =<, value
among f(k), f(k+1),... We claim that not only g is well defined, but it is also a T function.
Indeed, when T is B then there are finitely many values of f, so a maximal one exists, and
g has also finitely many values. If, on the other hand, T is S, then < is >. In this case, g(k)
is the least—with respect to the standard ordering > on natural numbers—number among
f(k), f(k+1),.... This number is well defined, furthermore, g is an S-function since f is
an S-function.

Since f(dg) < g(d;) holds for any k > i, we also have
val(piiv1) =4, 9(di) -+ wal(pj—1,5) =4, 9(di) -
By assumption on stability of 7, there is an S-function h, such that for all ¢ < j, there is
(tijsvVij) €T such that val(pi ;) =+, h(g9((ds)) -

Using the Ramsey theorem in a standard way, we can assume without loss of generality
that all the ¢; ; are equal to the same type ¢, and all 7;; are equal to the same ~. If
t(a) = {-} holds for some counter «, then this counter is reset only finitely often, so the
run p is rejecting and we are done. Otherwise, t(«a) = {-, 00,0} holds for all counters a.
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For the rest of the proof, we only consider the case T' = S, with B being treated in a
similar way. The function g, by its definition, assumes some value M for all but finitely many
arguments. Since 7 is rejecting there exists a counter « € I" such that either (o, 00) € 7 or
both (a,-0) and (a, o) belong to 7. In the first case, an infinite number of times there are
at most h(M) increments of o between two consecutive resets of a.. In the second case, the
same happens, but this time with at most 2h(M) increments. In both cases the run is not
accepting. L]

We are now ready to establish the main lemma of this section.

Lemma 5.19. Let A be an wT-automaton. There exist reqular languages L1, ..., L, and
stable descriptions 11, ..., Ty such that for every w-word w the following items are equivalent:
o A rejects w, and;
o There is some i =1,...,n and a cut D such that the D-prefix of w belongs to L;,
and 1; weakly describes w|p.

Proof. We need to construct a finite set of pairs (L;,7;). Each such pair (Lp,T) comes
from a set of states P and a description 7 that is stable and rejects all loops in P7. The
language Lp is the set of finite words v that give exactly states P (as far as reachability
from the initial state is concerned) after being read by the automaton.

The bottom-up implication is a direct application of Lemma 5.18, and therefore only
the top down implication remains. Let w be an w-word rejected by A. By Lemma 5.11,
there exists a cut D and a strong—and therefore also weak—description 7 of w|p. Let P be
the set of states reached after reading the D-prefix of w. Clearly the D-prefix of w belongs
to Lp. By Lemma 5.15, the description 7 is stable, and hence Lemma 5.17 can be applied
to show that all loops in P7 are rejecting. ]

The first part of Proposition 5.2 follows, since weak descriptions are captured by speci-
fications thanks to Lemma 5.13. Finally, we need to show that our construction is effective:

Lemma 5.20. [t is decidable if a description is stable.

Proof. Stability can be verified by a formula of monadic second-order logic over (N, <). []

5.5. Verifying single events. We now begin the part of the complementation proof where
we show that specifications can be recognized by automata. Our goal is as follows: given a
specification 7, we want to construct a hierarchical sequence T-automaton that accepts the
word sequences that are consistent with 7. Recall that a specification is a positive boolean
combination of two types of atomic conditions. In this section we concentrate solely on
atomic specifications where the boolean combination consists of only one atomic condition
of the form:

(2) The run satisfies val(p, a, c) < K.
In particular, only one event («, ¢) is involved in the specification. Furthermore, we also
assume that the counter « is the lowest-ranking counter 1. However, the result is stated
so that it can then be generalized to any specification.
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5.5.1. Preliminaries and definitions. In this section, we define transition graphs—which
are used to represent possible runs of an automaton—and then we present a decomposition
result for transition graphs, which follows from a result of Simon on factorization forests [13].

Transition graph. For the rest of Section 5.5, we fix a finite set of states M. This set M is
possibly different from the set of states of the automaton we are complementing. The reason
is that in Section 5.6, we will increase the state space of the complemented automaton inside
an induction.

The first concept we need is an explicit representation of the configuration graph of
an automaton reading a word, called here an M-transition graph. Fix a finite set £ of
transition labels, and a finite set of states M. An M -transition graph G (labeled by L) of
length k € N is a directed edge labeled graph, where the nodes—called configurations of
the graph—are pairs M x {0,...,k} and the edge labels are of the form ((q,1),, (r,i + 1))
for g,rin M, 0 <+i¢ < k and [l € L. The vertexes of the graph are called configurations, their
first component is called the state, while the second is called the position. The edges of the
graph are called the transitions. We define the concatenation of M-transition graphs in a
natural way. A partial run in a transition graph is just a path in the graph. A run in a
transition graph is a path in the graph that begins in a configuration at the first position 0
and ends in a configuration at the last position. The label of a run is the sequence of labels
on edges of the path.

A transition graph of length k can also be seen as a word of length k over the alphabet

P(M x Lx M) .

In this case, the concatenation of transition graphs coincides with the standard concatena-
tion of words. When speaking of regular sets of transition graphs, we refer to this represen-
tation.

Given a wT-automaton A over the alphabet L of states (), the product of an M-
transition graph G with A—noted G x A—is the (M x @Q)-transition graph which has an
[-labeled edge from ((p, q),%) to ((p',q’),7 + 1) whenever G has an [-labeled edge from (p, %)
to (p/,i+ 1) and (q,1,q’) is a transition of the automaton A. Furthermore, in the product
graph only those configurations are kept that can be reached via a run that begins in a
configuration where the second component of the state is the initial state of A.

Factorization forest theorem of Simon, and decomposed transition graphs. From now, we
will only consider transition graphs where the first component of the labeling ranges over
the actions of a hierarchical automaton over counters, i.e., the label alphabet is of the form
Act x L, with

Act = {E,[l,Rl,[g,... ,Rn} .

The type of a run is defined as in the previous section, i.e., a type gives the source and
target states, as well as a mapping from the set of counters to {0, {-}, {-, o}, {0, 00,0-}}.
Given an M-transition graph, its type is the element of

S = P(M X {@, {'}7 {_Ov 0'}7 {_07 00, O'}}F X M) ’

which contains those types t such that there is a run over G of type ¢t. This set S can be
seen as a semigroup, when equipped with the product defined by:

81'82:{t1't2 : t1€81,t2€82}.
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In the above, the concatenation of two types t - t3 is defined in the natural way: the
source state of to must agree with the target state of t1, and the counter operations are
concatenated. (An example of how counter operations are concatenated is:

{0,0} - {0,0} ={0,00,0} .

In particular, the mapping that assigns the type to a counter transition graph is a semigroup
morphism, with transition graphs interpreted as words. Two M-transition graphs G, H are
called equivalent if they have the same type. This equivalence is clearly a congruence
of finite index with respect to concatenation. A transition graph G is idempotent if the
concatenation GG is equivalent to G.

We now define a complexity measure on graphs, which we call their Simon level. A
transition graph G has Simon level 0 if it is of length 1. A transition graph G has Simon
level at most k£ + 1 if it can be decomposed as a concatenation

G=HG, - G,H,

where all the transition graphs H, G4, ..., G,, H have Simon level at most k and G1,...,G,
are equivalent and idempotent. The following theorem, which in its original statement
concerns semigroups, is presented here in a form adapted to our context.

Theorem 5.21 (Simon [13], and [5] for the bound |S|). Given a finite set of states M, the
Simon level of M-transition graphs is bounded by |S]|.

The Simon level is defined in terms of a nested decomposition of the graph into fac-
tors. We will sometimes need to refer explicitly to such decompositions; for this we will
use symbols (,),| and write G as (H|G1|...|G,|H'), and so on recursively for the graphs
H,G4,...,G,, H'. Theorem 5.21 shows that each graph admits a decomposition where the
nesting of parentheses in this notation is bounded by |S|. We refer to the transition graphs
written in this format as decomposed transition graphs. It is not difficult to see that the
set of decomposed M-transition graphs is a regular language: a finite automaton can check
that the symbols (, ), | indeed describe a Simon decomposition (thanks to Simon’s theorem,
the automaton does not need to count too many nested parentheses).

A hint over a decomposed graph G is a subset of the positions labeled | in the de-
composition of G. We call those positions hinted positions. (Note that a hint is relative
not just to a transition graph G, but also to some decomposition of this transition graph.)
For K € N, a hint is said to be > K if at the same nesting level of the decomposition, every
two distinct hinted positions are separated by at least K non-hinted symbols |. Similarly,
a hint is < K if sequences of consecutive non-hinted positions at a given Simon level have
length at most K — 1.

Let G be a transition graph of length k (in the word representation) (with labels Actx £),
along with a decomposition and a hint h. Let

GG € (P(M x Act x L x M))*

be the interpretation of this graph as word. In the proofs below, it will be convenient
to decorate the graph—by expanding the transition labels—so that the label of each run
contains information about the decomposition and the hint. The decorated graph is denoted
by (G, h) (we do not include a name for the decomposition in this notation, since we assume
that the hint h also contains the information on the Simon decomposition). The graph (G, h)
has the same configurations, states and transitions as G; only the labeling of the transitions
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changes. Instead of having a label in Act x £, as in the graph G, a transition in the graph
(G, h) has a label in

Ls =Act x Lx{L,1,...,]S|} x{0,1}.

The first two coordinates are inherited from the graph G. The other coordinates are ex-
plained below. To understand the encoding, we need two properties. First, in the de-
composition, there is exactly one symbol | between any two successive letters G;, Gj+1 of
the M-transition graph seen as a word. Second, the decomposition is entirely described
by the nesting depths of those symbols with respect to the parentheses. Recall also that
these nesting depths are bounded by |S|. For a transition in the graph G;, the coordinate
{L,1,...,]S|} stores the nesting depth (with respect to the parentheses) of the symbol |
preceding the transition graph G;; by the first property mentioned above, the undefined
value L is used only for the first transition in transition graph. Finally, the coordinate
{0,1} says if the symbol | is included in the hint.

Runs over decomposed graphs. As remarked above, the transition graph (G, h) only changes
the labels of transitions in the graph G. Therefore with each run p in G we can associate
the unique corresponding run over (G, h), which we denote by (p, h). By abuse of notation,
we will sometimes write (p,h) € L, where L C (Lg)*. The intended meaning is that the
labeling of the run (p, k) belongs to the language L.

Recall that we are only going to be verifying properties for the counter e = 1 in this
section. We consider two runs over the same transition graph to be =, -equivalent, if they
agree before the last 1-reset (i.e. use the same transitions on all positions up to and including
the last 1-reset). In the notation, the index shows where the runs can be different. Similarly,
two runs are =,-equivalent if they agree after the first 1-reset. T'wo runs are =,,-equivalent
if they agree before the first 1-reset, after the last 1-reset, and over all 1-resets (but do not
necessarily agree between two successive 1-resets). Finally, two runs are =_-equivalent if
both increment counter 1 but do not reset it. The fundamental property of =.-equivalence,
for ¢ € {o-,0,00,-}, is that two =.-equivalent runs are indistinguishable in terms of resets
and increments of counters greater or equal to 2, or in terms of events (1,¢") with ¢ # c.
This means that as long we are working inside a =.-equivalence class, the values val(p, o, ¢’)
for (o, ) # (1,¢) are constant. (This also is the reason why we only work with counter 1
in a hierarchical automaton.)

The key lemmas in this section are Lemmas 5.23 and 5.24. These talk about comple-
menting S-automata and B-automata respectively. They both follow the same structure,
which can be uniformly expressed in the following lemma, using the < order (which is <
for complementing S-automata and > for complementing B-automata):

Lemma 5.22. Let ¢ be one of ©,00,0- or -. There are two strongly unbounded functions f
and g, and a regular language L. C (Lg)* such that for every natural number K, every run p
over every M-transition graph labeled by L whose type contains the event (1,c) satisfies:
e (correctness) if a hint h in the graph is < K and every run m =, p satisfies (m,h) €
L., then val(p,1,¢) = f(K), and;
o (completeness) if a hint h in the graph is = g(K) and val(p,1,c) = K then (p,h)
belongs to L.

We would like to underline here that the regular language is a regular language of finite
words in the usual sense, i.e., no counters are involved.
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The above lemma says that the language L. “approximates” the runs p satisfying
val(p,1,¢) < K. This “approximation” is given by the two functions f and g. There is
however a dissymmetry in this statement. The completeness clause states that if a run has
a bad value on event (1,c), i.e. it satisfies val(p,1,¢) = K, then it is detected by L. for
all sufficiently good hints. On the other hand, in the correctness clause, all =.-equivalent
runs must be detected by L. in order to say that the value of p is bad on event (1,c¢). The
reason for the weaker correctness clause is that we will not be able to check the value on
event (1,c) for every run; we will only do it for runs of a special simplified form. And the
simplification process happens to transform each run in a =.-equivalent one.

The proof of this lemma differs significantly depending on T'= S or T' = B. The two
cases correspond to Lemmas 5.23 and 5.24 which are instantiations of Lemma 5.22.

5.5.2. Case of complementing an wS-automaton. We consider first the case of complement-
ing an S-automaton. Therefore, the order < is <. To aid reading, below we restate
Lemma 5.22 for the case when T'= S.

Lemma 5.23. Let ¢ be one of ©,00,0- or -. There are two strongly unbounded functions f
and g, and a regular language L. C (Lg)* such that for every natural number K, every run p
over every M-transition graph labeled by L whose type contains the event (1,c) satisfies:
e (correctness) if a hint h in the graph is < K and every run m =, p satisfies (w,h) €
L., then val(p,1,¢) < f(K), and;
e (completeness) if a hint h in the graph is > g(K) and val(p,1,¢) < K then (p,h)
belongs to L.

Slightly ahead of time, we remark that g will be the identity function, while f will be
a polynomial, whose degree is the maximal Simon level of M-transition graphs, taken from
Theorem 5.21.

Before proving the lemma, we would like to give some intuition about the language L..
The idea is that we want to capture the runs which do few increments on counter 1. However,
this “few” cannot be encoded in the state space of the automaton, since it can be arbitrarily
large. That is why we use the hint. One can think of the hint as a clock: if the hint
is < K, then the clock ticks quickly, and if the hint is > K, then the clock ticks slowly. The
language L. looks at a run and compares it to the clock. For the sake of the explanation,
let us consider a piece of a run without resets of counter 1: we want to estimate if a lot of
increments of counter 1 are done (at least K) or not (at most f(K)) by comparing it to a
suitable clock (in the first case a slow clock, in the second case a quick one). The first case
is when the counter is incremented in every position between two ticks of the clock; then
the value of the counter concerned is considered ‘big’, since at least K increments are done
if the ticks are > K. For the second case, when there are few increments, we have a more
involved argument that uses the idempotents from the Simon decomposition.

Proof. The language L. is defined by induction on the Simon level of the transition graph.
We construct a language LF which has the stated property for all M-transition graphs of
Simon level at most k. Since there is a bound on the Simon level, the result follows.

For k = 0, the construction is straightforward, since the transition graphs are of length 1
and there is a finite number of possible runs to be considered.

We now show how to define the language LF*! for runs in transition graphs of Simon
level k + 1, based on the languages for runs in transition graphs of Simon level up to k.
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Consider a decomposed M-transition graph
G = (H|Gyq]|...|Gn|H") .

of Simon level k£ + 1. Let h be a hint for this decomposition, which we decompose into
sub-hints (hg|- - |hyy1) for the graphs H,G1,...,Gy, H'. In the proof, instead of writing
(p,h) € LEFT!. we write that p is c-captured. Let p be a run over G. The run p can
also be decomposed into subruns (pg|p1|...|pn+1). Each of these runs py,. .., ppi1 is over
a transition graph whose Simon level is at most k. By abuse of notation, we will talk
about a subrun p; being c-captured, the intended meaning being that (p;, h;) belongs to the
appropriate language L'jl, with &/ < k being the Simon level of G; (or H if i = 0, or H'
ifi=n+1).

We now proceed to define the language L', In other words, we need to say when p is
c-captured. We only do the case of ¢ = oo, which is the most complex situation. The idea
is that a run is oo-captured if there are two consecutive resets between which the run does
few increments. We define p to be co-captured if either:

(1) some p; is oo-captured, or;

(2) for some i < j, the subrun p; is o-captured, the run p; is -o-captured, each

of pit1,...,pj—1 is --captured, and one of the following holds:

(a) there are m < m/ in {i,...,j} such that: (i) one of py, pmi1,-- -, pm does not
increment counter 1; and (ii) the source state of p,, and the target state of
pm are the same state ¢, and G; admits a run from ¢ to ¢ that increments
counter 1, or;

(b) between any two hinted (by hints on level k+ 1) positions in {i,...,j}, at least
one of the runs p,, does not increment counter 1.

It is clear that this definition corresponds to a regular property LE! of the sequence of labels
in a hinted runs (once the hints are provided, the statement above is first-order definable).

We try to give an intuitive description of the above conditions. The general idea is that
a run gets oo-captured if it does few increments, at least relatively to the size of the hint.
The first reason why a run may do few increments between some two resets, is that it does
it inside one of the component transition graphs of smaller Simon level. This is captured
by condition 1. The second condition is more complicated. The idea behind 2(a) is that
the run is—in a certain sense—suboptimal and can be converted into a =..-equivalent one
that does “more” increments. Then the more optimal run can be shown—using conditions
1 and 2(b)—to do few increments, which implies that the original suboptimal run also did
few increments.

We now proceed to show that the properties defined above satisfy the completeness and
correctness conditions in the statement of the lemma.

Completeness. For this, we set g(K) = K. Let p be a run such that
val(p,1,00) < K
and let h be hint over G that is > K. We have to show that p is co-captured.
Consider a minimal subrun p; ... p; that resets counter 1 twice and satisfies
val(p;...pj,1,00) < K .

In particular, the counter 1 is reset in the subruns p; and p;. If i = j, this means that
val(p;, 1,00) < K, and hence p; is oo-captured on a level below k41 by induction hypothesis.
We conclude with item 1.
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Otherwise, we have
val(pi, 1,00) < K,
val(piy1,1,-) < K -+ wal(pj-1,1,-) < K,
and wal(pj,1,0) <K .

By induction hypothesis, we obtain the header part of item 2. Since the run p;...p;
contains less than K increments of 1, no more than K runs among p;, ..., p; can increment
counter 1. Since the hint h is > K, we get item (b).

Correctness. Let f' be the strongly unbounded function obtained by the induction hy-
pothesis for Simon level k. We set

fIK) = (2K|M| +2)f'(K)

Assume now that the hint h is < K and take a run p such that every run m =., p is oo-
captured. We need to show that

val(p,1,00) < f(K) . (5.1)
As before, we decompose the run p into (po| ... |pn+1)-

We are going to first transform p into a new =q.-equivalent run 7 which, intuitively, is
more likely to have many increments on counter 1. We will then show that the new run =
satisfies inequality (5.1); moreover we will show that this inequality can then be transferred
back to p.

We begin by describing the transformation of p into w. This transformation is decom-
posed into two stages.

In the first stage, which is called the local transformation, we replace the subruns
00, - - - 5 Pnt1 With new equivalent ones of the same type. Each such replacement step works
as follows. We take some ¢ = 0,00,0-,- and ¢ = 0,...,n + 1. If there is a subrun m; =, p;
that is not c-captured, then we replace p; with 7;. (We want the local transformation to
keep the =,.-equivalence class, so we do not modify subruns before the first or after the
last reset of 1 in p.) The local transformation consists of applying the replacement steps as
long as possible. This process terminates, since the replacement steps for different ¢’s work
on different parts of the subrun and each step decreases the number of captured subruns.

In the second stage, which is called the global transformation, we add increments on
counter 1 to some subruns. The idea is that at the end of the global transformation, a run
does not satisfy condition 2(a). Just as the local transformation, it consists of applying a
replacement step as long as possible. The replacement step works as follows. We try to find
a subrun py, ... pn as in item 2(a). By assumption 2(a) and since all the graphs G;’s are
equivalent to Gy, we can find new subruns m,,..., Ty in G, ..., Gy respectively, which
increment counter 1 without resetting it (that is, of type -) and go from g to ¢. We use
these runs instead of p, ... pn. The iteration of this replacement step terminates, since
each time we add new subruns with increments.

Neither the local nor the global transformation change the =..-equivalence class of the
run.

Let m be a run obtained from p by applying first the local and then the global trans-
formation. (Since the global transformation is nondeterministic, there may be more than
one such run.) This run cannot satisfy 2(a), since the global transformation could still be
applied.
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Since 7 is =q0-equivalent to p, it must be oo-captured by assumption on p. There are
two possible reasons: either because of 1, or because of 2(b). We will now do a case analysis
on the reasons why this happens. In each case we will conclude that the original run p
satisfies (5.1). As before, we decompose 7 into (mo| - - |mp41)-

Assume now item 1 holds for 7, i.e., some subrun m; is oo-captured for some i. We
also know that any run 7} =. m; would also be oo-captured, since otherwise m; would
be replaced in the local transformation process (the global transformation does not touch
subruns with resets on counter 1). In particular, the induction hypothesis gives

val(m;, 1,00) < K .

Moreover, the runs p; and 7; agree on the part between the first and last reset of counter 1.
This is because neither of the transformation processes touched this part. Indeed, the first
local transformation process never modified p; for ¢ = oo (since otherwise it would cease
being captured), while the global process only modifies subruns without resets of counter 1.
This gives the desired (5.1), since

val(p,1,00) < wal(p;, 1,00) = val(m;, 1,00) < f/(K) < f(K) .

Otherwise, 7 satisfies item 2(b). Let us fix ¢, as in 2(b). Let I C{i+1,...,j — 1} be
the set of those indexes [ where m; does at least one increment on counter 1. A maximal
contiguous (i.e. containing consecutive numbers) subset of I is called an inc-segment. Ac-
cording to case 2(b), an inc-segment cannot contain two distinct hinted positions, its size
is therefore at most twice the maximal width K of h. Assume now that there are more
than |M| inc-segments. Then two inc-segments contain runs with the same source state,
say state g, at respective positions [ and I’ with [ < [’. This means that there is a run that
goes from ¢ to g in some graph Gj41 - -- G and does at least one increment but no resets on
counter 1. Using idempotency and the equivalence of all the graphs GGy, ..., Gy, this implies
that the graph Gy admits such a run. Since py contains no increments of 1 by definition
of an inc-segment, this means that 2(a) holds; a contradiction. Consequently there are at
most |M| inc-segments, each of size at most 2K . It follows that at most 2K |M | subruns
among 7, ...,7T; contain an increment of the counter 1.

Let us come back to the original run p. As in the case of item 1, we use the induction
hypothesis to show that

val(pi, 1,0) = val(m;, 1,0) < f/(K),
and wval(pj,1,-0) = val(rj,1,0) < f'(K).

Since the global transformation only adds increments on counter 1, we use the remarks
from the previous paragraph to conclude that there are at most 2K|M| subruns among

Pi+1s-- -, pj—1 that increment counter 1. Furthermore, all runs =_-equivalent to one of the
Pi+1, " ,pj—1 are --captured, since otherwise the local transformation would be applied,
and then one of the runs m;11,--- ,mj—1 would not be captured. Therefore, we can use the

induction hypothesis to show that

Ual(pi-i—h 17_)7 T Ual(ﬂj—la 17') S f/(K) .
All this together witnesses the expected
val(p,1,00) < (2K|M| +2) f/(K) .
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5.5.3. Case of complementing an wB-automaton. As when complementing an wS-automaton,
we restate the lemma with < expanded to its definition, which is > in this case.

Lemma 5.24. Let ¢ be one of ©,00,0- or -. There are two strongly unbounded functions f
and g, and a regular language L. C (Lg)* such that for every natural number K, every run p
over every M-transition graph labeled by L whose type contains the event (1,c) satisfies:
e (correctness) if a hint h is > K in the graph and every run w =. p satisfies (7, h) €
L., then val(p,1,c) > f(K), and;
e (completeness) if a hint h in the graph is < g(K) and val(p,1,c¢) > K then (p,h)
belongs to L..

We remark here that f will be the identity function, while g will be more or less a k-fold
iteration of the square root, with k the maximal Simon level of M-transition graphs, taken
from Theorem 5.21.

Proof. The structure of the proof follows the one in Lemma 5.23. As in that lemma, the

language L. is defined via an induction on the Simon level of the transition graph. We also

only treat the case of ¢ = co. The other cases can be treated with the same technique.
Consider a decomposed transition graph

G = (H|G1|Gal ... |G H')

of Simon level k + 1, along with a corresponding hint h, decomposed as (hg|...|hp+1).
Let p be a run over G, decomposed as (po|. .. |pn+1)- As in Lemma 5.23, instead of saying
that (p,h) belongs to the language Lt we say that p is c-captured; likewise for the
TUns pg, - - -, Ppil-

We define p to be oo-captured if either:

(1) some p; is oo-captured or there is a subrun of the form p; ... p; such that counter 1
is reset in both p; and p; but not in p;41,..., pj—1, and either: p; is o-captured, one
of pi+1,...,pj—1 is --captured, or p; is -o-captured;

(2) there is a subrun of the form p; ... p; such that counter 1 is reset in both p; and p;
but not in p;11,...,pj—1, and either

(a) there are m < m’ in {i...j — 1} such that there is an increment of 1 in one
of pm, .-, pms, but G1 contains a path from the source state of p,, to the target
state of p,y without any increment nor reset, or;

(b) there are two hinted positions m < m' in {i + 1...j — 1} such that all the
subruns pm,, ..., pm increment counter 1.

As in the case of T' = S, this definition corresponds to a regular property L' of hinted
runs.

The intuition is that a oo-captured run does a lot of increments on counter 1, at least
relative to the size of the hint. The first reason for doing a lot of increments is that there
are a lot of increments in a subrun inside one of the component transition graphs, which
corresponds to item 1. The clause 2(b) is also self-explanatory: the number of increments is
at least as big as the size of the hint. The first clause 2(a) is more involved. It says that the
run is suboptimal in a sense, i.e., it can be converted into one that does fewer increments.
We will then show—using 1 and 2(b)—that the run with fewer increments also does a lot
of increments.

We now proceed to show that the above definition satisfies the completeness and cor-
rectness conditions from the statement of the lemma.
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Completeness. Let ¢’ be the strictly increasing function obtained by induction hypothesis
for Simon level k. We set g(K) to be

|, VK -2
min (g (\/E), W)

Assume now that the hint h is < g(K) and that the run p satisfies val(p,1,00) > K. We
want to show that p is oo-captured.
Let p;...p; be a minimal part of p for which

val(p;...pj,1,00) > K .

The general idea is very simple. There are two possible cases: either one of the sub-

runs p;,...,p; does more than v/ K increments on counter 1, or there are at least v K
subruns among p;, ..., p; that increment counter 1. In either case the run p will be co-
captured.

In the first case, we use the induction hypothesis and
J(VK) > g(K)

to obtain item 1 in the definition of being oo-captured.

The more difficult case is the second one. We will study the subruns p;11,...,p;j—1 that
do not reset counter 1. As in the previous lemma, we consider the set I C {i+1,...,5—1}
of those indexes [ where p; does at least one increment on counter 1. By our assumption, [
contains at least v/K — 2 indexes (we may have lost 2 because of p; and Pj)-

A maximal contiguous subset of I is called an inc-segment. There are two possible cases.
Either there are few (at most |M|) inc-segments, in which case one of the inc-segments must
perform many increments and the run p is oo-captured by item 2(b), or there are many
inc-segments, in which case the run p is co-captured by item 2(a). The details are spelled
out below.

Consider first the case when there are at least |M| + 1 inc-segments. In this case, we
can find two inc-segments that begin with indexes, respectively, m’ > m > 1, such that the
states ¢—1 and q,,_1 are the same. Since inc-segments are maximal, the index m — 1 does
not belong to I and hence the run p,;,_1 does not increment counter 1 and goes from state
Gm—2 to state ¢,—1. Since the transition graphs G,,—1 and Gy are equivalent, there is such
a run in Gy, too. Since the run pm,_1 - pm/—1 goes from ¢,,—2 t0 ¢—1 = ¢m—1, We obtain
item 2(a) and thus p is co-captured.

We are left with the case when there are at most |[M| + 1 inc-segments. Recall that I
contains at least /K — 2 elements. Since there are at most |[M| + 1 inc-segments, at least
one of the inc-segments must have size at least:

VK -2

M| +1°
But by our assumption on the hint A, this inc-segment must contain two hinted positions,
and thus p is co-captured by item 2(b).

Correctness. We set f(K) = K. Assume that the hint h is > K and consider a run p such
that every run m =, p is co-captured. We need to show that

val(p,1,00) > f(K) =K . (5.2)
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We proceed as in the previous lemma: we first transform the run p into an =.-equivalent
run 7 which is more likely to have fewer increments of counter 1. We then show that the
run 7 satisfies property (5.2), which can then also be transferred back to p.

As in the previous lemma, there are two stages of the transformation: a local one, and
a global one.

The local transformation works just the same as the local transformation in the previous
lemma: if we can replace some subrun p; by an equivalent one that is not captured, then
we do so.

The global transformation makes sure that 2(a) is no longer satisfied. It works as follows.
Assume that item 2(a) is satisfied, and let m and m’ be defined accordingly. Since G is
idempotent and all the G’s are equivalent, the transition graph G,,4+1 ... G, is equivalent
to G1. It follows that we can find a run with neither increments nor resets that can be
plugged in place of py11 ... pp. The new run obtained is =.-equivalent to the original one
and the value val(p, 1, 00) is diminished during this process. We iterate this transformation
until no more such replacements can be applied (this obviously terminates in fewer iterations
than the number of increments of counter 1 in the original run).

Consider now a run w obtained from p by first applying the local and then the global
transformation. Since m =, p holds, our hypothesis says that 7 is co-captured. Since 7 does
not satisfy item 2(a) by construction, it must satisfy either item 1 or item 2(b). In case of
item 1, we do the same reasoning as in the previous lemma and use the induction hypothesis
to conclude that (5.2) holds. The remaining case is item 2(b), when there are two distinct
positions m < m’ where each of the runs m,,,..., T, all increment counter 1. Since the
global transformation process only removed subruns that increment counter 1, this means
that all the runs p,,, ..., py also increment counter 1. But since the hint was > K, we
have m’ —m > K and we conclude with the desired (5.2). []

5.6. Verifying a specification. In this section, we conclude the proof of the “Moreover..”
part of Proposition 5.2 (and therefore also the proof of Theorem 5.1). Recall that in the
previous section, we did the proof only for atomic specifications, which talk about a single
event. The purpose of this section is to generalize those results to all specifications, where
positive boolean combinations of atomic specifications are involved.

Given a specification 7, we want to construct a sequence T-automaton A, that verifies
if a sequence of words v1,vs, ... satisfies:

*) For some T-function f, in every word v; every run satisfies 7 under f(j).
J

We will actually prove the above result in a slightly more general form, where the
specification 7 can be a generalized specification. The generalization is twofold.

First, a generalized specification can describe runs in arbitrary transition graphs, and
not just those that describe runs of a counter automaton. This is a generalization since tran-
sitions in a transition graph contain not only the counter actions, but also some additional
labels (recall that labels in a transition graph are of the form Act x £).

Second, in a generalized specification, atomic specifications of the form “the run has
type t” can be replaced by more powerful atomic specifications of the form “the run, when
treated as a sequence of labels in Act x £, belongs to a regular language L C (Act x £)*”.

This more general form will be convenient in the induction proof.

In our construction we will speak quantitatively of runs of counter automata. Consider
a sequence counter automaton (we do not specify its acceptance condition) and a run p of
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this automaton over a finite word u. The only requirement on this run is that it starts in
an initial state, ends in a final state, and is consistent with the transition function. Given
such a run p and a natural number K, we say that it is (> K)-accepting (respectively,
(< K)-accepting) if for each counter, any two distinct resets of this counter are separated
by at least K increments of it (respectively, at most K). The link with the acceptance
condition of B and S-sequence automata is obvious: a run sequence p1, p2, ... iS accepting
for a B-automaton if there exists a natural number K such that every run p; is (< K)-
accepting. Similarly, this run sequence is accepting for an S-automaton if there exists a
strongly unbounded function f such that every run p; is (> f(i))-accepting.

The heart of this section is the following lemma, which is established by repeated use
of Lemma 5.22.

Lemma 5.25. Given a set of states M and a generalized specification T over M, there exist
two strongly unbounded functions f,qg, and a counter automaton A, that reads finite M -
transition graphs, such that for any M -transition graph G,

e (correctness) if there is a (=X K)-accepting run p of A, over G then all runs over G
satisfy T under f(K), and;

o (completeness) if all runs in G satisfy T under K then there is a (= g(K))-accepting
run p of Ar over G.

In other words, acceptance by A, and being captured by the specification are asymp-
totically the same thing. Before establishing this lemma, we show how it completes the
proof. We only do the case of T'= S, the other case is done in a similar manner.

We want to verify if a sequence of words vy, vs, ... satisfies the property (*). Since
a B-function is essentially a constant K and < is <, this boils down to verifying that there
is some K such that all runs in v, v, ... satisfy 7 under < K. We take the automaton A,
from Lemma 5.25 and set the acceptance condition so that all of its counters are bounded.
The automaton A, works over transition graphs, while property (*) talks about input words
for the complemented automaton A, but this is not a problem: the automaton A, can be
modified so that it treats an input letter as the appropriate transition graph, taken from
the transition function of .A. We claim that this is the desired automaton for property (*).
Indeed, if the automaton A, accepts a sequence v1,vs ... then its counters never exceed
some value K. But then by Lemma 5.25, all runs of A in all words v; satisfy 7 under < g(K).
Conversely, if all runs of A in all words v; satisfy 7 under < K, then by Lemma 5.25, the
automaton A, has an accepting run where the counters never exceed the value f(K).

Proof of Lemma 5.25. Let us fix a generalized specification 7, for which we want to con-
struct the automaton A, of Lemma 5.25. The proof is by induction on the number of
pairs («, ¢) such that the atomic specification val(p,1,¢) = K appears in 7. If there are no
such pairs, satisfying 7 under K does not depend anymore on K and can be checked by a
standard finite automaton, without counters. Up to a renumbering of counters, we assume
that the minimum counter appearing in the generalized specification is 1, and we set ¢ to
be such that val(p, 1,c¢) < K appears is 7. Our objective is to get rid of all occurrences of
val(p,1,¢) < K in 7.

Given as input the M-transition graph G, the automaton A, we are constructing works
as follows. To aid reading, we present A, as a cascade of nondeterministic automata, which
is implemented using the standard Cartesian product construction.
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(1) First, A, guesses a Simon decomposition of the transition graph G, as well as a
hint h over this decomposition (the intention is that the hint h is < K, this will be
verified in the next step). Note that neither the composition nor the hint need to be
unique. The automaton A, produces the relabeled transition graph (G, h), which is
used as input of the next steps.

(2) In this step, the automaton A, checks that the hint is < K. This step requires
(hierarchical) counters—the automaton follows the structure of the decomposition
and uses a counter for each level to verify that the number of hinted positions is
consistent with < K.

(3) The automaton A, accepts the graph G if the M-transition graph (G, h) is accepted
by A-1 in which 771 is a new generalized specification constructed from 7 as follows:

(a) The regular languages in the atomic specifications are adapted to the new larger
transition alphabet (which is Lg instead of £). In other words, every atomic
specification of the kind: “the labeling of the run belongs to a regular language
L” is replaced by: “if the additional coordinates from Lg are removed, the
labeling of the run belongs to L”.

(b) Every atomic specification wval(p,1,c¢) = K is replaced by an atomic specifi-
cation “the labeling of the run belongs to L.”, with L. the regular language
from Lemma 5.22. Note that this way we remove all atomic specifications that
involve val(p, 1,¢), and therefore the induction assumption can be applied to
the generalized specification 77.

We now proceed to show that this automaton A, satisfies the statement of Lemma 5.25.
This proof is by an induction parallel to the induction used in constructing A-.

Completeness. Let g1 be the strongly unbounded function obtained from the com-
pleteness clause in Lemma 5.22, as applied to the event (1,c) that we are eliminating. By
applying the induction assumption to the smaller specification 77, but a larger set of transi-
tion labels, we know there is some strongly unbounded function g, such that if all runs in a
graph (G, h) satisfy 71 under K then there is a (= g2(K))-accepting run of A4 over (G, h).

Let g be the coordinate-wise maximum (with respect to <) of the functions g1, go;
this function is clearly strongly unbounded. We claim that the completeness clause of
Lemma 5.25 holds for the function g. Indeed, let G be a graph where all runs satisfy 7
under K. We need to show that there is a run of A, that is (=X g(K))-accepting. The
hint h guessed in step (2) of the construction is chosen so that every two hinted positions
are separated by exactly g1 (K) non-hinted positions at the same level. Since g is greater
than g; under =, step (2) can be done in a run that is (=X g(K))-accepting. Thanks to the
assumption on g; and the definition of 77, if a run p over a transition graph G satisfies 7
under K, then the run (p, h) satisfies the specification p;4 under K. In particular, by the
assumption that every run p over G satisfies 7 under K, we can use the completeness for
At to infer that A4 has a run over (G,h) that is (X go(K))-accepting, which gives an
accepting run of A,.

Correctness. The correctness proof essentially follows the same scheme, but requires
more care, because of the stronger assumptions in the correctness clause of Lemma 5.22.
Let G be an M-transition graph and let K be a natural number such that there is a (X K)-
accepting run of A, over G. This means that the hint A from step (2) is < K, and that
(G,h) is (= K)-accepted by A4.
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By induction hypothesis, every run in (G, h) satisfies 71 under f(K), for some strongly
unbounded function f. In particular, for every run p over G, (p, h) satisfies 77 under f(K).

Let p be a run over G. We will prove that p satisfies 7 under f(K). Two cases can
happen.

e For all @ =. p, the run (m, h) belongs to L.. Then by Lemma 5.22, we get
val(p,1,¢) = f(K). Since the boolean combination in 7 is positive, this means
that p satisfies 7 if it satisfies the specification 7’ obtained from 7 by replacing each
occurrence of wval(p,1,¢) < f(K) with true. However, by our assumption, the run
(p, h) satisfies the specification 71 under f(K), so also p satisfies 7/ under f(K).

e Otherwise, for some m =, p, the run (m,h) does not belong to L.. Since all runs
(p,h) in (G, h) satisfy 71 under f(K), this run 7 must satisfy the generalized spec-
ification 7/ obtained from 7 by replacing every occurrence of val(p,1,¢) < K with
false. But a property of the =.-equivalence is that no atomic specification different
from wal(p,1,c) = K can see the difference between two =.-equivalent runs. In
particular, p also satisfies 7/ under f(K). By consequence, p satisfies 7 under f(K).

[

6. FUTURE WORK

We conclude the paper with some open questions.

The first set of questions concerns our proofs. In our proof of Theorem 3.3, the
translation from non-hierarchical automata to hierarchical ones is very costly, in particular
it uses wBS-regular expressions as an intermediate step. Is there a better and more direct
construction? Second, our complementation proof is very complicated. In particular, our
construction is non-elementary (it is elementary if the number of counters is fixed). It seems
that a more efficient construction is possible since the, admittedly simpler, but certainly
related, limitedness problem for nested distance desert automata is in PSPACE [10].

The second set of questions concerns the model presented in this paper. We provide
here a raw list of such questions. Are the wBS-automata (resp. wB, resp. wS) equiva-
lent to their deterministic form? (We expect a negative answer.) Is there a natural form
of deterministic automata capturing wBS-regularity (in the same way deterministic parity
automata describe all w-regular languages)? Are wBS-automata equivalent to their alter-
nating form? (We expect a positive answer, at least for the class of wB and wS-automata.)
Does the number of counters induce a strict hierarchy of languages? (We expect a positive
answer.) Similarly, does the nesting of B-exponents (resp. S-exponents) induce a strict
hierarchy of languages? (We conjecture a positive answer.) Is there an algebraic model for
wBS-regular languages (resp. wB, wS-regular languages), maybe extending w-semigroups?
Other questions concern decidability. Is it decidable if an wBS-regular language is w-regular
(resp. wB-regular, resp. wS-regular)? (We think that, at least, it is possible, given an wB
or wS-regular language, to decide whether it is w-regular or not.) Are the hierarchies con-
cerning the number of counters, and the number of nesting of exponents decidable?

Other paths of research concern the possible extensions of the model. As we have
defined them, wBS-regular languages are not closed under complementation. Can we find
a larger class that is? What are the appropriate automata? Such an extension would lead
to the decidability of the full logic MSOLB. Last, but not least, is it possible to extend our
results to trees?
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