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Chapter 1

Introduction

1.1 On the General Concept of Regularity

Finite automata together with regular languages form one of the cornerstones of the-
oretical computer science. They are actively investigated mathematical objects which
are of unquestionable importance both from a theoretical and practical point of view
[RS97]|. Their widespread use is mainly due to two facts. First, words can serve as
models for a wide range of sequential systems, as they can simulate sequential behavior
quite naturally. Second, the concept of regular word languages can be defined in several
different, but equivalent ways. To establish the terms and notations of the concepts

which we will work with, we will fix the following terminology:

e Regularity will mean acceptance by finite automata.

e Recognizability will mean algebraic recognizability by finite algebras or finite-

index congruences.

e Rationality will mean expressibility by rational (also called regular) expressions.

o MSO-definability will mean definability by monadic second-order logical formu-

las.

The names for these concepts reflect the names used by a French school on formal
languages. But considering that these concepts are equivalent, and hence that they
are freely interchangeable, some authors give them different meanings. For example
it is common to speak about recognizability by automata, or to talk about regular
expressions instead of rational ones.

In the following we will use these concepts not just for word languages, but also
for languages of other structures. In addition, we shall employ the following notations

for the corresponding language classes: Reg, Rec, Rat and MSQO. The classical results



2 CHAPTER 1. INTRODUCTION

of automata theory (due to Biichi, Kleene, Myhill and Nerode) demonstrate that the
equalities Reg = Rec = Rat = MSO hold for languages of finite words.

It should be emphasized here that these four concepts are not simply four different
ways of defining the same class of word languages, but rather each of them contains the
essence of this class from a different perspective. In certain situations one of them may
have some advantage and be better suited than the other three. E.g. the closure under
homomorphism directly follows from the concept rationality, while closure under inverse
homomorphisms is easily implied by recognizability. In model checking abstract speci-
fications are frequently written in logical formulas, while in pattern matching rational
expressions are quite useful.

Of course, there are many other computational models that have more complex
structures than finite words. These include infinite words [PP04, Wil94|, trees [GS84],
traces [DR95|, partially ordered sets (posets for short) [Pra86, LW98, LW00, Kus03a],
message sequence charts [Kus03b| and graphs [Cou91, CW05]. These models were intro-
duced and applied to capture such computational aspects like timing and concurrency.

When investigating these more complex models the natural question arises — which
is of crucial importance — about what results of the classical theory of words can be
generalized and how. In many important cases the above notions can be suitably defined
and are known to be equivalent. But sometimes we are faced with serious problems. It
is not always clear how to choose an appropriate algebraic or logical framework. And,
for instance, for graphs, for posets, and even for sp-posets in general, the concept of an
automaton that captures recognizability is not known. For a general overview of this
topic, we refer to the paper by Weil [Wei04a| which surveys the concept of recognizability
in computer science.

The subject of this thesis is about the generalization of the fundamental results of
classical automata theory to higher dimensions. Both finite and infinite higher dimen-
stonal words and their languages will be defined and investigated.

Fortunately, we can restrict our studies to just the two-dimensional case, since both

our concept and results can be readily generalized to any finite number of dimensions.

1.2 Two-dimensional Words (Biwords)

The reader may recall that a monoid is a set equipped with an associative operation
which has an identity element. Next, let us fix an alphabet X. As usual, ¥* denotes
the free monoid over ¥. The elements of X* are called words, while the subsets of 3*

are called languages.



1.2. TWO-DIMENSIONAL WORDS (BIWORDS) 3

In a similar way, a binoid is a set equipped with two associative operations and these
two operations share a common identity element. After we can consider the free binoid
over Y., which we will be denoted by ¥*(e, ). This is well-defined by universal algebraic
considerations. In the following the elements of 3*(e, o) will be called biwords, while the
subsets of X*(e,0) will be binoid languages (over X). It is natural to describe biwords
by terms using the letters of X, parentheses and two operation symbols, but we will also
find that biwords can be represented in several other equivalent ways. First, we only
consider perhaps the most intuitive one of them, which will be called two-dimensional
words.

To construct two-dimensional words from the letters of X, we need two independent
concatenation operations. The first one will be called the horizontal concatenation
(denoted by e), while the second one will be called the vertical concatenation (denoted
by o).

We will build two-dimensional words inductively from smaller elements called blocks.
Initially we can use just the letters of ¥ as blocks, then we can form more complex
blocks by using the two concatenation operations. Naturally, the horizontal concatena-
tion places some finite number of blocks to the left /right of each other, while the vertical
concatenation places the blocks above/beneath each other. Now two-dimensional words
are defined as those blocks that can be obtained from the elements of X by a finite num-
ber of applications of the two concatenations. We also have an empty two-dimensional
word e, which has no letters. The two-dimensional word which can be given by the

term a o (bo (ced)) e (eo f) is illustrated in Figure 1.1.

Figure 1.1: The two-dimensional word a e (bo (ce d)) e {eo f).

Evidently the binary version of both concatenations is an associative operation on
the set of two-dimensional words. Moreover, the empty two-dimensional word serves
as an identity element for both operations. It is not hard to see that the algebra of
two-dimensional words over an alphabet X is isomorphic to the free binoid generated
by ¥ in the variety of all binoids.

It is generally agreed that automata models operate on elements of some free algebra.
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Classical finite automata operate on words, i.e. on elements of the free monoids (or on
the elements of the free semigroups if we consider just nonempty words.) Tree automata
operate on trees, which are the free Y-algebras, and so on. Thus, if we want to generalize
the notion of automata to higher dimensions, it is natural to examine how they operate

on biwords, i.e. on the elements of the free binoids.

1.3 The Main Results of the Thesis

In the following we shall investigate the possibility of the extension of the four basic
notions (namely recognizability, logical definability, regularity and rationality) to binoid
languages.

Fortunately, one of the four concepts, namely recognizability, is uniquely determined
by the fact that biwords (and hence binoid languages as well) are naturally equipped
with two associative operations. Thus binoids are the only obvious choice for the alge-
braic framework for binoid languages.

Formulating the concept of logical definability is not as straightforward as recogniz-
ability, but it can be done with the help of a free algebra theorem presented in [Esi00]
concerning so-called (m,n)-semigroups. Here (m,n)-semigroups are algebras, where m
associative plus n associative and commutative operations are defined. Applying this
theorem to the special case of binoids (i.e. when m = 2 and n = 0), we get a descrip-
tion of nonempty biwords (considered as elements of the free bisemigroups) by labeled
sp-biposets.

In fact biposets are relational structures of the form (P, <j, <,), where <j and <, are
arbitrary partial order relations on the set P. If we add a labeling function A : P — X,
where ¥ is an alphabet, then (P, <p, <y, ) is a labeled biposet. Now the fact that
biposets, and also their special cases — sp-biposets — are relational structures, allows us
to interpret logical formulas on them, as in biposets the horizontal and vertical order
relations are explicitly present. By doing so we obtain the concept of MSO-definability.

For the concept of regularity we introduce a new automata model called parenthesiz-
ing automata (PA for short). This model is one of the main contributions of the thesis.
The name “parenthesizing” comes from the realization that a PA can be viewed as the
union of two ordinary finite automata, where one component handles the horizontal
concatenation of the subbiwords while the other handles their vertical concatenation.
In addition, the two components are coupled by special, so-called parenthesizing tran-
sitions, which are labeled by parenthesis symbols. (See Definition 3.1 for more details.)

Next, we consider several rational classes of binoid languages, whose definitions
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depend on what operations are allowed from the following list: Boolean operations
(union, intersection, complementation), horizontal product (e), vertical product (o),
horizontal iteration (*e) and vertical iteration (%o). Let Fin[opy,...,op,]| denote the
class of those binoid languages that can be generated from the finite binoid languages
by a finite number of applications of the operations opy,...,op,. In the thesis the

following classes will be defined
e HRat = Fin[U, e, *e, 0| the horizontal rational languages,
e VRat = Fin[U, o, %o, ¢| the vertical rational languages,
e BRat = Fin[U, e, e, 0, %o |, the birational languages,
e GRat = Fin[U, e, *e,0, %0, |, the generalized birational languages, where ~, is the

operation of taking the complement.

As usual, a binoid language is called finite if it contains a finite number of biwords.
Similarly, a binoid language L C YX*(e, o) is cofinite if its complementer with respect to
Y*(e,0) is finite. We denote the class of finite languages by Fin.

It is usual, and sometimes even necessary, to apply some restrictions on the struc-
tures being studied. These restrictions are sometimes naturally arise due to practical
limitations — e.g. the finite number of the available processors. Here we will study three
such restricted classes of binoid languages: HB — the class of horizontally bounded lan-
guages, VB — the class of vertically bounded languages, and BD — the class of bounded
(alternation) depth languages.

As for the definitions, the easiest way to define horizontally and vertically bounded
binoid languages is through their sp-biposet representations. Recall that a chain in a
poset is a subset in which each pair of elements is comparable, i.e. a totally ordered
subset. The height of a poset is the cardinality of a longest (maximum cardinality)
chain. If (P, <p, <y, ) is a biposet, let its horizontal height be the height of the poset
(P, <p). Similarly let its vertical height be the height of the poset (P, <,). Now a binoid
language is horizontally (resp. vertically) bounded if there is an upper bound for the
horizontal (resp. vertical) height of the sp-biposet representations of its elements.

We say that a binoid language L has a bounded depth if there is an integer K such
that, for every biword w € L, the maximal number of nested parentheses in the term
representation of w is at most K. Let BD denote the class of binoid languages that
have a bounded depth.

We established the inclusion relations among the considered classes. These can be
summarized in Figure 1.2. First of all the classes of recognizable, regular and MSO-

definable languages coincide. The class GRat of generalized birational binoid languages
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Figure 1.2: Comparison of language classes of finite biwords.

is strictly included in this class, which in turn strictly includes the class BRat of bira-
tional languages. The class BRat can be characterized as those regular binoid languages
that have bounded depth, and the class VRat as those that are horizontally bounded.
Similarly HRat is the intersection of the classes of regular (Reg) and vertically bounded
languages (VB). From the definitions it directly follows that the intersection of HB and
VB is the class of finite languages (Fin). Moreover, all inclusions suggested by the figure

are strict.

An important feature of parenthesizing automata that an automata may possess
any finite number of parenthesis pairs. The question emerges naturally if this feature
is really necessary, or the number of parentheses can be bounded. In other words, we
want to know whether there is a number K such that each regular binoid language
can be accepted by a parenthesizing automaton with at most K pairs of parentheses.
Theorem 3.32 will supply the answer to this question. We will show that no such K
exists, i.e. there is no upper bound. Furthermore, if Reg,, denotes the class of all
regular binoid languages that can be accepted by an automaton with m > 0 pairs of
parentheses, then the classes Regy; C Reg; C Regy, C ... form a strict hierarchy. And

we will prove that this hierarchy is proper even when we consider languages over any
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fixed alphabet ¥ (Theorem 3.33).

An independent study on automata and regularity of binoid languages was done by
Hashiguchi et al., and their results were presented in a series of papers [HIJOO, HWJ03,
HSJ04]. They applied ordinary finite automata operating on term representation of
biwords to define two classes of regular binoid languages. See the next section for more
details. The aim of Section 3.12 is to relate this approach to our theory of parenthesizing
automata. We will see that the classes of regular languages defined in [HIJ0O| are strictly
included in Reg. Moreover, we will show how the monoid approach of Hashiguchi et al.
can be extended to our (boarder) class of regular binoid languages. This means that
with appropriate definitions monoid automata are also capable of capturing the same
concept of regularity. This will give a fourth equivalent characterization of the class

Reg.

In Chapter 4 we will extend our investigations to infinite biwords. First we will
define w-bisemigroups in the pattern of w-semigroups related to infinite words [PP04].
Now w-biwords as abstract objects are just the elements of the free w-bisemigroups.
Similarly to the finite case, we can represent w-biwords by certain infinite biposets.
Next, we will present a graph-theoretic characterization of these biposets. Afterwards,
we will examine the tree and term representations of w-biwords. It will be followed
by the extension of recognizability, MSO-definability and regularity to w-binoid lan-
guages. To extend regularity we will also need to define the concept and the operation
of parenthesizing Biichi-automata. Lastly we will prove that with the new concept
of parenthesizing Biichi-automaton the equivalence of regularity, recognizability and

MSO-definability remains true.

In the thesis we mostly concentrate on the general theory of regularity, but we
believe that the concept of binoid languages is sufficiently general to have some practical
applications as well. The reader can peruse the study by Hashiguchi et al. on bicodes
[HKJ02] and on a modified RSA cryptosystem based on bicodes [HHJ03|. In the future
biwords may also be used in modeling systems like sp-posets, which often serve as models
for the behavior of modularly constructed concurrent systems (cf. [Pra86]). It would
also be good to look for other concrete applications of our theory. Since the special
feature of biwords and their n-dimensional generalizations is that they are naturally
equipped with some nested structures, it seems obvious to look for applications where
some nestedness (of arbitrary depth) is present, e.g. in XML databases and in modeling

recursive function calls.
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1.4 Related Work

The studies which are relevant to our investigations can be divided into two groups.
First there are some papers that deal with the same thing, namely that of binoid
languages. This group includes the papers of Hashiguchi et al. [HIJ00, HWJ03, HSJ04|
and Dolinka [Dol05, Dol07]. Second, our concepts and methods are closely related to
that of other generalizations of automata and language theory, like those presented in
papers on infinite words, trees, posets, texts, traces, event structures, message sequence
charts and graphs. Since the literature for this is quite extensive we shall only mention
those which had the greatest influence on our work. For a more detailed and complete

overview please consult with [Wei04a] and [RS97].

1.4.1 (m,n)-structures

One of our starting points will be the concept of (m,n)-structures introduced by Esik
in [Esi00], where m and n are nonnegative integers. They are a common generalization
of both posets and component reducible graphs (or cographs, [CLB81|), and form the
free algebras in the variety, where m associative plus n associative and commutative
operations are defined. These will be introduced in Section 2.4. We will also discuss
some of their special cases, of which the most important for us is that of sp-biposets.
This is because sp-biposets are a possible representation of biwords and they are essential

for the logical definability of binoid languages.

1.4.2 Poset Languages

Our investigations have been influenced to a great extent by the work of Lodaya and
Weil [LW98, LW00] and Kuske [Kus01, Kus03a| on series-parallel posets languages and
branching automata accepting them. These posets are also considered as a possible
model for the behavior of modularly constructed concurrent systems [Pra86, Nie0O1].
Posets are naturally equipped with two operations called series product and parallel
product [LW98|. In fact the parallel product is just disjoint union, and hence commu-
tative. Series-parallel posets (or just sp-posets) are those posets that can be generated
from the singletons by the two operations. It is known that sp-posets represent the el-
ements of the free “semi-commutative bisemigroups”, i.e. of the algebras equipped with
an associative and an associative and commutative operation [Gis88|. These algebras
are also called series-parallel algebras (or sp-algebras) [LW98, LW00]|. Thus, sp-posets

languages can be regarded as a two-dimensional generalization of the classical theory
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to a situation where we have two associative operations, but one of them is also com-
mutative. Also, sp-posets may be characterized as those posets that does not contain

an induced subgraph isomorphic to the “N” directed graph [Gra81].

Gischer [Gis88| studied the equational theory of sp-posets and sp-poset languages.
In [LW98, LW00], Lodaya and Weil defined recognizable languages of sp-posets as well
as regular languages accepted by branching automata, and rational languages. They
showed that a language of sp-posets is regular iff it is rational, and that the recog-
nizable languages form a proper subclass of the regular languages. Aside from semi-
commutativity, their notion of recognizability corresponds to ours. On the other hand,
their notion of rationality is much more general than our notion of birationality, and
although our parenthesizing automata owe much to their branching automata, our ver-
sion is not a non-commutative version of branching automata. The above differences,
together with the well-known fact that rationality and recognizability are not equiva-
lent for free commutative semigroups, help explain why the above-mentioned results of

Lodaya and Weil seem so different from ours.

Nevertheless, Lodaya and Weil also obtained several results that are similar to ours.
They studied bounded-width poset languages that correspond to our vertically bounded
binoid languages (VB) and showed in [LWO00| that for such languages, the concepts of
recognizability, regularity and series rationality are all equivalent. Moreover, Kuske
proved in [Kus03a| that for bounded width poset languages, these conditions are equiv-
alent to MSO-definability. These equivalences correspond to our Corollary 3.71, the

vertically bounded case.

What we called a birational binoid language corresponds to the series-parallel ratio-
nal sp-poset languages of Lodaya and Weil. In [Kus01, Kus03a|, Kuske proved that any
series rational poset language is MSO-definable and that every MSO-definable poset
language is recognizable. On the other hand, there easily exist recognizable but not

MSO-definable sp-poset languages.

The main object of study in [LWO1] is the extension of the classical framework
to automata over free algebras with a single associative operation and a collection of
operations not satisfying any nontrivial equations. It is shown that a suitably adapted
version of branching automata captures recognizable languages, and that there exists a
corresponding notion of rationality. Lodaya and Weil also discussed, albeit in a rather
indirect way, the situation when at least one of the additional operations is associative.
In this case they found that the recognizable languages form a proper subclass of the

regular languages that coincide with the rational languages. Their “asymmetric” notion
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of regularity is different from ours (which is “symmetric”), and their notion of rationality
(which they showed to correspond to regularity) is much more general than ours. Our
Proposition 3.52 is also found in [LWO1].

A graph-theoretic characterization and a free algebra theorem of the posets that can
be constructed from the singletons by series and parallel products and by series w-power
can be found in [BE98], while [EO99] discusses the case when a parallel w-power is also

allowed.

1.4.3 2-structures and Text Languages

Our investigation also owes much to the work of Hoogeboom and ten Pas [HtP96, HtP97]
on text languages. In Section 3.11 we will use their result that establishes the equality
Rec = MSO for text languages in order to show that the same equality holds for binoid
languages as well.

Historically, text languages arose as special cases of 2-structures. 2-structures are
relational structures, and can actually be viewed as generalizations of graphs. They
were introduced to provide a convenient general framework for the investigation of
decompositional and transformational properties of graphs (and graph-like structures).
From this motivation 2-structures have been studied extensively and many results for
them are known. The interested reader can consult with the book edited by Ehrenfeucht
and Rozenberg [ER90].

As was mentioned previously, texts are special cases of 2-structures, but a text can
also be defined as a labeled set equipped with two linear order relations, or equivalently
as a word with an additional linear order, see Definition 3.62.

In Section 3.11 we shall find that biwords — more precisely the sp-biposet repre-
sentations of biwords — can be identified with some special cases of texts. These texts
are called alternating or uniformly nonprimitive texts. See [EHPR96| about uniformly
nonprimitive 2-strtuctures. We will describe the correspondence of sp-biposets and

alternating texts in detail in Section 3.11.3.

1.4.4 Finite Automata on Binoid Languages

Automata and languages over free binoids have also been studied independently of us

by Hashiguchi (with various coauthors) in a series of papers [HIJ00, HWJ03, HSJ04].

1

In these, the authors consider biwords in their term representation”. Here, of course,

term representations mean words over the extended alphabet E(X) = X U {(,),e,¢},

'In [HIJOO, HWJ03, HSJ04], term representations are called s-forms.
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where ( and ) are parenthesis symbols. Thus ordinary finite automata (from now on
monoid automata) can be used to define regular binoid languages. More precisely,
they defined two kinds of acceptance by monoid automata: the free binoid mode and
the free monoid mode. In the case of free monoid mode acceptance, given any word
x € E(X)* the automaton decides whether z is a valid term representation of a biword
in the accepted language. In the case of free binoid mode acceptance, the inputs of
the automaton just come from the restricted set of valid term representations, and the
automaton only decides the question of whether the biword represented by the input
term belongs to the accepted language or not. Let Reg™ (resp. RegM®) denote the class
of binoid languages that can be accepted in the free monoid (resp. free binoid) mode.

In [HIJOO] it was shown that Regf™ C Reg™®. The main result of [HWJ03| can be
expressed in our terminology as BRat C RegfM. Similarly, [HSJ04] contains the proof
of the converse inclusion, namely that Reg™ C BRat. In [HIJ00| phrase structure
grammars (B-grammars) generating term representations of binoid languages are also
introduced. In particular, they define left and right linear B-grammars and show that
these determine different language classes that lie somewhere between finite automata
in the free monoid, and the free binoid mode. The paper [HKJ02| deals with finite codes
over free binoids.

An obvious advantage of this approach as against parenthesizing automata is that
one is not forced to use ordinary automata to describe regular binoid languages. Rather,
any equivalent characterization of regular word languages (e.g. regular expressions or
MSO-formulas) can be employed instead.

However it should be mentioned that this approach is quite syntactic — which almost
always involves long definitions and proofs with many cases. In Section 3.12 we will
make a detailed comparison between Hashiguchi’s concepts of regularity and ours. In
addition, we will propose the use of condensed terms (cterms) instead of terms as it can

help simplify the concepts and proofs that are monoid-based.

1.4.5 Picture Languages

A different two-dimensional generalization of the classical framework is provided by pic-
ture languages. Pictures themselves can be viewed as labeled biposets with a very regular
rectangular structure. They come with two operations, corresponding to the horizontal
and vertical products, but these are only partially defined (cf. [GR96, GR97]). The
notion of recognizability is based on tilings and it has different properties, since rec-

ognizable picture languages are not closed under complementation and their emptiness
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problem is undecidable. For the description of picture languages using formal logic we
refer to [GRST94, Wil97].

In [Dol05], Dolinka demonstrated that picture languages and binoid languages satisfy
the same identities (for the operations of union, the two products, the two (Kleene)
iterations of the two products and some constants). See [Dol07] too for more details

about the axiomatization of the equational theory of binoid languages.

1.4.6 Visibly Pushdown and Nested Word Languages

Binoid languages are also closely related to visibly pushdown and nested word languages
[AMO04, AMO6|.

The operation of our PA is very similar to that of a visibly pushdown automaton (or
VPA for short) [AMO04] and a nested word automaton? [AMO06]. One could imagine that
a PA uses a pushdown storage which works in the following way. During an opening
parenthesizing transition labeled by (; the automaton puts the index i to the top of the
stack, and later the automaton can perform a closing parenthesizing transition labeled
)i, only if the index i can be popped from the stack. Notice that a PA alters the stack
only when it performs parenthesizing transitions: opening parentheses corresponds to
push operations, while closing parentheses corresponds to pop operations. This is what
is called visibly pushdown behavior: each input symbol determines independently of the
actual state the type of stack operation to perform. This type can be a push or a pop
type operation or the machine might leave the stack unchanged. Similarly, each VPA
runs on words over a so-called pushdown alphabet. This is a triple ¥ = (X, %,, 3),
where Y. is the call alphabet, ¥, is the return alphabet, and Xy is the local alphabet. A
VPA perform a push, pop, or no stack operation by reading letters from ., ¥, and X,
in turn. Apart from this a VPA behaves just like an ordinary pushdown automaton.
Acceptance is defined by final states.

Thus, it is not hard to see that each PA over X*(e o) with ¢ pairs of parentheses
naturally corresponds to a VPA with ¢ stack symbols (operating on words over a special
pushdown alphabet & = (X, %,,%,), where 5, = {(}, &, = {)} and &, = %, cf.
[AMO4].) However a PA operates on biwords, not on words. Hence the syntactic check
of the input — not just to check the well-balanced aspect of the parentheses, but also
to make sure that no empty or superfluous parenthesization occurs — falls outside the
task of a PA. Consequently i stack symbols are not enough for a VPA to simulate the
behavior of a PA with ¢ pairs of parenthesis, but it can be proved that the set of valid

2 Actually, the concept of a nested word automaton is a reformulation of that of a VPA.
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term or cterm representations can be accepted by a VPA with 3 stack symbols, and

hence 3i is an upper bound on the number of stack symbols that is necessary.

1.5 The Structure of the Thesis

The rest of the thesis is organized as follows. Chapter 2 introduces biwords and binoid
languages, which are the basic objects of our investigations. Here we present both the
free algebra theorem and the graph-theoretic characterization within the more general
framework of (m,n)-structures of Esik. Moreover, the representations of biwords, —
which are crucial to building the concepts of the next chapters — are also introduced
and discussed.

Chapter 3 is devoted to the finitary case, i.e. to the theory of languages of finite
biwords. Here we introduce our model of parenthesizing automata which operates on
biwords. Then we prove that the expressive power of parenthesizing automata coincides
with that of recognizability and MSO-definability. We will investigate various classes of
rational binoid languages, and study their relationships.

In Chapter 4 we extend our investigations to infinite biwords. The main result of
this chapter is the generalization of the equivalences from the finite case. Namely we
prove that with an appropriate generalization of the concept of parenthesizing automata
— called parenthesizing Biichi-automata — the equivalence of the recognizable, regular
and MSO-definable language classes holds for languages of infinite biwords as well.

Much of the material of this thesis is based on the following publications:

[ENO04] Z. Esik AND Z. L. NEMETH, Higher dimensional automata. J. of Autom.
Lang. Comb. 9 (2004), 3-29.

[ENO5] 7. Esik AND Z. L. NEMETH, Algebraic and graph-theoretic properties of
infinite n-posets. Theoret. Informatics Appl. 39 (2005), 305-322.

[NémoO04] Z. L. NEMETH, A hierarchy theorem for regular languages over free bisemi-
groups. Acta Cybern. 16 (2004), 567-577.

[Ném06] Z. L. NEMETH, Automata on infinite biposets. Acta Cybern. 18 (2006),
765-797.

[NémO07] Z. L. NEMETH, On the regularity of binoid languages: a comparative ap-
proach. In: preproc. Ist Int. Conf. on Language and Automata Theory
and Appl., LATA’07, March 29 — April 4, 2007, Tarragona, Spain.
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Chapter 2 contains several ideas taken from the introductory parts of three papers
[EN04, Ném06, Ném07]. The primary source of Chapter 3 is [ENO04], but two sections
of it, namely Section 3.8 and Section 3.12 present the results given in [Ném04]| and
[NémO07|, respectively. Finally, Chapter 4 is based on the concepts and results given in
[ENO5] and [NémO6|.

However the thesis seeks to provide more than just the enumeration of the results
of the above papers. It attempts to offer a precise account of the subject of regular
binoid languages, with more detailed proofs and examples, along with justifications of
the new concepts and conclusions. It also offers a new outlook on solved and unsolved

problems, and suggests possible future directions of research.



Chapter 2

Binoids and Biwords

2.1 Preliminaries

In the following, n and m always denote nonnegative integers. We write [n] for the set
{1,2,...,n}, so [0] means the empty set, also written as (). Moreover, ¥ denotes a finite
nonempty set, called an alphabet, whose elements are called letters, while ¥, stands
for an alphabet that has m letters. The empty word, i.e. the word that has no letters,
will be denoted by . We write X* for the set of all words over X, and X7 for the set
of all nonempty words over .. As usual, |z|, the length of a word x, is the number of
letters in z, and |z|, stands for the number of occurrences of symbol o in x. We use
the notation X" for the set of words over X of length n.

The set 2 denotes some finite set of parentheses. Of course, 2 and X are always
disjoint, and elements of Q are usually written as (1,)1, (2, )2,... We also assume here
that each € is partitioned into sets of opening and closing parentheses, denoted by €,
and Qg respectively, which are in bijective correspondence. For any integer j > 0, let
Q2 stand for a set of j pairs of parentheses, that is Q; = {(1,)1,...,(j,); }- Here it is
convenient to choose Qg := 0.

Next, let us recall some standard concepts of algebra. A binary relation on a set S

is a subset p C S x S. If (z,y) € p, we write xpy. We say that a relation p on a set S is

reflezive if for all x in S, zpx holds;

wrreflexive if for all x in S, xpxr does not hold;

e symmetric if for all x,y € S, zpy implies ypz;

transitive if for all z,y,z € S, xpy and ypz implies zpz.

A relation p that is reflexive, symmetric and transitive is known as an equivalence

relation. A (strict) partial order is a relation that is both irreflexive and transitive. A

15
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partial order p on a set S such that for all elements x,y € S either xpy or ypx holds, is
called a linear order.

As usual a graph or undirected graph is a pair G = (V, E), where V is a set of
vertices and F is a set of unordered pairs of distinct vertices, called edges. If E is a set
of ordered pairs of vertices, we have a directed graph or digraph. A walk in a (directed or
undirected) graph is a sequence of vertices such that from each vertex in the sequence
there is an edge to the next vertex in the sequence. A walk with no repeated vertices is
called a path. A walk in which only the first and the last vertices are the same is referred
to as a cycle. Graphs without cycles are called acyclic graphs. DAG is an abbreviation
for directed acyclic graphs.

An n-ary operation on a set A is a function A" — A, (n > 0). An algebraic structure,
or algebra for short, is a set A together with a collection of operations on A. The 2-ary
operations are also called binary operations, and often denoted by infix notation like
z o y. A binary operation o on A is commutative if a c b = b o a, for all @ and b in
A. Moreover, o is associative if (a o b) o ¢ = a o (b o ¢), for all a, b and ¢ in 4. A
neutral element or identity of a binary operation o on A is an element e in A such that
eoca=aoe=aholds for all a in A. If A is an algebra and p is an equivalence relation
on A, then p is called a congruence of A if it is invariant under all operations of A. E.g.

if o is a binary operation, then x; pxo and y; py2 imply (21 © y1) p (22 © y2).

2.2 Bisemigroups and n-semigroups

Definition 2.1 We call a set equipped with n associative binary operations an n-semi-
group. The usual notation for an n-semigroup is (S,o1,...,°,). A bisemigroup is an
n-semigroup for n = 2. The two binary operations of a bisemigroup are called the
horizontal product and the vertical product. They are denoted by ¢ and o, respectively.

A bisemigroup is usually written as (B,e,0).

It is well-known [BS81| that for every alphabet 3 there is an (up to isomorphism
unique) bisemigroup that is freely generated by ¥ in the variety of all bisemigroups.
This bisemigroup is called the free bisemigroup (generated by X.), and is written as
¥t (e,0).

Now we give some examples for bisemigroups. We have already seen an example
in the Introduction. In fact, nonempty two-dimensional words represent the elements
of the free bisemigroups. We will discuss free bisemigroups in more detail later on in

Section 2.6. Obviously, more general algebraic structures like semirings, rings and fields
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can also be regarded as bisemigroups. One algebraic drawback of picture languages
[GR97] is that for pictures the concatenation operations are only partially defined since,
for example, we cannot form the horizontal product of two pictures if they have a
different number of rows. But if we add a common zero element for both operations,
and we require the result of all formerly undefined products to be this new zero element,
then we get a bisemigroup as well. Note that this bisemigroup is not free.

The next example is the modeling of concurrent processes similar to that achieved
by sp-posets, but in the case when parallel composition is just associative, but not
commutative. This may happen if, when we form a parallel composition, we always
give an order of priority to the operands. In addition, we demand that if there is
insufficient free processor capacity to start both operand subprocess at the same time,
then the subprocess with the higher priority shall be started first. Naturally, if sufficient
free capacity is present at the beginning or is released later, then the two subprocesses

can run in parallel.

2.3 Binoids and n-monoids

Definition 2.2 An algebraic structure (S,o1,...,0n,1) is called an n-monoid, if
(S,01,...,0,) is an n-semigroup and 1 € S is an identity element for all operations,
i.e. lojs=s0;1=s, foralls € S, i€ [n]. Abinoid is an n-monoid for n = 2. Hence

a binoid is usually written as (B,e,0,1).

As before, for every alphabet X there is a (unique up to an isomorphism) binoid
that is freely generated by ¥ in the variety of all binoids. This binoid is called the free
binoid (generated by X) and is written as X*(e, o).

Remark 2.3 Hashiguchi et al. have also defined algebras with two associative operations and
two identities, where the two identities are not necessarily the same. In [HLJOO, HW.J03, HSJ04]
these algebras are called bimonoids and of course they are not the same as our 2-monoids. But
our 2-monoids (or binoids) are also called binoids in [HIJ00, HWJ03, HSJ04]. On the other

hand, 2-monoids are called double monoids in [Gra81].

By definition every binoid can be regarded as a bisemigroup. Also, every bisemigroup
can be transformed to a binoid by adding a new identity element that serves as an
identity for both operations. Thus all of our previous examples of bisemigroups are
examples of binoids if we add an identity element to them.

Automata in general operate on elements of some free algebra. In the classical case,

automata run on words, i.e. on elements of free semigroups (or free monoids if we also



18 CHAPTER 2. BINOIDS AND BIWORDS

consider the empty word.) Hence if we wish to generalize automata to higher dimensions,
it is natural to examine how they can operate on elements of free n-semigroups (or free
n-monoids). Thus in the rest of this chapter we will study free n-semigroups and n-
monoids, and representations of their elements. However, a fundamental observation is
that it is enough to just consider the case n = 2, as almost all of our results can be
extended to the general case in a straightforward way. Unfortunately, there are some
exceptions where the generalization is not so evident, but the reader should keep this
in mind.

Thus, free binoids and bisemigroups will be the central objects of our investigations.
There is no substantial difference between them, since adding or removing the identity
will have no influence on whether a given language belongs to the classes under study.
Earlier Hashiguchi et al. have developed their theory on free binoids, while in the
previous work of Esik and Németh free bisemigroups were used. In order to facilitate
a comparison between these two approaches, in the thesis, except for Chapter 4 (cf.

Remark 4.1), we will employ free binoids.

2.4 (m,n)-structures

Before discussing free binoids and their elements, we will consider the more general
framework of (m, n)-semigroups and (m, n)-structures introduced by Esik. This general
setting allows one to consider any finite number of operations that are associative, or
associative and commutative. The following definitions and results are from [Esi00]. In

the rest of this section we will assume that m +n > 1.

Definition 2.4 (cf. Definition 2.5 of [Esi00]) An (m,n)-semigroup is an algebra
(S, 01, Omy @14, ®p), where O1,...,On, are associative, and ®1,...,Q, are as-

sociative and commutative binary operations on S.

Definition 2.5 (Definition 2.1 of [Esi00]) An (m, n)-structure over 3, or just (m,n)-
structure, for short, is a finite set P of vertices equipped with m irreflexive transitive
relations <i,...,<m, n irreflexive symmetric relations ~1,...,~n, and a labeling func-
tion A : P — X subject to the following condition: for any two distinct vertices x,y € P,
either there is a unique i € [m] with x <; y ory <; x, or else there is a unique j € [n]
with © ~j y. A homomorphism of (m,n)-structures is a function which preserves the

relations and the labeling. An isomorphism is a bijective homomorphism.

Remark 2.6 Note that (m,n)-structures are indeed quite general objects. It can easily be

verified that, by definition, there is a bijective correspondence between
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e (1,0)-structures and labeled linear orders (words),

(1,0)
(0, 1)-structures and multisets,
e (0,2)-structures and labeled graphs,
(1,1)
(

1, 1)-structures and labeled partial orders (posets),

n, 1)-structures and labeled n-posets®, where n > 1.

As usual, we do not distinguish between isomorphic (m, n)-structures, so that in the

definition below we may assume that P and @) are disjoint.

Definition 2.7 (Definition 2.3 of [Esi00]) Suppose that P = (P,<{,..., <P ~F

ooy ~E APy and Q = (Q, <?, <Y N?, RS- @) are disjoint (m,n)-structures.
For each i € [m], we define P ®; Q to be the (m,n)-structure (P U Q,<1,...,<m,~1
yeey ™o, A) with
< = <Pu<® k#ike(m) (2.1)
<i = <Fu<QuPrxQ (2.2)
~joo= NfUN?, j € [n]
A= APua@ (2.3)

For each j € [m], let P ®; Q be the (m,n)-structure (PUQ, <1,...,<m,~1,.--,~n,A)
with

< = <ZPU<2‘Q7 i € [m]
A = AU

Example 2.8 Note that each ©; is associative operation and each ®; is associative and com-
mutative, but associativity does not hold for different operations, e.g. a®1(b®ac¢) # (a®1b)O2c.
That is why writing a ®1 b ®1 ¢ ®2 d without parentheses is ambiguous. Actually, it is known
that n+ 1 factors can be completely parenthesized in C,, number of ways, where C,, = n%H (27?)
is the n'" Catalan number [WikA, Sta99]. Hence from a ®; b ®; ¢ ®3 d we can have C3 = 5

different (2, 1)-structures using different parenthesizations. These are depicted in Figure 2.1.

In what follows we will identify the singleton (m,n)-structures by their letters and

assume that all (m,n)-structures are over a common, fixed alphabet 3.

In-posets are labeled sets equipped with n partial order relations (see Definition 2.12).
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a®1 ((b®1¢)®2d) (a®1 (b®1c¢)) ®2d (a ®1b) ®1 (c®2d)

a®1 (b® (c®2d)) ((a ®1 b) ®1 ¢) O d)

Figure 2.1: Those (2, 1)-structures that can be obtained from a ®1 b ®1 ¢ ®2 d using different
parenthesizations. Relations <1, <o and ~1 are represented by solid arrows, dashed arrows and

thick lines, respectively.

Definition 2.9 (Definition 2.6 of [Esi00]) An (m,n)-structure is reducible if it can
be generated from the singletons corresponding to the letters in 3 by the m 4+ n product
operations, i.e. when it can be reduced to a singleton by decomposition with respect to

the operations.

Let Sy, denote the set of all (m, n)-structures and let RSy be the set of all reducible
(m,n)-structures over . It is clear that with the product operations of Definition 2.7
Sy, is an (m, n)-semigroup, and RSy is the least subalgebra of those subalgebras of Sy,
that contain 3.

2.5 Free Algebra Theorems

The notion of a free algebra is one of the fundamental concepts of universal algebra
[BS81]. It can be defined at a rather abstract level, — even in terms of category the-
ory — but here we introduce it only for (m,n)-semigroups. We will use a well-known

characterization called the universal property.

Definition 2.10 An (m,n)-semigroup S is called freely generated by some set A C S

in the variety of all (m,n)-semigroups, if for every (m,n)-semigroup S’ and mapping
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h:A — S, there is a unique extension of h to a homomorphism h* : S — S'.

Theorem 2.11 (Theorem 2.8 of [Esi00]) RSy is freely generated by the set ¥ in

the variety of all (m,n)-semigroups.

Proof. The proof of the above theorem is based on the following two properties of
reducible (m,n)-structures:
Property 1: Each reducible (m,n)-structure in Sy, can be constructed by the m + n
product operations from the singleton structures.
Property 2: For each reducible (m,n)-structure, its construction from the singletons
mentioned above (in Property 1) is unique apart from the associativity of the ®; and
the associativity and commutativity of the ®; operations (i € [m], j € [n]).

Property 1 is an immediately consequence of the definition of reducibility. Property
2 follows from the fact that the operations are “invertible” in the sense that a product
P ®; Q (i € [n]) cannot be decomposed into any other product P’ ®; Q' or P" @ Q",
for any i # j € [n] or k € [m]. Of course it may happen that P ®; Q@ = P’ ®; Q' holds
with P # P’ and Q # @Q'. But then both products must have a common refinement
Po,Q=P &;,Q =P, ®; P,®;...®; P, so further decompositions of the operands
will lead to the same result. These two properties make it possible for us to prove
the universal property of Sy. Indeed, for any (m,n)-structure S’, and any mapping
h:% — S’ by Property 1, h# (P) can be defined according to the decomposition of P
from the singletons. To compute h#(P) one should apply the same operations in the
same order as P is built from the singletons, but using the images h(c) € S’ instead of
the singleton o € S. Finally, it is not hard to see that Property 2 ensures that h¥ is a
homomorphism, as required. O

As was mentioned in Remark 2.6, (m,n)-structures include many important special
cases. Hence Theorem 2.11 can also be used to give a description of the elements of
the free algebras in these special situations. These are summarized in Figure 2.2. First,
(1,0)-semigroups and (1,0)-structures correspond to the classical theory of semigroups
and (nonempty) words. Next, (n,0)-semigroups (i.e. when we have n associative opera-
tions, and no operation that is both associative and commutative) are the n-semigroups

of Definition 2.1. Free n-semigroups can be described with the help of n-posets defined

as follows.
Definition 2.12 For any integer n > 1, an n-poset over X is a structure (P, <q,...,<p
,A), where P is a set, <1,...,<n, are strict partial order relations on P, and X is a

labeling function A : P — 3.
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* Algebraic structures: Elements of the free algebras:
(1,0) semigroups nonempty words
(2,0) bisemilgroups sp—bill)osets
(n,0) n—semilgroups constructiblle n-posets
(m,n) (m,n)—semigﬁoups [Esi00] reducible (m,l n)-structures
(1,1) sp—algebrszs [LWOIg| sp—pLsets
* The number of associative, and associative & commutative operations.

Figure 2.2: Some algebras and their elements. Here arrows mean generalizations.

On n-posets n product operations can be defined exactly as in (2.1), (2.2) and (2.3).
Note that, in contrast to our definition of (m,n)-structures, here we do not require
that any two elements are related by exactly one relation. Still, it can be easily shown
that constructible n-posets, (i.e. those that can be constructed from the singletons,
and hence may be identified with reducible (n,0)-structures) have the above-mentioned
totality property.

As we said earlier, the primary aim of the thesis is to develop an automata the-
ory over free n-monoids for any n > 2, but it is usually enough to consider just the
n = 2 case. Accordingly, we will focus on constructible 2-posets. The term biposet
is a synonym for 2-poset, and constructible 2-posets will also be called series-parallel
biposets or simply sp-biposets.

Next, another important special case of (m,n)-semigroups and (m,n)-structures
is the situation when m = n = 1. Indeed, it is straightforward to identify a (1,1)-
structure (P, <1, ~1,A) with the labeled poset (P, <1, A). Posets that correspond to the
reducible (1, 1)-structures are called series-parallel posets, or sp-posets for short, and in

[LW98, LW00, LWO01] (1, 1)-semigroups are called sp-algebras.

2.6 Representations of Biwords

2.6.1 Preliminaries

First let us recall that ¥*(e,0) denotes the free binoid generated by 3, and the two
operations of ¥*(e, ) are called the horizontal product and the vertical product. The
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elements of X*(e,0) are called biwords (over ). In what follows we will use the term
biword in an abstract sense, but we will give concrete representations of it later on.
The identity of X*(e,0), denoted by ¢, is the empty biword. Each generator of ¥*(e, o)
corresponding to a letter o € X is called a singleton biword and will also be denoted
by o. The biwords that can be written as a horizontal (or vertical) product of two
nonempty biwords are called horizontal (or vertical). We call this property the type of
a biword. If a biword w is written in the form w = wy e wy o ... ¢ w,, where each w; is
nonempty, then this form is called a horizontal decomposition of w. Moreover, if each
w; is either a singleton or a vertical biword, then the decomposition is called mazimal.
Obviously every horizontal biword has a unique maximal horizontal decomposition. For
vertical biwords vertical decompositions and mazimal vertical decompositions are defined
symmetrically.

Of course there are several possible ways of describing biwords. They may be drawn
on a paper as two-dimensional words using boxes as we did in the Introduction. In
the previous section the sp-biposet representation was introduced. Biwords may also
be regarded as labeled ordered unranked trees. Furthermore, we will also employ two
linear representations, namely terms and condensed terms.

A common feature of all the representations is that the elements are constructed
inductively from the representations of the one-letter biwords by the two products opera-
tions. Moreover, these constructions are unique up to the associativity of the operations.
In other words, the analogous two properties in the proof of Theorem 2.11 hold. Hence
in every case we get the same algebra: ¥*(e,0), the free algebra of biwords over .

Next, we will also consider the description of biwords by i-terms and i-cterms,
which are ambiguous in the sense that a biword may have more than one i-(c)term

representation.

2.6.2 The Sp-biposet Representation

First of all, series-parallel biposets, or sp-biposets for short, are just constructible (2,0)-
structures. Therefore, from Theorem 2.11 we immediately see that they represent the
elements of the free bisemigroups. Moreover, if we include the empty biposet as well,
they will represent the elements of the free binoids.

For reasons which will become clearer later on, we will reformulate their definition
starting from the notion of biposets instead of (2,0)-structures. This will help clarify
the reason for the name “series-parallel” and we also fix both notation and terminology.

If we choose n = 2 in Definition 2.12, we get the notion of biposet.
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Definition 2.13 A >-labeled biposet, or biposet for short, is a 4-tuple (P,<f,<f)3
,Ap), where P is a finite set of vertices, <f and <UlD are strict partial orders on P and

Ap : P — X is a labeling function. If P =), we get the empty biposet, denoted by e.

We say that two biposets are isomorphic if there is a bijective function on the vertices
that preserves the partial orders and the labeling. Below we will make no distinctions
between isomorphic biposets.

Suppose that P = (P, <P, <P Ap)and Q = (Q, <g, <9, Aq) are X-labeled biposets.
Without loss of generality, assume that P and @ are disjoint. We define their horizontal
or series product as P e Q = (P UQ, <5'Q, <5'Q, Ape@), and their vertical or parallel

product as P o Q = (PUQ, <50Q, <D Apo@), where

P P
<0 = LPu<luPxQ), <9 = <Pu<?,
<0 = <Pyl <9 = <PU<QUPXQ),

and the labeling are Apeg = Apog = Ap U Ag.

It is quite apparent that both product operations are associative. Each letter o € X
may be identified by the singleton biposet labeled o. Now, let SPB(X) denote the
collection of biposets that can be generated from the singletons corresponding to the
letters in ¥ by the two product operations. The biposets in SPB(X) are called series-
parallel biposets, or sp-biposets for short.

The name “series-parallel” comes from the theory of posets. From a practical point
of view series-parallel posets can be viewed as models of modularly constructed con-
current processes (cf. [Pra86, NieO1, LW98, LW00]). In this modeling the two product
operations are the series product (which refers to the subsequent execution of two sub-
processes) and the parallel product (which models concurrent execution). In an analo-
gous way, our two products on biposets are also called the series product and parallel
product. However, unlike the parallel composition of posets, our parallel product is not
commutative. So perhaps the terms “horizontal and vertical” are more satisfactory, as
they make no distinction between the two operations. Nevertheless, for the generated
objects we will retain the name “series-parallel biposets” as they have a close connection
with series-parallel posets and series-parallel graphs.

Now we will make use of the free algebra theorem (Theorem 2.11) for the special

case of bisemigroups and sp-biposets.

Theorem 2.14 (cf. proposition 2.3 of [EN02]) The bisemigroup SPB(X) is freely
generated by X in the variety of all bisemigroups. Thus (SPB(X),e,0) is isomorphic to
Yt (e,0), and (SPB(X) U {¢e},e,0) is isomorphic to X*(e,0).
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The sp-biposet representation of a biword w will be denoted by w®. An example of the

sp-biposet representation of a biword will be given in Example 2.18.

2.6.3 The Term Representation

Perhaps the most obvious way of representing biwords is by the use of terms. Here
we describe how to associate a term w!™ with each biword w € X*(e,0). To this
end, we will extend the alphabet ¥ with operation symbols and parentheses. Let
EX) :=XU{e,0,(,)}. As usual in the term representation we shall put paren-
theses around the subterm of horizontal biwords which appear as a vertical factor, and
symmetrically around the subterm of vertical biwords which appear as a horizontal

factor. This procedure can be stated more precisely in the following way.

Definition 2.15 If w € ¥*(e,0), then w'™ will denote the term representation of w.

Let w'™ be a word over E(X), defined inductively as follows.

(i) If w = ¢ is the empty biword, then w'™ := ¢.

tm .

(ii) If w = o is a singleton biword, then w 0.

(ili) If w = wy » wy with wy,wy # €, then w'™ := Hform(w;) ¢ Hform(ws).
(iv) If w = wy o we with wy,ws # €, then w'™ := Vform(w;) o Vform(ws).

In (iii), Hform(w) denotes the horizontal form of the biword w, defined as:

Hform(w) := o

if w is a vertical biword.

w'™ if w is a singleton or horizontal biword,
(w

In (iv), Vform(w), the vertical form of w, is defined symmetrically.

It should be mentioned here that in cases (iii) and (iv) the definition of w!™ does
not depend on the choice of factorization since each e, o and the concatenation of words

are associative operations.

2.6.4 The Condensed Term Representation

Another description of ¥*(e,0) can be given by using condensed terms, or cterms for
short. This representation may not be interesting by itself. However, its importance
comes from the fact that our automata operate on condensed terms — processing them

sequentially — reading from left to right.
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The condensation of the description of the terms is based on a simple observation.
It is that the operation symbols can be omitted provided we know the type of a biword
in advance. Actually, the arrangement of the parentheses tell us precisely where we
should put the horizontal and vertical product operations between the factors. Formally,

condensed term representations are words from the set

{e}usu{se}(zu(i)

The representation of the empty biword and the singletons are obvious. For a
nonempty and nonsingleton biword, the first letter — the type-sign — gives the type of
the represented biword; namely e and o mean the horizontal type and vertical type,
respectively. The remaining part is just the term representation after the operation
symbols have been deleted. Here we shall write w™ for the cterm representation of
biword w. Thus if w'™ = (a e b) o (ce (doeo f) e g), then w™ =o (ab){c(def)g).

Hence it is possible to recover the original term representation from a condensed
one. To achieve this, all we need to do is put back the operation symbols that were
omitted. On the outer level the type of the operations is given explicitly by the first
letter. Moreover, moving from left to right the type of the operation symbols alternates
between the parentheses. Finally, we should put an operation symbol after each letter
and closing parenthesis symbols, provided they are followed by another letter or by an
opening parenthesis symbol.

ctm—

Sometimes it will be useful to write w for the word we get from w*™ by deleting

the type-sign of w. In the case of the empty biword and singletons there are no type-

ctm— T

signs, so let w = w®™ in such cases.

We can extend these notations to languages as well. Let L' := {w' | w € L} and
Letm .= {w™ | w € L}. After, let TM(X) := X*(e,0)" and CTM(X) := X*(e,0)t™

denote the set of all (c)terms of biwords over .
Example 2.16 The term representation of the biword depicted in Figure 1.1 is
w™ =ase(bolced)e(eof)
Now, the condensed term representation of this biword is as follows:
w™ =e afblcd))(ef)

In addition, we have

w = a(blcd)){ef).
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2.6.5 The Tree Representation

We will also use finite ordered unranked trees to represent biwords. In this case, leaves
are labeled by letters from 3, and the inner nodes are labeled by e or o. In addition,

and o alternate along any path from the root to a leaf.
Definition 2.17 If w is a biword, its tree form w'" is defined as follows.
(i) If w =€, the empty biword, then w'" is the empty tree, also denoted by .
(ii) If w = o is a singleton, then w' is a tree consisting of a single vertex labeled by o.

(iii) If w is a horizontal biword, consider the maximal horizontal decomposition w =

Wy e ws e ... ® Wy, (Mm>2). Noww' is the tree whose root is labeled by  and
this root connects the subtrees wi, wi, ... wi (in this order).

(iv) If w is a vertical biword, consider the mazimal vertical decomposition w = wy o

tr

Wy © ... 0 Wy, (M >2). Noww" is the tree whose root is labeled by o and this

root connects the subtrees wi", w&, ... wi (in this order).

Example 2.18 Recall our previous example of a biword, namely w whose term representation
is
W™ =ae(bolced) e e f).

The two-dimensional word, sp-biposet and tree representations of w are depicted in Figure 2.3.
The sp-biposet representation of w is w® = ({1,2,...,6}, <n, <u, \), where <j; and <, are the
transitive closures of the relations 1 <p 2, 1 <p, 3,3 <p 4,2 <3 5,2 <, 6,4 < 5,4 <, 6,
and 2 <, 3,2 <, 4,5 <, 6, respectively. Moreover, A\(1) = a, A\(2) = b, A(3) = ¢, A\(4) = d,
A(5) = e, A(6) = f. In the figure, horizontal and vertical relations are indicated by solid arrows

and dashed arrows, respectively.

It is evident that for any leaf node in w®" there is a corresponding vertex in w®.
Hence we may and will identify the leaves of w'™ by the corresponding vertices of w®?.
This allows us to speak about elements and subsets of w® like those of w!". Similarly, we
can associate vertices of w® with the corresponding letters in the (c)term representation

w!™ and w™.

2.6.6 i-term and i-cterm Representations

As we shall see, in order to accept all recognizable binoid languages by either monoid
automata or parenthesizing automata, it is necessary to employ several pairs of paren-

theses. For this reason choose an integer i > 0, recall that Q; = {(1,)1,...,(;, )i }, and
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Figure 2.3: The two-dimensional word representation (a); the biposet representation (b); and
the tree representation (c) of the biword a e (bo (ced)) e {(eo f) .

let E;(X) =X UQ;U{e, o} be the extended alphabet with i different pairs of parentheses.

ctm)

Next, suppose that w'™ (or w is a (c)term representation of a biword w € ¥*(e, o).

Now i-term (or i-cterm) representations of w are obtained by replacing the matching

tm (resp. in

pairs of parentheses with some pairs of indexed parentheses from €2; in w
w™). Note that a biword can have several different i-(c)term representations. For
instance (2a ® b)2 o (1c * d); and (1a  b); o (1c * d)1 are both 2-term representations
of the biword (a e b) o (c » d). Now let TM;(X) and CTM;(X) stand for the i-term
and i-cterm representations of the biwords in 3*(e, o), respectively. For a binoid lan-
guage L C X*(e,0), any word language L' C TM;(X) (resp. L' € CTM;(X)) such that
ni(L') = L' (resp. n;(L') = L) shall be referred to as an i-term representation

(resp. i-cterm representation) of L. Here n; is the mapping that deletes the indices of

the parentheses, i.e. the homomorphism 7; : E;(X)* — E(X)* which extends
x ifxeXU{ec};
ni(x) =9 ( ifx € Qop; for all x € E(X).
> if x S Qi,cla

2.6.7 Characterizations of TM;(X) and CTM;(X)

Before stating the theorems that characterize TM;(X) and CTM;(X) we need to intro-
duce some technical definitions. First, we will define a homomorphism which deletes all
the letters of ¥ and the operation symbols from the words over E;(X). To this end, let

;i + Ei(3)" — QF be the unique extension of the mapping

{az if x € Q,

7'('1(1'):
e ifxeXU{e o}
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For any i > 0, the Dyck language (cf. [Har78]) over the alphabet €;, denoted Dyck;,

is defined by the context free grammar with start symbol S and rules

It is well-known and is not hard to see that Dyck; consists of all the balanced strings
of parentheses over ;. Now suppose that x € E;(X)*. The number of opening and

closing parentheses in x is then

|z = Z |z, and |zf, = Z 2]y,

1<k<i 1<k<i

Furthermore, for all 1 < j < [z[, we let dp,(j) := |z1... 7| — |21...74]y. Thus dp,(j)
can be regarded as the depth of the parenthesization at the jth position in x. Now we
will characterize the elements of TM;(X) and CTM;(X) in E;(X)* .

Lemma 2.19 For all x € E;(X)%T we have x € TM;(X) iff the following conditions
hold.

(1) m(x) € Dyck;, i.e. the use of parentheses in x is balanced.

(2) © # x1(uGz2))exs, for any (g )k, ()1 € Qi, and x1,22,23 € E;(X)* such that

mi(xe) € Dyck;, i.e. there is no double parenthesization in x.

(3) = # (k' )k, for any (k) € Qi and ' € E;(X)* such that m;(z') € Dyck,, i.e. there

is mo outer parenthesization in x.

(4) x # x1{ko) k2, for any (k, )k € Q, x1,22 € E;(X)* and 0 € X, i.e. there is no

singleton parenthesization in x.

(5) = # x1(k)kx2, for any (g, )k € Q; and x1,x9 € E;(X)*, i.e. there is no empty

parenthesization in x.

(6) Suppose that |x| = n and © = z1...xy,, where x; € X, (1 < j < n). Then either
n=1andx € X, orn>2 and for all 1 < j <n we have

zj€fo, o} e2<j<n—-12;1€XUQ;q, and zj41 € XU Q; op,
i.e. the operation symbols are placed in the correct positions.
(7) If we set O = {j | 1< < [elaj =}, Oy =1{j|1<)<|olay =0},

Op ={j11<j < |el,z; € {o,0} and dp,(j) is even},
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Oo ={jl1<j<l|alzje{e0}, anddp,(j) is odd},

then { Op,Ov } = {Og,00 }, i.e. the operation symbols alternate according to the
depth of the parenthesization.

Proof sketch. The necessity of conditions (1)—(7) easily follows from the construction
of the elements of TM,;(X) described earlier in Definition 2.15 and in the definition of
i-terms. However, the proof of sufficiency is rather long and technical. One can use
induction on the length of a word = and check how the conditions guarantee that z can
be cut into shorter subwords (by the “outer” operation symbols), in such a way that
each segment also satisfies all the conditions except (3). This task will be left to the

interested reader. Now Lemma 2.19 has the following corollary.

Lemma 2.20 For all x = z1...x, € E;(X)T we have x € CTM;(X) iff z € X; or
n>2 1 € {e0}, zo...xy, € (XUQ)T and z2...x, satisfies conditions (1)—(5) of
Lemma 2.19.

One direct consequence of the above theorems is the following proposition, which will

be used later on.
Proposition 2.21 TM;(X) and CTM;(X) are deterministic context-free languages.

Proof. It is not hard to construct a deterministic pushdown automaton which accepts
the words that simultaneously satisfy conditions (1)—(3). Indeed, it a simple textbook
exercise to draw a deterministic pushdown automaton that accepts Dyck, or a slight
modification of it, namely the language of the words that satisfy (1). As for (2), one
can modify the previous machine so that if two opening parentheses follow each other,
the automaton marks the second one when pushing it onto the stack, hence consecutive
closing partners of these parentheses can be forbidden. The next modification for (3) is
also straightforward: if the first letter is an opening parenthesis, push an extra symbol
to the bottom of the stack, which can then be popped by reading any letter or operation
symbol, but only after the first parenthesis has been closed.

Furthermore, conditions (4) to (7) can be described by regular languages, and it is
well-known that deterministic context-free languages are closed under intersection with

regular languages. In the case of CTM;(X), the proof is similar. U

2.6.8 Properties of the Representations

Naturally the question arises of why we study so many biword representations. In the

following we will briefly examine the advantages of using one rather than another.
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The two-dimensional word representation (see Section 1.2) is the most intuitive one.
It shows that biwords are really two-dimensional objects. It also accurately reflects the
hierarchical relations in a biword.

Perhaps the easiest way of giving a biword is via the term representation. Fur-
thermore, terms and operations between terms are very close to the various rational
operations on binoid languages. The reader might recall that Hashiguchi et al. used
the term representation to develop a theory of automata and grammars over binoid
languages [HIJOO, HWJ03, HSJO04].

As we mentioned above, condensed terms are the input structures of parenthesizing
automata, which will be introduced later. They directly confirm the sequential behavior
of our automata. Moreover, they reduce the decidability algorithm of the membership
problem of parenthesizing automata to an implementation level. Note that this is the
only representation where the generalization to higher dimensions is nontrivial.

Trees are also widely used in computer science. It is worth realizing here that the
biwords are, in fact, just ordered unranked trees whose leaves are labeled. This is quite
similar to the representation of XML-documents by ordered unranked trees, but there
the inner nodes are also labeled. Anyway, the tree representation might be a possible
way of finding applications for our theory.

Sp-posets are essential for logical definability, and they are useful for exploring
connections between biwords and “graph-like” structures, like 2-structures [ER90], texts
[ER93, HtP96|, pictures [GRI7| and posets [LW00, Kus03a).

Next, we should mention that i-term and i-cterm representations are needed to
relate our study to the results of Hashiguchi et al. Later in Section 3.11.3 we will also

see that biwords can also be represented by alternating texts [HtP96].

2.7 Graph-Theoretic Characterizations

Several important classes of graphs can be characterized with the aid of forbidden sub-
graphs. Perhaps the best known example of this is Kuratowski’s Theorem (see [Har94],
for instance) which characterizes planar graphs. Besides this, its generalization known
as the Robertson-Seymour Theorem [RS04, WikB|, allows us to have characterizations
by finite sets of forbidden graphs in a general setting.

Similar characterizations are known for sp-posets, series-parallel graphs and for re-
ducible (m,n)-structures. Below we will briefly discuss each in turn. Moreover, as these
results are not ours, the proofs will not be reproduced here. For such proofs the inter-
ested reader should consult the relevant literature [Val78, Gra81, VTLS2, Gis88, Esi00].
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Now let us consider the characterization of sp-posets. If we ignore the labeling
aspect, posets can be identified with transitive directed acyclic graphs. We will provide
the characterization in this setting. Directed acyclic graphs are usually abbreviated
as DAG-s, and, of course, transitivity means that if (u,v) and (v,w) are edges of a

transitive DAG, then (u,w) is an edge as well.

Definition 2.22 We call an “N”-digraph, or “N” for short, the directed graph on 4
vertices, {1,2,3,4}, whose edges are (1,2), (3,2) and (3,4). Similarly, we call a Py

graph the undirected graph which consists of a path on four vertices.

Figure 2.4: The N-digraph (a) and the Py graph (b).

These two graphs will play the role of forbidden structures in the characterizations.
They are depicted in Figure 2.4. As usual, a subgraph G’ of a graph G is called an
induced subraph (or a vertex induced subgraph), if G’ contains all edges of G that join

two vertices which are present in G.

Theorem 2.23 (Grabowski [Gra81] and Valdes et al. [VTL82]) A poset is series-
parallel iff it (viewed as a transitive DAG) does not contain an induced subgraph iso-

morphic to “N”.

In the words of [VTL82| “The proof of this fact is rather long ... The details can be
found in [Val78] ...” Later a shorter proof was given by Gischer [Gis88|. A proof can
also be found in [Kus03a).

Before giving the characterization of reducible (m,n)-structures we shall consider
series-parallel graphs. Undirected graphs can be identified with (0, 2)-structures. Then
the two associative and commutative operations correspond to the disjoint union and
the join operations on graphs. (The joint of two graphs is the discrete union together

with all the edges joining the vertices of the two graphs.) Those graphs that correspond
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to reducible (0, 2)-structures are called series-parallel graphs. Series-parallel graphs can
also be defined as comparability graphs of series-parallel posets. More precisely, if
P = (P, <) is a poset, then its comparability graph is an undirected graph, whose set
of vertices is P, and there is an edge between two vertices v and v iff u < v or v < u
in P. Now a graph is series-parallel iff it is a comparability graph of a poset, which is
series-parallel. Note that P, is not a series-parallel graph because both of its transitive
orientations are isomorphic to the N-digraph. Series-parallel graphs are also called
complement-reducible graphs (or cographs for short), as they are precisely those graphs
which can be constructed from singleton graphs by the operations of complementation
and disjoint union |[CLB81|. Several other equivalent definition of cographs are also
known (cf. [ISGCI, BLS99]|). The forbidden structure characterization of the class is as

follows.

Theorem 2.24 (Cornel et al. [CLB81|) An (undirected) graph is a series-parallel

graph iff it does mot contain a Py as an induced subgraph.

Actually, a common generalization of the above two theorems for reducible (m,n)-
structures was given by Esik.

We also say that a directed graph satisfies the N-condition if it has no induced
subgraph isomorphic to “N”. Similarly, an undirected graph satisfies the Pj-condition
if it has no induced subgraph isomorphic to Py. If P = (P, <y,..., <, ~1,---)~n, A)

is an (m,n)-structure then we can define

< U>;, ifl1<i<m,
pi =
’ ~iem  fm+1<i<m+n.

Now the characterization of the reducible (m,n)-structures is the following.

Theorem 2.25 (Theorem 2.14 of [Esi00]) A nonempty (m,n)-structure P = (P, <4

yeey <y ™1y ...y ~on) 1S reducible iff the following conditions hold:
1. For each i € [m], the poset (P, <;) satisfies the N -condition.
2. For each j € [n], the graph (P,~;) satisfies the Py-condition.

3. There exist no distinct vertices x,y,z and distinct integers i,j,k € [m + n] with

zpiy, yp;z and zpyx. (The triangle condition).

Since n-posets and biposets are special cases of (m, n)-structures, we also obtain the

following corollaries. Note that — by definition — (m, n)-structures are total (i.e. each
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pair of elements are related by exactly one of the relations), while n-posets and biposets
may not have this property. On the other hand totality is clearly required for being

constructible n-poset or series-parallel biposet.

Corollary 2.26 (Theorem 2.1 of [EN04]) An n-poset P = (P, <1,...,<pn,Ap) is

constructible iff the following conditions hold:

1. P is total, i.e. for every x,y € P with x # y there is exactly one i € [n] such that
x <;y ory <; x holds.

2. FEach poset (P, <;), i € [n] satisfies the N -condition.

8. If x,y,z are different vertices of P, then x,y,z are related by at most 2 of the
partial orders <;. (The triangle condition,).

Corollary 2.27 A biposet P = (P, <p, <y, \) is series-parallel iff the following condi-
tions hold:

1. P is total, i.e. for all z,y € P, with x # y the vertices x and y are related either
by <p or by <,.

2. Both posets (P, <p) and (P, <) satisfy the N-condition.



Chapter 3
Parenthesizing Automata

In this chapter, an accepting device called parenthesizing automaton will be introduced
to define the class of regular binoid languages. Since in general for models more complex
than words the existence of an appropriate concept of automaton is far from being
obvious, presenting a suitable concept of automaton for biwords is one of the main
contributions of the thesis. The suitability of our model will be verified by the fact that
the language class accepted by our automata (Reg) coincides with both of the classes
of algebraically recognizable (Rec), and in monadic second-order logic definable (MSO)
classes of binoid languages. Note that the latter classes exist and are well established,

independently of the automaton concept chosen.

3.1 The Concept of Parenthesizing Automata

In this section we will introduce the concept of parenthesizing automata discussed in
[ENO4, Ném04, Ném06]. (The definition first appeared in [EN02].) Parenthesizing
automata will be used to determine the class of regular binoid languages.

Recall that the term representation of a biword is an ordinary word over the extended
alphabet E(X) = X U{e,0,(,)}. In addition, in the term representation the usual rules
of parenthesization are applied, but no superfluous parentheses are permitted.

At first sight it might be thought that a parenthesizing automaton reads term repre-
sentations of biwords from left to right. When the automaton encounters a parenthesis
symbol it performs a special, so-called parenthesizing transition. This transition is sim-
ilar to ordinary transitions of classical finite automata, as it takes the automaton into
another state, but parenthesizing transitions are labeled by parenthesis symbols instead

of letters from ¥. The automaton is allowed to have several different pairs of parenthe-

35
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sis symbols. But we require the following. In the term representation the opening and
closing parentheses symbols have a well-defined standard matching, and the runs of the
automaton must follow this matching. Namely, for each matching pair of parentheses in
the term representation, the automaton has to perform such parenthesizing transitions
whose labels also match, i.e. the first transition contains an opening parenthesis and
the second one has the corresponding closing parenthesis.

On the other hand, automata do not perform transitions on the operation symbols,
e and o. Instead the set of states S is divided into two disjoint subsets H and V. They
are called horizontal and vertical states, respectively. Informally, when the automaton
goes through a horizontal state, then it “applies” horizontal product, while crossing a
vertical state implies a vertical product of the labels processed before and after that
state.

From this also follows that each parenthesizing transition must lead from a horizontal
state to a vertical one, or from a vertical state to a horizontal one. Hence the effect
of parenthesizing transitions is to change the “actual” (horizontal/vertical) type of the

operation which is used to connect the letters that are processed.

Definition 3.1 ([EN04]) A (nondeterministic) parenthesizing automaton, PA for
short, is a 9-tuple A := (S,H,V,3,Q,6,v,I,F), where S is a nonempty, finite set
of states; H and V are the sets of horizontal and vertical states which give a disjoint

partition of S, ¥ is the input alphabet and Q is a finite set of parentheses. Furthermore,
e C(HxXx H)U(V xX xV) is the labeling transition relation,
e YC(HxQxV)U(V xQx H) is the parenthesizing transition relation,and

o I.F C S are the sets of initial and final states, respectively.

In the following we will write Type(q) =« if ¢ is a horizontal state, and Type(q) =o
if ¢ is a vertical state of an automaton. Note that this definition has a parallel with the

notion of types of biwords.

Example 3.2 A simple illustration of a PA is given in Figure 3.1. The horizontal states are
those labeled by H; and the vertical states are those labeled by Vj, for some ¢ and j. There is

a single initial state Hy, and a single final state H;. The labeling transitions are
0= { (Hla a, HQ); (V17 ba ‘/2)5 (H3a C, H4); (H47 d7 H5)5 (Hﬁa €, H7) }7
and the parenthesizing transitions are

7:{(H27<17V1)a (‘/27<27H3)a (H5a>2a‘/3)7 (V3a>1aH6) }
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Later when we define the notion of run formally, we will see that this automaton has a single
run from H; to Hr, hence the automaton just accepts the biword a ¢ (b o (c e d))  e. Of course,
if the automaton had cycles, the accepted binoid language would be more complicated than in

our example. Several other examples of PA will be given later in Section 3.3.

Figure 3.1: A PA accepting {a e (bo (ced))eec}.

3.2 The Operation of Parenthesizing Automata

In this section, we will define the operation of parenthesizing automata formally, in three
different but equivalent ways. For this, let [p,w,q] 4 denote that fact that automaton
A can read the biword w from state p, and after processing w the automaton can be
in state q. (Note that automata are nondeterministic, so it is possible that several
[p,w,q] 4 hold for the same p and w, but for different g-s.) If [p,w, g] 4 holds, we also
say that A has a run on w from p to ¢. For this notion three definitions will be given
in turn, denoted by [p,w,q]iél, [p,w,q]?A and [p,w,q]il, respectively. After that, in
Section 3.2.4 we will establish their equivalence. In Section 3.2.5 we will define the class

of regular binoid languages.

3.2.1 The First Approach

The very first definition for the operation of PA was presented in [EN02|. In this case
we do not define what a run is, only the phrase “an automaton has a run on a biword
w from state p to state ¢”. The definition is based on an induction on the construction
of w. It stresses the different functionality of the horizontal and vertical states and it

also highlights the role of the parentheses.
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Definition 3.3 (cf. Definition 3.3 of [ENO04]) Suppose that w € ¥*(e,) and p,q €
S. We say that A = (S,H,V,%,Q,6,7v,1,F) has a run on w from p to ¢, denoted by
[p, w, q].lA if one of the following conditions holds:

(E) w=¢eandp=gq.
(S) w=a€X and (p,a,q) €9.

(HH) p,q € H and w has a mazimal horizontal decomposition w = wy e ... ® w,, where
n > 2, and there exist r1,...,rn_1 € S, 19 = p, rn = q Such that [Ti_l’wi’n]iél’
for all i € [n].

(VV) p,q € V and w has a mazimal vertical decomposition w = wq o ... o wy,, where
n > 2, and there exist r1,...,rp_1 € S, 19 = p, T, = q such that [ri_l,wi,n]h
for alli € [n].

(HV) p,q € H and w has a maximal vertical decomposition w = wy o ... o wy,, where
n > 2, and there exist (;;,) € Q, p',¢ €V and (p, {x,0), (¢, )k,q) € v such that
[p’,w,q’]h holds.

(VH) p,q € V and w has a mazimal horizontal decomposition w = wy e ... e wy,, where
n > 2, and there exist (x,)x € Q, p',q¢ € H and (p, (x,p'),(d,)k,q) € v such that
[p’,w,q’]h holds.

Definition 3.4 Based on the above cases we introduce the following terminology. We
say that, in case (E) A has an empty run, in case (S) A has a singleton run, in cases
(HH) and (VV) A has a direct run, while in cases (HV) and (VH) A has an indirect

run between p and q.

Remark 3.5 Note that runs are always between states of the same type. Thus [p,w,q].lA
implies p,q € H or p,q € V. So in (HH) we have r1,79,...,1,—1 € H, and similarly, in (VV)

we have r1,79,...,7,—1 € V. These observations will be frequently used in inductive proofs.

Example 3.6 The automaton of Example 3.2, depicted in Figure 3.1, accepts the singleton
language which just consists of the biword w = a e (b o (¢ o d)) e e. Indeed, there are
runs [Hi,a, Ha| 4, [H2,b o (c o d),Hg] 4 and [Hg,e, H7] 4 corresponding to the horizontal
decomposition of P. Moreover, the second run [Ha,b o (c ¢ d), Hg| 4 exists, since it can be
built from a parenthesizing transition (Hz, (1, V1), a run [V1,b 0 (c e d), V3] 4 and a transition
(Va, )1, He) according to the case (HV). Finally, the existence of the run [V1,b o (c  d), V3] 4
can be derived from the existence of the runs [Vi,b, V2] 4 and [V, ¢ o d, V3] 4, and the existence

of the latter can be verified similarly using the case (VH).
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3.2.2 The Second Approach

This second definition first appeared in [Ném05] and later in its journal version [Ném0G6|.
Here we define the notion of run as certain finite sequences of transitions of an automa-
ton. Recall that ) is a finite set of parentheses that is partitioned into €2,, of opening
and 2 of closing parentheses.

Let A= (S,H,V,%,0,6,v,I,F) be a PA. If t = (p, x,q) is a labeling or parenthe-
sizing transition of A, i.e. ¢ € § Uy, then the starting and the ending state of t will
be denoted by start(t) := p and end(t) := ¢, respectively. Two transitions ¢; and ty
are adjacent (in this order) if end (1) = start(¢2). A words from (6 U~y)* will be called
transition sequences, but we will demand that in any transition sequence the consecu-
tive transitions be adjacent. If r = t1to...t, € (§ U~y)* is a transition sequence, then
let start(r) := start(¢;) and end(r) := end(¢,). Here we say that two parenthesizing
transitions t; = (p,w1,q) and ty = (s,wq,t) € v form a parenthesizing transition pair
if wy is an opening parenthesis and ws is its closing partner. The concatenation of two

transition sequences ry1 and ro will be denoted by ryrsa, as usual.

Definition 3.7 ([NémO05]) Let A be a PA. The set of its runs, Runs(A), is the least

set of transition sequences that contains
(i) the singleton runs: (p,o,q), for all (p,o,q) € §;
(ii) the direct runs: rira, for every ri,ro € Runs(A) with end(r1) = start(rz);

(iii) the indirect runs: tirty, for every direct run r € Runs(A), and parenthesizing

transition pair t1, to with end(t1) = start(r) and end(r) = start(tq).

Note that the empty sequence that would correspond to the empty run is not allowed.
The reason for this is that it would be difficult trying to define the starting and the
ending states of an empty run.

Suppose that A is a PA and r = ¢;...t, € Runs(A). A parenthesizing transition
pair t;, t;, (i < j) is said to be a matching parenthesizing transition pair in r if t; .. .t;
is an indirect run of A. Note that not every parenthesizing transition pair ¢;,¢;, (i < j)
is a matching parenthesizing transition pair in r. For instance, consider the first and

the last transition in

(p1,(:p2) - (P3,),14) - (D5, (s D6) - - - (P7,),D8),

where ( and ) do not appear in other transitions.
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It is obvious that every run of A is of the form

r = titats ...ty = (po,wi,p1)(P1,w2, p2)(P2, w3, p3) - .. (Pn—1,Wn,Dn),

where p; € Sand w; € XUQ foralli =1,...,n. If r is an indirect run, then ¢; and ¢, is a
matching parenthesizing transition pair, and ¢5...%¢,_1 is a direct run of A. Moreover,
if r is a direct run, then it has a unique decomposition into subruns r = riry...rg,

where each r; is either a singleton run or an indirect run for i = 1,...,k, and k > 2.

Definition 3.8 Suppose that A is a PA and r € Runs(A). The label of r is a biword
from 3T (e,0) defined inductively as follows:

(i) Ifr = (p,0,q), then Label(r) := 0.
(ii) Ifr is a direct run, and r = riry for some ri,ra € Runs(A), then

- ifend(r1) € H, then Label(r) := Label(ry) o Label(rz);

- ifend(ry) € V, then Label(r) := Label(ry) o Label(rz).

(i) If r is an indirect run v = t1v' to, then Label(r) := Label(r’).

Since e and o are associative, the definition of Label(r) does not depend on the choice
of factorization in case (ii) above.
This approach has the advantage that we can describe those transition sequences

that are runs by a few simple rules.

Lemma 3.9 For every nonempty transition sequence r of an automaton A

r € Runs(A) iff r obeys the four rules below.
Rule 1: In r the use of parentheses is syntactically correct, i.e. if we concatenate
the middle component of the transitions, we get a string in which all parentheses are
matched.
Rule 2: There is no double-parenthesization in r, i.e. there is no subsequence of the

form
o (Dis (s it 1) (i1 (5 Pin2) ¥ (045)1 Pj+1) (D415 Dk Pjr2) -+
where in v’ the use of parentheses is balanced.

Rule 3: No singleton is parenthesized in r, i.e.

e (pzw <k,Pi+1)(Pz‘+1, o, pi+2)(Pi+27 >k7pi+3) ce
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1s forbidden.

Rule 4: There is no empty parenthesization in r, i.e.

cee (pz', (k,pi+1)(pz‘+1, >k,pz'+2) oo

is forbidden.

Proof sketch. The necessity of the rules can be seen by induction on the structure of the
run r. In a similar way their sufficiently can be verified using induction on the length of
the transition sequence r. Both proofs apply the fact that a run of A is an indirect run
if and only if its first and last transition is a matching parenthesizing transition pair.

Now, it is straightforward to define [p, P, q]f4 with the help of Runs(.A).

Definition 3.10 Let A= (S,H,V,%,Q,6,7,1,F) be a PA, p,q € S and w € ¥*(e,0).
Let us write [p,w,q]il if w= ¢ and p = q; or if there is a run r € Runs(A) with
start(r) = p, end(r) = ¢, and Label(r) = w.

3.2.3 The Third Approach

Obviously the formulation of the concept of automata can be based on any represen-
tation of biwords that were studied in the previous chapter. While the first and the
second approaches are closest to the term representation, our third approach is directly
based on the condensed term representation. Furthermore, this approach is more for-
mal. Given a condensed term as input the overall state of the computation at any given
moment is described by a configuration. As usual, we define a transition relation on the
set of configurations. This approach emphasizes the sequential nature and the algorith-
mic feature of the behavior of our automata, hence it is closest to the implementation

level. This approach has not yet appeared in publications.
Definition 3.11 The set of configurations of a PA A= (S,H,V,%,Q,8,v,1,F) is
Conf(A) = § x O, x <Eu{(,>}) .

Let w™ be a condensed term representation of a biword w € Y*(e,0). Recall that
w™™ denotes w™ without its type-sign (the first letter).

During a computation of an automaton .4 on w™~ the first component of the
configuration is the actual state of the automaton. The second is the sequence of
parentheses that are opened but to yet closed. The third component is the sequence of

remaining letters of the input, i.e. a suffix of w™m~.
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Now the transition relation on the configurations can be described as follows. For

*

opr 0 €XU{(,)} and a suffix w of a condensed term we have

any ¢,¢ € S, a,a/ € Q

g E) o = «, and ((L g, q/) € 57 or
(q,Oé,O"LU) F (q/70/7w)7 lﬁ - (7 ' = Of<7;, and (q7 <i7 q/) € s or
g = >7 a,<i: «, and ((L >i7 q/) €.

As usual, let H* denote the reflexive transitive closure of F.
Recall that we write Type(p) =, if p is a horizontal state, while Type(p) = means
that p is a vertical state. Similarly Type(w) =e and Type(w) =o indicate that w is a

horizontal /vertical biword. Finally, we set

(p,e,w"™") F* (q,e,e)  if we {e} UL or Type(p) = Type(w);

w, g
pnaa e { (p.e, (™)) F* (q,e,6)  if w ¢ {e} UT and Type(p) # Type(w).

From the definitions above it is obvious that the second component of a configuration

works as a stack storage.

3.2.4 Equivalence the Three Approaches

First of all, it is not hard to see that the phrase “automaton A has a direct (indirect,
singleton) run on biword w” of Definition 3.4 is in accordance with the term “r is a
direct (indirect, singleton, resp.) run” of Definition 3.7. Next, we will formulate some

basic properties of the second approach.

If r = (po,w1,p1)(p1,w2,p2) - - - (Pn—1,wn, Pn) is a run of A, we can define the word

of r as
Word(r) := wjwh...wh,
where
w; ifw; €%,
wj=<¢ ( if w; €Qisan opening parenthesis, and

) if w; € Q is a closing parenthesis.

Thus Word(r) is no other than the concatenation of the middle components of the
transitions in r, after the indices of the parentheses have been deleted.
The relationship between the label and the word of a run is given by the following

lemma.
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Lemma 3.12 Suppose that A is a PA, r € Runs(A), and w = Label(r). Then the

following statements hold.

(i) ris a singleton run & w e X & Word(r) = w™.
(ii) r is a direct run & Type(start(r)) = Type(w) < Word(r) = w™™.
(iii) r 4s indirect run & Type(start(r)) # Type(w) <« Word(r) = (w™™).

Proof sketch. These statements are straightforward consequences of the earlier defini-
tions. Simply use induction on the construction of r.

Now we are ready to prove the equivalence of our three approaches.

Lemma 3.13 If Ais a PA, p,q € S and w € ¥*(e,0), then
p,w, g’y & [p,w, g < [p,w,q’-

Proof. The equivalence [p,w,q]il & [p,w,q]i’él can be proven by Lemma 3.12. One
should distinguish between the cases of singletons, Type(p) = Type(w) and Type(p) #
Type(w). Alternatively, we can prove both equivalences by induction on the construc-
tion of w. For this, we should verify that both in the second definition and in the third
definition the runs can be decomposed into subruns — according to the decomposition of
w — exactly as in the cases (E), (S), (HH), (HV) (VV), and (VH) of the first definition.

The cases (E) and (S) are trivial, all [p, w, q]iél’ [p, w, q]?A and [p, w, q]i’4 are equivalent
to p = q (in case (E)) or to (p,w,q) € ¢ (in case (9)).

Here we just prove the equivalence of [p, w, q]'lA, [p, w, q]?A in the case (HH). Hence
suppose that p,q € H and w € ¥*(e,0) is a horizontal biword, with maximal horizontal
decomposition w = w; e ... ® wy, (n > 2). We need to show that [p,w,q]?A iff there
exist p1,...,Pp—1 €S, po =D, pn = ¢ such that [pi_l’wi’pi]il’ for all i € [n].

By Definition 3.7 and Definition 3.10, the condition above is sufficient for [p,w, ¢|%;.
To prove that the converse applies, if [p, w, q]il, then there exist an r € Runs(.A)
such that start(r) = p,end(r) = ¢, and Label(r) = w. Since Type(w) = Type(p),
by Lemma 3.12 r is a direct run. Now r can be uniquely written as r = ry...ry,
where each rj is an indirect or singleton run, for all ¢ € [m]. Furthermore, we have
w = Label(ry) o ... e Label(ry,). But the maximal horizontal decomposition of w is
unique, hence n = m and Label(r;) = w;, for all i € [n]. Finally, setting pyo = p, and
p; = end(r;) for all ¢ € [n], we have [p;_1, wi,pi]il, for all ¢ € [n], as required.

It can be proved in a similar way that [p, w, q]it behaves exactly as [p, w, q]i4 in the
remaining cases (HV), (VV), and (VH) as well. The same holds for [p, w, q]il too. O
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3.2.5 Acceptance and Regular Languages

As the equivalence of [p,w,q]iél, [p,w,q]il and [p,w,q]i’él has now been established in
Lemma 3.13, we will use the notation [p, w, q] A Wwithout superscript for any of them.
A run from an initial state to a final state will be called an accepting run, and the

binoid language accepted by a PA is defined as the set of labels of the accepting runs.

Definition 3.14 The binoid language L(.A) accepted by the parenthesizing automaton
A= (S, H,V,2,Q,0,v,I,F) is defined as

L(A) = {weX(s,0)|[i,w, f]4 for somei€ I and f € F}.

Definition 3.15 A binoid language L C ¥*(e,0) is called regular if there exists a PA A
that accepts it, i.e. L = L(A). Let Reg(X) denote the class of regular binoid languages
over .. Moreover, let Reg stand for the union of the classes Reg(X) for all X. Two

automata are said to be equivalent if they accept the same language.

Overall, we can summarize acceptance by direct and indirect runs. The acceptance
of a nonempty and nonsingleton biword w can occur directly when the type of w is the
same as the type of the initial and final state; or indirectly when the aforementioned

types are different. The following fact summarizes these modes of acceptance.
Fact 3.16 If A= (S,H,V,%,Q,0,7,1,F) is a PA, and w is a horizontal biword, then

w e L(A) & either i) [i,w, f] g for somei € INH and f € FNH;
or i) (i,(,7),(s,), f) €7, and [r,w,s] 4, wherer,s € H,
forsomeieINV, fe FNV and (,) € Q.

An analogous statement holds for a vertical biword w:

we L(A) < either i) [i,w, f] g for somei € INV, and f € FNV;
or i) (i,(,7),(s,), f) €y and [r,w, s] 4, wherer,5 €V,
forsomei e INH, fe FNH and (,) € .

Finally, for a singleton biword o € X3 the type of the initial and final states can be both

horizontal or vertical, thus

o€ L(A) & [i,o, f] 4, wherei €I and f € F.
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3.3 Examples

In order to give a more intuitive picture about PA and regular binoid languages, here

we will provide some examples.

Example 3.17 The language of all biwords over ¥, namely %*(e,0), is regular. Indeed, the

automaton with two states — depicted in Figure 3.2 — accepts it.

Figure 3.2: An automaton accepting all biwords of ¥*(e, o).

Let us introduce for all n > 0 the following notation for exponentiations:

[ ] (o]
whi=wewe...ow and W 'i=wowo...ow.
——— e ———
n times n times

Of course, we let w*? := w°® = ¢, the empty biword.
Example 3.18 Consider the following language
L={ae{c)ea|ln>2}U{be{(c")eb|n>2}.

Now, L is accepted by both automata shown in Figure 3.3. A; has 8 states, while A5 has just
7. The difference comes from the fact that Ay has two pairs of parentheses, while A; has only
one. Hence Aj can store information about the first letter with the help of the index of the first
parenthesis. Later in Section 3.8 we will see that this is an important feature of PA. If we were
to restrict the number of parenthesis symbols that could be used in PA, the accepting capacity

would also be restricted.

Example 3.19 The automaton shown in Figure 3.4 accepts the infinite language
L={c,ae(boc),as{bolas{boc)),...}.
This language is the least solution of the fixed point equation

X = {a} « ({b} o X) + {c}.
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Figure 3.3: Automata A; (a) and As (b) which recognize the binoid language described in
Ezxample 3.18.

(The biword operations e and o extend to languages in a natural way. See Section 3.10 for
details.) This example is interesting because it shows a regular language that has unbounded
depth. This property means that we cannot give an upper bound for the number of nested
parentheses used in the elements of L, (see Section 3.10 for the precise definition). Later we
will find that the existence of such a language makes it hard to characterize the class Reg as

languages obtained from the singletons by a few simple operations.

3.4 The Problem of Double-Parenthesization

By double-parenthesization in a transition sequence we mean two opening parenthesizing

transitions right next to each other whose closing partners are also right next to each
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Y
(O~
(2 G >2 h

ROBNO

Figure 3.4: An automaton accepting L = {c,a s (boc),as (bo {(as (boc))),...}.

other. For instance, the sequence of transitions

(p7 <17 Q)(Q7 <27T)(T7 a, 3)(37 b7t)(t7 >27u)(u7 >1,2})

contains double-parenthesization. We usually abbreviate this sequences by the diagram

<1 (2 w >2 >1
p—q—1r-—3t—Uu—,

where w = a ¢ b or w = a o b, depending on the types of the states. Note that, according
to Rule 2 of Lemma 3.9, such sequences are not valid runs.

If we allowed such double-parenthesization then one might use cycles of superfluous
parentheses to count. Thus nonrecognizable languages like {a*™ e b e ¢*™ | n > 0} could

be accepted. See Figure 3.5.
a V b c
@ﬂ%
(1
RS

Figure 3.5: This automaton accepts a recognizable language — namely {b} — only if double-

parenthesization is forbidden.

After seeing the necessity of forbidding double-parenthesization, the next example
makes it clear that this also makes it difficult to prove the closure of regular languages
under substitution. Suppose that in an automaton A; we want to substitute a transition
(p, €, q) with all accepting paths of an automaton A;. Next, assume that p and ¢ are

horizontal states. If A has a vertical initial state i, and a vertical final state f,, then
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it seems necessary to draw new transitions (p, (x, ) and (fy, ), q), where (4, ) is a new
pair of parentheses. But this is not enough in itself, as this construction does not ensure

the simulation of indirect runs like

(

Z‘v—>3_g]')ti>fv

between p and ¢ since
(+ (L w., ) )x

P——riy——§—-+t—— f,——

is not allowed.

It is tempting to get around this problem by copying the transitions starting from
s, but using p as the origin instead of s, and also copying the transitions arriving at ¢,
but using ¢ as the target instead of ¢.

But then it is possible that we have more runs than necessary. For instance, in Ay

iv—<>s<—>s/i>t’>%ti>fv

is not allowed, but the construction above cuts the two outer parentheses, so
Cogw )
p—8 —1' —q
becomes a valid run. On the other hand, we cannot simply neglect the transitions
(s,(,s') and (¥,)’,t) since they may be part of other valid runs too. The next three

sections will tell us how to overcome these difficulties.

3.5 The Substitution Product of Automata

The definition of substitution product of automata may look strange at the first sight,
but it will be an adequate tool for proving normal form theorems later.

In the following, we shall assume that no automaton has two opening or closing
parenthesizing transitions with the same label. This can easily be achieved by replacing
the multiple occurrences of the same parenthesizing transition pair with new transitions

using different symbols.

Definition 3.20 ([NémO06]) Suppose that Ay = (Si,Hq1,V1,%,9Q,61,m,11, F1) and
Ay = (Sa, Hy, Vo, 2,8, 69,72, I2, F») are PA, and either p,q € Hy and R,S C Hj;
orp,q € Vi and R,S C V5. Neat, further assume that S1 and Sy are disjoint. We
define the substitution product of Ay and As with respect to p, q, R and S as

A1 *p—R,5—q A2 = (53, H3, V3, %,Q3, 63,73, [1, F1),
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where

S3
Q3
3

V3

S1USy, Hs:=H;UHy, V3:=ViUVy,

QU { (first yfirst - (last ylast |y c )

91 U b

U{(p,a,z) |a € X,x € So,Ir € R: (r,a,z) € Ja }

U{(y,b,q) |y € S2,b € X,3s € S:(y,b,s) €2},

7 U2

U{ (p, ("™, 2), ()™, 2) | w,y,2 € So,Fr € R: (r,(,2),(y,),2) €2}
U{ (&, ("), ()™, @) [ 2,y,2 € S2,35 € S = (2, (,9), (2,),5) €2}

&

p q

rst > last

R <ﬁ
T>) >ﬁrst <last (<\L
r oy Y

(b)

Figure 3.6: The labeling (a) and the parenthesizing (b) transitions used in Definition 3.20.

The thin arrows represent the original transitions, and the thick arrows the new ones.

The construction is illustrated in Figure 3.6. If both R and S are singletons, say

R = {r}and S = {s}, then we can write A; K[p—sr,s—q) A2 instead of A1 *p,_ 11y r61—qAs-

The next lemma formulates the key property of the substitution product. Namely,

A1 *¥p—R,5—q) A2 from p to ¢ has all the runs of Ay between two states from S and R

which runs have the same type as p and gq.
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Lemma 3.21 ([NémoO06]) Suppose that Ay and As are PA as before, p,q € Hy, R, S C
Hy and A3 = Ay *[p_. g 5—q A2. Moreover, p # q, and no transition of Ay arrives at p

or starts from q. Then for every w € ¥*(e, o)

[p,w,ql 4, <  either i) [p,w,q] 4,
or ii) Ire R,3Is € S : [r,w, S]A2 and w is horizontal.

Proof. [p,w,q] 4, implies that w = Label(r) for a run r = ¢, ...t, € Runs(A;3) with
start(t1) = p and end(t,,) = q.

If end(t1) € Si, then r € Runs(A;) also holds. This follows from the definition of
As and from the fact that in 47 no transition arrives at p, hence r cannot leave the A;
component. Thus case (7) is true.

If end(t1) € S, then we will be able to modify r to obtain a run v/ := ¢} ...t €
Runs(Az) with Label(r') = w and start(t]) € R, and end(t],,) € S. Indeed, if ¢; is of the
form t; = (p,a,z), a € 3, then there is an r € R such that t| := (r,a,z) € J3. Similarly,
if t,, = (y,b,q), b € X, then there is an s € S such that ¢, := (y,b,s) € d2. On the
other hand, if ¢ or t,, involves a parenthesis, like t; = (p, (i"*, 2), then there is a closing

>ﬁr5t,z), where ¢ < m, and x,y,z € Sy. Moreover,

transition partner of ¢q, say t; = (y,
by definition, there is an r € R such that ¢} := (r, (, ), t, := (y,),2) € 2. Similarly, if
tm = (2,)18% ¢), then there is an index j > 1 such that tj = (z, (12st ). So we can set
ti = (z,(,y) and t},, := (2,),s) € 72 for a suitable s € S. So far we have defined #; for
at most four k-s. Now let ¢} := t;, for all other k-s (note that t; € d2 U~z in such cases).
Now Label(r') = w, start(t]) = r € R, and end(t;,,) = s € S implies [r,w,s] 4,. Since
(first and )18t do not match, ¢; and t,, cannot be a matching parenthesizing transition
pair. Hence r is a direct run, and so is r’. Consequently, by Lemma 3.12, r,s € H
implies that w is horizontal. Thus (i) holds.

To prove that the converse applies, it is obvious that [p, w, q] A, implies [p, w, q] A,
Assume that i) holds, so w = Label(r) for r = ¢ ...t,, € Runs(Ay) with start(t;) =
r € R and end(t,,) = s € S. By Lemma 3.12, as w is horizontal and r and s are in H,
r must be direct run. Hence ¢; and t,, is not a matching parenthesizing transition pair.
Thus it is possible to replace both ( and ) with (1™t and ) in the first and in the
last transitions, if necessary. We can also substitute their closing and opening partners
by st and (12, if needed. Therefore the construction of Az ensures that [p,w, q] A,
holds. (]

In the previous lemma we assumed that p and ¢ were horizontal states, and R and

S were sets of horizontal states. Of course an analogous statement can be formulated

for vertical states and sets of vertical states as well.
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3.6 Normal Forms

In this section we shall prove that every PA is equivalent to one in normal form, i.e.
with a single initial and a single final state. If both of these states are horizontal then
we will say that the PA is in horizontal normal form. If they are vertical states, then

the normal form will be called vertical.

Definition 3.22 ([NémO06]) We say that a PA is in horizontal normal form if it has
a single initial state iy, and a single final state frn, and both i, and fr are horizontal
states; moreover there is no transition into iy or from fr. Automata in vertical normal

form can be defined in a similar way.

Lemma 3.23 ([NémO06]) For every PA A, there exists an equivalent PA Ay in hori-

zontal normal form and an equivalent PA A, in vertical normal form.

Proof. First we prove that for every PA A = (S, H,V,%,Q,0,~,I, F) there exists a PA
A in horizontal normal form that accepts exactly the horizontal biwords accepted by
A, that is,

LA™ = L(A) NH,

where H denotes the set of all horizontal biwords. For this let
T:={(s,t)|FieInV,Ife FNV,3(,)eQ : (i,(,s), (t,),f) €7},

and assume that 7' = { (s1,%1), (s2,%2), ..., (Sn,tn) }. The elements of T' can be called
pseudo initial-final pairs of horizontal states as they are possibly not real initial and
final states, but any run between them on a horizontal biword belongs to the accepted
language. Moreover, A has a direct run on all horizontal biwords of L(A), either between
a real initial and final states, or between a pseudo initial-final pair of horizontal states.

Now let Ag be the automaton without transitions which has just two states, namely
an initial horizontal state i;, and a final horizontal state fy,.

With the help of the substitution product, we define

Ar = Ao *lip, —INH,FNH— f}] A,
A1 = Ap sty A fork=1,....n,
AOH = An+1.

Using Lemma 3.21 and Proposition 3.16, it is straightforward to verify that L(A™") =
L(A)NH, as claimed.
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Similarly, there is an automaton A™Y in vertical normal form which just accepts
the vertical biwords accepted by A. Let i, and f, denote the (single) initial and final
vertical states of A7V,

Next, we can construct Ay, by taking the disjoint union of A™* and A™Y and adding
two new parenthesizing transitions, (ip, {,4,) and (fy, }, fn), where { and } is a new pair
of parentheses. Naturally we no longer regard i, and f, as initial and final states. In
order to accept the singleton biwords, we also define (i, o, f;,) for each singleton biword
o € L(A). As A" accepts all horizontal, and A™Y all vertical biwords of L(A), the
resulting automaton is equivalent to A. Moreover, A has a single initial state i;, and a

single finite state fp, as required. Again, A, can be defined symmetrically. O

3.7 The &-substitution and Closure Properties

In this section we will consider some basic operations on binoid languages, and we will
show that the class of regular languages is closed under them. First we will prove
closure under the operation of £-substitution as the other closure properties can be

easily derived from this.

Definition 3.24 Let L,Li,Ly C X*(e,0). We define the following operations, called
horizontal (or series product), vertical (or parallel product), horizontal iteration (or

series iteration) and vertical iteration (or parallel iteration).

LieLy = {wyews|ws €Ly, wy € Lo},

LioLy = {wyowsy|ws €Ly, wy € Lo},
L* = {wye...0owy|w; €L, i€n], n>0}
L* = {wjo...ow,|w;, €L, i€n], n>0}

Furthermore, we let L™® := L o L*® and L™° := L ¢ L*°.

Now assume that L1 C (SU{ £ })*(e,0) and Ly C ¥*(e, 0) the £-substitution of Ly into
Ly will be denoted by Li[Ly/]. It is obtained by substituting non-uniformly biwords
in Ly for £ in the members of L. Here non-uniformly means that different occurrences
of £ in a biword from L may be replaced by different biwords from Ly. The formal
definition is rather long and gives us no real insight, hence it will be omitted. It can be
obtained in the pattern of tree languages. Please see Definition 4.3. and Definition 4.5.

of [GS84] for details.
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Theorem 3.25 ([ENO04]) The class Reg of reqular binoid languages is (effectively)
closed under &-substitution, i.e. if L1 C (X U{E£})*(e,0), Ly C X*(e,0), then Ly, Ly €
Reg implies L1[L2/&] € Reg.

Proof. Suppose that automaton Ay = (S1, Hy, Vi, XU{ &}, Q1,01,71, [1, F1) accepts L.
For the sake of simplicity, assume that there is only one single {-transition (p,§,q) in
61. If there were more £-transitions, they could be handled in the same way. Moreover,
assume that p and ¢ are horizontal states. The vertical case can be handled in a similar
way, of course.

Now consider an automaton Ay that accepts Lo. Furthermore, assume that As is in
horizontal normal form, hence Ay can be written as Ay = (So, Ha, Vo, 2, Q9, 02,72, { i1 },
{fn})

Recall that an accepting run is a run from an initial state to a final state. Our aim
is to build an automaton A3 that extends A; and is also capable of realizing accepting
runs of Ay between p and ¢. At first sight it seems sufficient to add a disjoint copy
of Ay to A, and duplicate the transitions starting from i, using p as the origin, and
duplicate the transitions arriving at f using g as the target. In addition, the transitions
(in,0,1f) should also be copied as (p, o, q), where o € X.

However this is not enough as in this construction we might have superfluous runs
whose label is not in Li[Ls/&]. Indeed, if a run passes through the component Az from
p to ¢ more than once, it may happen that during the first time the automaton opens
some parentheses, then it returns to A1, and the parentheses are closed only in a later
visit of As from p to ¢. Such runs may have no subruns between p and ¢, so their labels
do not necessarily belong to L1[L2/£]. Hence, we must exclude the possibility of leaving
behind opened parentheses during subruns from p to ¢ in A,.

We can achieve this, for example, by using two copies of Ay. Let us denote them
by A5 and Aj. Transition (p,&,q) is replaced by A5 in a similar way as before. But
whenever the first parenthesis is opened (either from A5 or directly from p), we will
mark this parenthesis with a superscript “first”, and the automaton will enter into the
second component Aj. Furthermore, to return back from A} to A} or ¢ there is no
other way but to close the marked parenthesis. Since the first parenthesis has to be
closed, all other parentheses that were opened after leaving p have to be closed as well
before the run reaches q.

For a formal description, let introduce some abbreviations:
Hy:={h |heH}, HY :={h'|heHs},
Vy={v'|veWr}, V= {v"[vela},
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S = H, UV, Sy = H) UV,

8y ={(s,0,t) | (s,0,t) € 52}, 55 =={(s",0,t") | (s,0,t) € b2 },

vy = (s w,t') | (s,w,t) €72}, vy = { (8" w,t") | (s,w,t) € 72 }.
Next, take

A3 = (537 H37 ‘/37 27 Q37 637737[17F1)7

where
Sy == S1USUS), Hy:=H UH,UHY, V3:=ViuVyuVy,
Q3 = Ql ) Q2 U { <ﬁrst,>ﬁrst | <7> € Q2 }’
53 = 51\{(p7£7q)}U5éU6g

U{(p,a,2’) | a € &,z € Sy, (i,a,z) € 62 }
U{(¥,0,q) |y € Sa,b € %, (y,b, fn) € 02}
U{(p.o,q) | 0 € Z,(in,0, fn) €2},
Y3 o= MU
U{ (p, ("™, w") | { € Qopyw € Sa, (i, (sw) € 72}
UL ("), q) | 2 € S2,) € Qui, (2,), fa) €72}
U{ (', (% s") | € So, ( € Qop, s € S, (1,(,8) €72 }
U{ (¢ VISt /Y [t € Sy,) € Quyu € So, (t,),u) € 2 ).

Our intention here is to prove the equation L(A3) = Lj[L2/¢]. The inclusion
Li[Ls/€¢] C L(As) directly follows from the construction: in all runs of 4; any ac-
cepting run of Ay can be substituted in the places of the transition (p,€,q) .

As for the converse inclusion, the construction ensures the following statement.
Assume that t is a sequence of transitions from p to ¢ without any transition in Ajp,
moreover let t reach p and ¢ only once (at the beginning and at the end). Then it
follows from the definition of A3 that in t every parenthesis that is opened will also be
closed, hence if t is a subsequence of a run of As, then it is also a subrun of A3 from p to
q. Therefore there is a biword w’ such that Label(t) = w’. Again, by the construction
[in, W', fi] 4+ 80 W’ € L holds.

Now assume that w € L(Ag). This means that there is an accepting run r of Ajs
such that Label(r) = w. Let tq,t2,...,t, denote those subsequences of r that start
from p, end at ¢, are without transitions of .4; and contain p and ¢ only once. By the
argument above, there are biwords wi, ..., w, € Ly such that Label(t;) = w;, for all

i € [n]. Now if in r we replace each t; with a (p,§,q) transition, then we get a run
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r’ that contains transitions only from A;. Obviously, if we set w’ := Label(r’), then
w’ € L1 holds. Moreover, if we substitute the occurrences of £ in w” with wq, ..., w, in
turn, we will get w. Hence w € Ly[La/]. Therefore, L(A3) = Li[La/¢], thus Li[L2/€]
is regular, as claimed. O

Using Theorem 3.25, we can immediately derive some further closure properties of

Reg, like it was done in [LWO00] for regular sp-poset languages.

Corollary 3.26 ([ENO04]) The class Reg of reqular binoid languages is (effectively)
closed under horizontal and vertical products, horizontal and vertical iterations, and

homomorphisms.

Proof. The statements immediately follow from Theorem 3.25. Indeed, if &1,&s ¢ X

then since {&; o &2} and £]° are regular,

LieLy = ({& ¢ &2} [L1/&]) [L2/&2], and
L* = &°[L1/&]

are also regular. Evidently, the same holds for the vertical product and for the vertical
iteration operation.
As homomorphisms can be expressed by sequences of substitutions, closure under
homomorphisms also follows from closure under substitution. O
Later, after we prove the equality of the classes of regular and recognizable binoid
languages, we will easily derive additional closure properties from the definition of rec-

ognizability (cf. Corollary 3.39).

3.8 Hierarchy theorems

In this session we will show that it is essential that in the definition of PA an arbitrary
number of parentheses can be used. We will present two hierarchy results stated in
Theorems 3.32 and 3.33. Let Reg,, denote the regular binoid languages that can be
accepted by a PA with at most m > 0 pairs of parentheses. We will show that Reg,, C
Reg,,.1 for all m > 0. Hence the classes Reg,, form a strict hierarchy. Moreover, if
Reg,,(X) is the set of all regular binoid languages over any fixed alphabet ¥ that can
be accepted by an automaton with at most m pairs of parentheses, then we also have
Reg,,(2) C Reg,, (%), for all m > 0.

Our first goal is to define a language L that separates the classes Regy and Regy,
i.e. L is in Regy\Reg;.
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Definition 3.27 ([NémO04]) Let 3o denote the two-letter alphabet 3o = {a,b}, and let

~ oo ~
L = U Lo;, where
i=1

Ly = {oe(0'o00d')ec |00 €%},

Z2i+2 = {oe(d/owood)eo |00 € andweigi}, for all i > 1.

Definition 3.28 ([NémO04]) For any words w = o109 ...0, and v = p1pa ... p, of even

length over some alphabet 33, let P,,—1 denote the biword whose term representation is
Py =010 {020 (o3¢ (040...(0n1%(0n°pn)®pn_1)-..°ps)*p3)°p2)epr
Note that L C Y5 (e,°) and L ={Pyu-1 | we X, whas even length }.

Lemma 3.29 ([NémO04]) L can be accepted by a PA that has two pairs of parentheses,
i.e. L € Regy(%s).

Proof. It is not hard to see that the automaton Ay in Figure 3.7 accepts L. O

Figure 3.7: An automaton As accepting L.

Our next goal is to show that L is not in Reg;(X2), but we need to make some

further definitions before we can begin the proof.

Definition 3.30 ([NémO04]) A generalized state of a PA A= (S,H,V,%,Q,6,v,1,F)
is a pair (q,a), where ¢ € S and o € €2,
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Recall that the set of configuration of A introduced in Definition 3.11 is
Conf(A) = § x 2, x (zu{<,>}) ,

so a generalized state is just the first two components of a configuration.

Now it is convenient to say that an automaton A has a transition from a generalized
state (g1, 1) to a generalized state (a2, ag) with respect to the symbol z € X U {(,)},
if (q1,a1,2) F (g2,a2,¢) hold for the configurations. The notation for this will be
(q1, 1) 5 (g2, a2).

An immediate consequence of this definition is that every run [p, w,q]  on a non-
empty and nonsingleton biword w corresponds to a sequence of transitions among the

generalized states
1 T2 z3 Tn
(q0,€) F (qu,00) F (g2, 02) B ..o = (gn, ),
where qo = p,q, = q and (¢;,x;,¢i+1) € d U~ for i € [n], and «a; is the sequence of
opened but not yet closed parentheses after the first i steps of the run. Moreover, by

ctm— >

Lemma 3.12, 1 ...z, = w"™ if the run is direct, and z1 ...z, = (w if the run

is indirect.

Lemma 3.31 ([NémO04]) There is no PA with a single pair of parentheses which ac-
cepts L, i.e. L ¢ Reg;(22).

Proof. Assuming the contrary is true, suppose that there is a PA A = (S, H,V,
Y9,Q4,7,0,I, F) which accepts L with Q; = {(,)}. Let n be an even integer greater
than |V|. The number of all biwords P,,,—1 € L, where w is of length n, is 2. Each
ijw;1 is accepted either via a direct run between two horizontal states, or via an indi-
rect run between two vertical states. Thus, since n —1+n —1 = 2n — 2 < 2" holds for
all n, either there are n biwords accepted between horizontal states, or else there are n
biwords accepted between vertical states. For simplicity we will assume it is the former
case. This is not a real restriction as in the other case our proof would be essentially
the same, only an opening and a closing parenthesizing transition needs to be added
before and after the runs.

Thus let us take n distinct words of n letters w; € X%, j € [n], and consider the

biwords

Pyt =01 e (0dolode{ojo . (o) s e (ohool)ea) y)...oo)) e o)) o af) e o],

where o0} ... 0}, = w;. Now, each P, -1 is, by definition, in L but as we shall see, A
3W;

must accept biwords that do not belong to L.
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Indeed, each accepting direct run of A on any ijw_fl must have the form
J

o] ( o] ( o o ( o,

(q0.€) F (qr.€) F (a2, () F (a3, O F (@0, () F oo F (g2n-3, (") F (q2n—2, (") F
n—1 J% n—1 > n—2 0271 n—2 ) 0% >
(Q2n—17< ) + (Q2m< ) F (Q2n+1,< ) + (Q2n+2,< ) F.oooF (Q4n—47 () F

(q4n—37€) - (q4n_2,6),where qo € I'nH and Gan—2 € FNH.

For our investigation the main point is that after processing the “first half” of
ijw;1, (i.e. after the first 2n — 1 transitions) the automaton enters a generalized state
(g2n—1, <”_1), where ¢o,,_1 is a vertical state and after an additional 2n — 1 transitions,
the run ends in (g4p,—2,€).

Given ij wy b let i;,v; and f; denote the states qo,g2n—1, and qun—2, respectively,
which appear in the above accepting run of A on the biword ij wyt- Moreover, let us
abbreviate the transition sequences determined by the first 2n — 1 and the second 2n —1
transitions by

ij * *W

J
(ij,e) F (v;, (" Y and (v;, (" Y F (fj9),
respectively.
Now we have n vertical states vy, va,...,v,, but we have chosen n > |V, so there

must be two indices k # [ such that vy, = v;. Hence the transition sequence

Pwk:* *w,

(ik,&‘) = (Uk7 (n—l) = (Ula <n—1) = (fl,E)

corresponds to a valid run of A, showing that Pwk -1 is accepted by A. But by definition
— l
Pwkwfl ¢ L, which is a contradiction. Thus no A with a single pair of parentheses can

accept L, so L ¢ Reg;(32). O

The previous theorem can be extended to any m > 1 as follows.

Theorem 3.32 ([NémO04]) For all m > 1 there exists a language L(S,,) that can be
accepted by an automaton with m but not with m — 1 pairs of parentheses. Thus the
classes Regy C Regy € Regy € ... form a strict hierarchy of regular (i.e. recognizable)

binoid languages.

Proof. This is trivial for the case m = 1, and Reg; C Reg, was shown in Lemma 3.29
and Lemma 3.31. As for m > 3, we will show how the proofs of these two lemmas can

be generalized. Let

L(Zm) = { Pyy-1 | w € ¥, w has even length}.
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Note that L = E(Eg). In Lemma 3.29, the automaton Ay accepting L can easily
be generalized to an automaton A,, accepting Z(Em) by using m different parentheses
corresponding to the m letters.

In order to see that L(X,,) ¢ Reg,, ;, suppose on the contrary that L(%,,) =
L(A) for some automaton A = (S, H,V, ¥, Qn-1,7,0,I, F), where we have ,,,_1 =
{{1,)1, (2,02, -+ {m-1,)m—1}- Now we choose pairwise different words wi,ws,...,w,

in X7 as before, but this time we give the value of n later.

We notice that after reading the first half of ij w1, Where P 1 is defined as in
J

]
the proof of Lemma 3.31, A is necessarily in a generalized state of the form

(Ujv <i1 <i2' .- <in71)v (*)

where v; € V and (;, € Q,,—1 for all k € [n —1].

But the number of this type of generalized states, |[V'|- (m —1)"~! is asymptotically
smaller than m™, the number of words w; of length n, which is the number of all biwords
of the form ij »~1- Thus, in the same way as above, n can always be chosen such that

J
A accepts at least one biword ijw;1 for some w; # wy. U

In the proof of Theorem 3.32 we used the m-letter alphabet X,, to show that
Reg,,_1(Xm) € Reg,,(X,,). However this proper inclusion holds for every X.

Theorem 3.33 ([NémO04]) For each alphabet ¥ the classes Regy(X) C Reg(X) C

=

Regy(X) ... form a strict hierarchy in Reg(X).

Proof. 1t is sufficient to prove this claim for a one-letter alphabet. So assume that
Y =% = {a} and ¥,, = {a1,as,...,a, }. Furthermore, suppose that m > 1. Let h

denote the binoid homomorphism ¥} (e,0) — X7(e, ) determined by the assignment

a;+—aeae...eaq, forall a; € X,,.
—_—

i times

Now we claim that the language h(L(%,,)) is in Reg,,(31)\Reg,,_1(Z1).

Indeed, it is not hard to modify the automaton A4,, in the proof of Theorem 3.32 to
accept h(L(Sy,)) instead of L(X,,). On the other hand, after reading the “first half” of
a biword h(ijwjfl), any PA with m — 1 pairs of parentheses must be in a generalized

state of (x) as before. Thus the same cardinality argument can be applied to show that
h(L(%,,)) is not in Reg,,_;(31). O
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3.9 Recognizability

The concept of recognizability is of an unquestionable importance in theoretical com-
puter science [Wei04a|. It is so, because it leads to decision algorithms, the class of
recognizable languages has nice closure properties, and according to the variety theo-
rem of Eilenberg [Eil76, Pin86| (which has various generalizations beyond the classical
case of words) important language classes can be characterized by the algebraic struc-
tures of their recognizing finite algebras.

Furthermore, recall that in the case of binoid languages, while we have some freedom
in defining the concept of automata and regular languages, the concept of recognizable
languages is fixed: it is dictated by the fact that the we investigate objects where
two associative operations are present. Therefore the algebraic framework of binoid
languages is necessarily the theory of binoids. Soon in Theorem 3.35 we will prove
the equivalence of regularity and recognizability. This will justify the point that our
concept of PA captures the essential and robust class of recognizable binoid languages.
As was mentioned earlier, this result will lead us to some further closure properties of
Reg. Moreover, in Section 3.10.3 on the basis of this equivalence, we can derive some
decision procedures relating to various properties of regular binoid languages.

First we start with the concept of recognizable binoid languages. Recall that a binoid
is an algebra B = (B,e,0,1) where » and o are associative operations on the set B, and
1 is the identity for both operations. Homomorphisms and congruences of bisemigroups
are defined as usual. A congruence, or equivalence relation of a bisemigroup is of finite

indez if the partition induced by the relation has a finite number of blocks.

Definition 3.34 A binoid language L C ¥*(e,0) is recognizable if there is a finite
binoid B, a homomorphism h : ¥*(s,0) — B, and a set F C B with L = h~'(F).

Theorem 3.35 ([ENO04]) Rec = Reg, i.e. a binoid language L C X*(s,0) is recogniz-
able iff L is regular.

Proof. In our proof we show how to construct a finite binoid and a homomorphism from
a parenthesizing automaton, and conversely, how to construct a PA from a finite binoid
and a homomorphism recognizing a given binoid language L.

Let L C ¥*(e,0) be a binoid language, and let A = (S, H,V,%,Q,6,v,I, F) be a PA

accepting L. Define the relation ~ on 3*(e, o) as follows:

r~y & (VpgeS: [pr.qyg<py,dg)-
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It is clear that ~ is an equivalence relation on ¥*(e,0) and that it has index at most
2m2+”2, where m and n denote the number of horizontal and vertical states of A,
respectively. We shall verify that ~ is a congruence relation that saturates L. Thus
the finite binoid X*(e,0)/~ recognizes L. Next, suppose that x ~ y, and let z be an
arbitrary element of ¥*(e,0). We need to show that z e z ~ y e 2, z e 2 ~ z e g,
xoz~yozand that z o x ~ z oy. The argument is based on the following lemma,

which is a straightforward consequence of Definition 3.3.
Lemma 3.36 ([ENO04]) The following hold for any biwords x and z in X*(e, o).
(i) Ifp,qg€ H, then [p,x ® 2,ql g & Ir € H: [p,x,7] 4 and [r,2,q] 4-
(ii) Ifp,q eV, then [p,x e 2,ql 4 & e, ) €Q, p'ir', ¢ € H :
(0, (e, ') €5 [P2,1"] 4, [, 2,4 45 and (¢'s)ksq) €.

Similar statements hold for the vertical product.
We will now show that x e z ~ y e z. First, let p,q € H, then by Lemma 3.36,

[p,xe2,ql 4 < 3r:[p,x,r]4qand [r,zq]y
& Jrip,y,r] 4 and [r,2,q] 4
S Pyezqy -

In the other case p,q € V, and

[p,z 2,9 4

& 3k € 0 d € H:(p, (10') €, [0, 2,7 4, [, 2,4 4 (¢
& 3k €0 d € H:(p, (1) €7, [0, 0,7 4 s 2,4 45 (4 )k @) €7
S [pyezdy -

So & ~ y implies © ¢ z ~ y o z. One can verify in a similar way that x ~ y also
implies z e x ~ z ey, x 0oz ~yozand z o x ~ 2z o y. It is also obvious that
cer~xec~ecox~zxoc~gforall z € ¥*(e,0). Thus ~ is a congruence relation
on the binoid ¥*(e, o).

Finally, ~ saturates L, since x € L and = ~ y imply y € L:

zel = 3i el IfeF: [z, fly
= 3 eI, If€F: [i,y,fly

= ye€L.
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Hence Reg C Rec.

As for the inclusion Rec C Reg, let B = (B, e, 0, 1) be a finite binoid, ¢ : ¥*(e,0) — B
a homomorphism, and F C B, and let L = ¢~ '(F). In order to prove that L is regular
we shall construct a PA from B, ¢ and F":

A(B, g, F) = (S,H,V,3,9,6,7,1,F), where
- §=HUV, where H = {(s, H) | s € B}, V.= {(s,V) | s € B},
- Q={(,)s | s € B},
- I={(1,H)},
-F={(f,H)| feF}

Below we will use the sort notation s and sV for (s, H) and (s, V), respectively. We

define § and + by using the operations of B. For all s,t € B and a € ¥, let

(s7,a,t) € §iff s p(a) =t, and (3.1)
(sV,a,t") € 6 iff s 0 p(a) = t. (3.2)

Moreover, let (s, (;,1V) € v, for all s € B, and (u", ), t") € v, for all s,u,t € B with
s e u =t. In much the same way for the vertical product, let (sV, (s, 17) € ~, for all
s € B, and (ufl,),,tV) € v, for all s,u,t € S such that s ou = t.

Example 3.37 As an exception, in this example biwords will be denoted by capital letters.
The construction of A(B, ¢, F) is illustrated in Figure 3.8. First suppose that s ¢ u = ¢ and

s er =w in B, then we have the following parenthesizing transitions in A(B, ¢, F) :
(s, (6, 1Y), (W), t7), (V)5 w™) €.

If P,Q1,Q2, R, Q" and R’ are biwords such that p(P) = s, p(Q1) = v, v o p(Q2) = u and
t e o(R) = f, then the existence of a run [17, P ¢ (Q1 o Q2) ¢ R, f] can be inferred from the
runs [17, P, s8], [1V,Qq,0Y], WY, Qa,u" ], [tT, R, fH]:

[1V7Q17UV]A7 [UV7Q27UV]A7 hence [1V7Q1 o Q?auV]A;
(SH, <sv 1V) €, [1Va Ql ° Q27UV]A7 (uVa >sth) €, hence [SHv Ql © QQ; tH]Av
[1H7P75H]Aa [SHle © QQatH]Av [tHvRa fH]Aa hence [1H,P. <Q1 © Q2> ° Ra fH]A

Similarly, if ¢(Q') = r and w e p(R') = z, and if [17, P, s®], [1V,Q",rV], and [w! R’ 2H],
then we have [17, P o Q"o R, 2"] 4.

In order to prove Rec C Reg it is enough to show the following:
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Figure 3.8: The construction of A(B,p, F).

Lemma 3.38 With the notations used above, for all w € ¥*(e,0) and s,t € B,

[s",w,t] 4 & sepw) =1t

[sv,w,tV]A & sop(w) =t.

Proof of Lemma 3.38. We will apply induction on the construction of w. According to
Definition 3.3, there are six cases. These are:

(E) If w = ¢, then s = t and p(w) = 1, hence s » p(w) =t and s o p(w) = ¢ are obvious.
(S) If w = a € X, then our statements hold by the definition of §, i.e. by (3.1) and
(3.2).

(HH) If st € H and w has a maximal horizontal decomposition w = w; e wq ... *

W, 1 > 2, then

5—17T(€{ = 3H7r7];1 = tH : [TiI{l?wivriH]A7 (&S [Tl]

[sH,w,tH]_A e Iy
S Ary,re, .. Tpo1,70 = S, =t 1 =1i—1 @ p(w;), i € [n]
& sep(wy)ep(wy)e...op(w,) =t

& sep(w) =t.

The second equivalence above follows from the induction hypothesis.
(VV) If sV, tV € V and w has a maximal vertical decomposition w = wy o wsy o ... o wy,

n > 2, then the proof is analogous to (HH).
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(HV) If s t# € H and w has a maximal vertical decomposition w = wy o wa o ... o wy,
n > 2, then
[sHawytH]_A & eV (sHv (s5 1V) €, [1V7w7uv]_Av (uV’ >37tH) €
& JueB: seu=tandlopw)=u
& sep(w) =t.
The second equivalence above follows from the definition of v and from case (VV).

(VH) If sV, ¢V € V and w has a maximal horizontal decomposition w = w; e wy e ...

Wy, 1 > 2, then the proof is analogous to (HV). This concludes the proof of Lemma 3.38.

U
Proof of Theorem 3.35, completed. For all w € ¥*(e, o)
pw)e FF & leyp(w)=feF
& [1H,w,fH]A for some f € F
& A(B, ¢, F) accepts w.
Thus ¢~ Y(F) = L(A(B, ¢, F)). O

It follows from standard arguments that the class Rec of recognizable binoid lan-
guages is (effectively) closed under the Boolean operations and inverse homomorphisms,
so that if h is a homomorphism Y*(e,0) — A*(e,0), where A is another alphabet, and
L C A*(e,0) is recognizable, then h~'(L) will be recognizable as well.

Corollary 3.39 The class Reg of reqular (i.e. recognizable) binoid languages is (effec-

tively) closed under the Boolean operations and inverse homomorphism.

Remark 3.40 It is clear that L C ¥*(e, o) is recognizable iff there is a finite index congruence
6 of ¥*(e,0) which saturates L, i.e. L is the union of some blocks of the partition induced by 6.
Each language L C ¥*(e,0) can be recognized by a smallest binoid called the syntactic binoid
of L. This binoid By, unique up to isomorphisms, corresponds to the syntactic monoid [Pin86]
of a word language, and to the syntactic algebra of a tree language (cf. [Ste98]). For present
purposes it is sufficient to define By as the quotient of X*(e,0) with respect to the largest
congruence ~j, which saturates L. We obviously have that L is recognizable iff By is finite.

The natural homomorphism ¢, : ¥*(e,0) — By, is called the syntactic homomorphism of L.

3.10 Rationality

There are several meaningful definitions of rational sets of binoids. Here we will only
consider the simplest of them, namely the horizontal rational, vertical rational, bira-

tional and generalized birational sets.
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3.10.1 Birational and Generalized Birational Languages

Here we will define the classes of birational and generalized birational languages. It
will become apparent from the definitions that every birational language is generalized
birational, but we will see that the converse inclusion fail.

Recall the closure properties of the recognizable (i.e. regular) class of binoid lan-

guages established in Theorem 3.25 and Corollaries 3.26 and 3.39.
Fact 3.41 The class Rec = Reg is (effectively) closed under the following operations

Boolean operations (union, intersection, complementation),

horizontal and vertical product,

horizontal and vertical iteration,

homomorphism and inverse homomorphism,

&-substitution.

As usual, a binoid language is called finite if it contains a finite number of biwords.
Similarly, a binoid language L C ¥*(e, o) is cofinite if its complementer with respect to
Y*(e,0) is finite. Now we will denote the class of finite languages by Fin and the class
of cofinite languages by CoFin. Next, we will proceed with the definition of birational

and generalized birational languages.

Definition 3.42 ([ENO04]) The class of birational languages is the least class BRat of
binoid languages containing the finite binoid languages in X*(e,0), for all 3, and closed
under union, horizontal and vertical product and horizontal and vertical iteration. The
class of generalized birational languages is the least class GRat of binoid languages which
contains the finite languages and is closed under union, horizontal and vertical products,

horizontal and vertical iterations and complementation.

Clearly, BRat C GRat. We have already seen in Fact 3.41 that the class Rec of
recognizable (i.e. regular) binoid languages is closed under all operations involved in
the definition of GRat. Therefore, since every finite language is recognizable, we have
that GRat C Rec.

In contrast to the case of recognizable tree languages, the recognizable sets of free

binoids are not closed under £-iteration as the following classical example shows:
L={aeteb}, L*=1{a""eEeb™ |n>0}¢Rec

Here the &-iteration of a binoid language is defined as it is for tree languages (cf. [GS84]),
ie. L* = UjsoL$, where L = {€}, and L}, = L§[L/¢] U LS.
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Earlier we introduced the concept of bounded depth languages in an informal way.

Now we shall state a formal definition for it.

Definition 3.43 ([EN04]) The alternation depth ad(w) of a biword w € X*(s,0) is
defined inductively as follows:

(i) If w is an empty or singleton biword, then ad(w) = 0.
(ii)) Ifw=wyie...ew,, then ad(w) = max{ad(wy),...,ad(w,)} + 1.
(i) Ifw=wyo...0wy,, then ad(w) = max{ad(wy),...ad(w,)} + 1,

In cases (ii) and (iii) the decompositions are mazimal and n > 2. The alternation
depth of a binoid language L is defined as the supremum of the alternation depths of
its elements:

ad(L) := sup{ad(w) |w € L }.
Example 3.44 If w; = a e (boc¢) o d and wy = (a o b) (b o {c o d)), then ad(wy) = 2,
ad(wz) = 3, ad(wy » we) = 3 and ad(w; o wy) = 4. Note that ad(L) may be infinite. A

recognizable language which has unbounded alternation depth was given in Example 3.19.

We let BD=" stand for the class of binoid languages L with ad(L) < n, and let BD
stand for the class of bounded alternation depth (or just bounded depth) binoid languages
BD:= | J BD=".
n<oo
The next theorem shows that birational languages are just those regular languages that

have bounded depth.
Theorem 3.45 ([ENO04]) BRat = Reg N BD.

Proof. We have already seen that BRat C GRat and GRat C Reg, hence BRat C Reg. It
is easy to prove that BD is closed under union and the product and iteration operations,
hence BRat C BD. Thus BRat C Reg N BD.

As for the inclusion Reg M BD C BRat, we will show by induction on n that for any
regular binoid language L we have LI=" € BRat, for all n > 0, where LI=" C L is the
set of all biwords in L of alternation depth < n. Thus if L € RegNBD, then there exists
an n > 0 such that L € BD=", so L = LI=" ¢ BRat.

Next, assume that L = L(A) for some PA A = (S,H,V,%,Q,0,v,1,F). For any
given states q1,q2 € H or g1,qo € V andn > 0, let LEZ]Q denote the language consisting
of all biwords of alternation depth at most n on which A has a run from ¢; to gs. As

LIEn = U Ll[icn}’
icl,feF
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we conclude our proof by verifying the following lemma.

Lemma 3.46 ([ENO04]) For any given states q1,q2 € H or q1,qo € V and n > 0, we

have LEZL € BRat.

Proof. In the case n = 0,

<o) _ ) {al(a,0,02) €3}, if 1 # q2,

q1,92 —
{a| (q1,a,q2) €0} U{e}, if g1 =qo.

Hence LE%L € BRat.
Note that the case n = 1 follows from the classical Kleene theorem for finite words,
since only labeling transitions are involved.

Now assume that LEQ}Q € BRat, for any s; and s horizontal or vertical states of

A= (S, HV,X Q0,7 I, F). In order to get a birational expression for LEZ;F U we
need to introduce some new notations. We will only consider the case when ¢; and g¢o
are horizontal.

By induction, there exists a birational expression EEZ}Z for each language LE"SL
For any two horizontal states si, s2, let HLg, 5, denote the ordinary regular language
of words accepted by the ordinary automaton with state set H, initial state s; and
final state sy, whose set of input letters is the set H? with transitions pl(l)l—’>m)p2, for
all (p1,p2) € H2. Next, let HE;, 5, denote an ordinary rational expression for HLs, ,,
which exists by the classical Kleene theorem.

When sy, 59 are vertical states, define V Ly, 5, in the same way, and let V Ey, g, de-
note a rational expression for V Ly, ,,. Let VE;T;Z be rational expressions representing

the words of V' Ly, s, having length at least 2. Now LEZ;—” is given by the expression

E[§n+1] _ HEq1,q2 [E[<n] /(31, 82)] U U VETT [E[Sn} /(31, 32)].

q1,92 51,52 p1,p2 751,52
p1.p2 : 3()EQ

(a1.(:r1),(P2,),92) €Y

Here it is understood that when substituting in HE, all product operations

1,929
in HE,, 4, are replaced by horizontal product, and all stars by horizontal iteration.
Similarly, each product and star in VEI;'rngn2 is replaced by the vertical version of the
operation. O

We can even prove that BRat C Reg;. The proof relies on the fact that every
birational language has bounded alternation depth. Thus if a PA A accepts a birational
language, then the accepting runs of .4 must have a bounded number of opened but

not yet closed parentheses at a given moment of the computation process. So we can
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construct an equivalent automaton A’ with a single pair of parentheses by storing the
information about all such opened parentheses in the (inner) states. This fact together

with the previous theorem leads to the following corollary.
Corollary 3.47 ([NémO04]) BRat = Reg; N BD.

This result will be important later in the next section and in Section 3.12.

3.10.2 Horizontal Rational and Vertical Rational Languages

Two subclasses of BRat are also of interest, namely the class of horizontal rational lan-
guages and the class of vertical rational languages. Later we will also define horizontally
bounded and wvertically bounded binoid languages and we will study the relationships
between the new classes. Horizonal rational and horizontally bounded languages are
called series rational and series bounded in [EN02, EN04, Ném04]. In much the same
way vertical rational and vertically bounded languages are called parallel rational and

parallel bounded.

Definition 3.48 ([EN04]) The class HRat of horizontal rational languages (or series
rational languages ) is the least class containing the finite languages closed under union,
horizontal and vertical products and horizontal iteration. Vertical rational languages (or
parallel rational languages), denoted by VRat, are defined symmetrically using vertical

iteration instead of horizontal iteration.

Next, we will define horizontally and vertically bounded languages, but for this we

need the notion of the horizontal and vertical height of a biword.

Definition 3.49 The horizontal height of a biword w, denoted by HHeight(w), can be

computed by induction on the structure of w, in the following way:
(i) If w = ¢, then HHeight(w) := 0.

(i) Ifw =0 €%, a singleton biword, then HHeight(w) := 1.

(i) If w = wy ® wa, a horizontal biword, then

HHeight (w) := HHeight (w; ) + HHeight (ws).

(iv) If w = wy o we, a vertical biword, then

HHeight(w) := max{ HHeight (w1 ), HHeight(ws) }.

The vertical height of w, denoted by VHeight(w), is defined symmetrically.
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Remark 3.50 Note that the notion of horizontal and vertical height is in accordance with
the notion of height for posets. Indeed, if the sp-biposet representation of biwords w is w® =
(P, <p, <y, A) then HHeight(w) is the height of the poset (P, <p), i.e. the length of a maximal
<p-chain in (P, <p). Similarly, VHeight(w) is the height of the poset (P, <,).

Definition 3.51 Call a language L C ¥*(e,0) horizontally bounded if there is a con-
stant K such that HHeight(w) < K for all w € L, and let HB denote the class of hor-
izontally bounded binoid languages. The class of vertically bounded binoid languages,

denoted by VB, is defined symmetrically.

It should be noted here that horizontal rational languages are vertically bounded
as VB is closed under the operations used in the definition of HRat. Similarly, vertical
rational languages are horizontally bounded. Moreover, if L is birational language which
is also vertically bounded, then vertical iteration cannot be used in the construction of

L, so L must be horizontal rational. Therefore
HRat = BRat N VB and VRat = BRat N HB.
Proposition 3.52 ([ENO04]) HRat = Reg N VB and VRat = Reg N HB.

Proof. By Theorem 3.45 BRat = Reg N BD, and it is not hard to see that VB C BD.
Indeed, if VHeight(w) = K, then ad(w) < 2K — 1. Thus

HRat = BRatNVB =RegNBDNVB =RegNVB. 0O
By Corollary 3.47 we also know that BRat = Reg; N BD, and using this in the proof
above we get the following corollary.
Corollary 3.53 HRat = Reg; N VB and VRat = Reg; N HB.

Now we can compare the expressive power of the rational classes introduced in this

section.
Theorem 3.54 ([EN04])
HRat U VRat C BRat C GRat C Reg.
Furthermore, HRat and VRat are incomparable with respect to set inclusion.

Proof sketch. All the inclusions except the last one are straightforward. Indeed, {a}*®U
{a}* € BRat\ (HRatUVRat), and the language of all biwords, ¥*(e, 0), is in GRat\ BRat,
for any alphabet X. On the other hand the proof of GRat C Reg is rather complicated.
The proof rely on a generalization of Schiitzemberger’s theorem, that states that if a
word language is star-free then its syntactic monoid if aperiodic [Sch65]. See [EN04]| for
the details about this.
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3.10.3 Some Decidability Results

Our next aim is to show that it can be decided whether a regular binoid language is
finite, cofinite, birational, horizontal rational or vertical rational. At present we do
not know the answer for generalized birational languages, however. In this section
we will follow [EN04] and work with binoid languages that do not contain the empty
biword €. Then we can use syntactic bisemigroups instead of syntactic binoids. This
is not a real restriction, as L is birational, horizontal or vertical rational if and only if
L\ {€} has this property. But excluding the empty biword guarantees, for example,
that HHeight(w;  wy) > HHeight(w;) for all wy,wy € X1 (e,0). Again we need to do

some preparatory work before we can prove the above results.

Definition 3.55 ([EN04]) Let (B,e,0) be an arbitrary bisemigroup and suppose that
p,q € B. We will denote the fact that q is a horizontal (vertical) factor of p by

p=pq & dr,s€B : p=regqesorp=reqorp=qes;

P=yq < dr,s€EB : p=rogosorp=roqorp=gqos;

Since the operations e and o are associative, the relations >j and >, are transitive.

Next, the following facts are clear:
Lemma 3.56 ([EN04])

(i) If ¢ : By — By is a homomorphism of bisemigroups and p,q € By, then p =, ¢ =
©(p) = (a);

(i1) If ¢ : By — By is a surjective homomorphism of bisemigroups and p',q' € B,

thenp' =n ¢ =Vq€ o 1(¢)Ipept(p) : p=naq
Similar statements hold for >,.

Definition 3.57 ([ENO04]) Suppose that x1,x,... is a finite or infinite sequence of
elements of a bisemigroup. For all i > 1, let =; be the relation =y, or the relation >,.
When x; =; x;y1 holds for each i > 1, we call the sequence 1 >=1 T2 =9 3 >3 ...
a composition chain. Moreover, if =;=»p for an infinite number of indices i, then
we call the chain horizontally infinite. Vertically infinite composition chains are defined
symmetrically. Finally, a chain is an alternating composition chain if for alln, =,=>p
and =pp1=>y, OT =pn=>y and =pi1=>n. (E.9. X1 = To =y T3 =} T =y T5 0S an

alternating composition chain.)
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Proposition 3.58 ([ENO04]) For any L € X% (e,0), let By, denote the syntactic bisemi-
group of L and let o, : Xt (e,0) — By denote the corresponding syntactic homomor-
phism. (See Remark 3.40.) Then,

L € Fin & By, is finite and there is no infinite composition chain

in By, starting from some element of pr(L);

L € CoFin & By is finite and there is no infinite composition chain
in By, starting from some element of B \ ¢r(L);

L € HRat & By, is finite and there is no vertically infinite composition chain
in B, starting from some element of ¢r(L);

L € VRat & By, is finite and there is no horizontally infinite composition chain
in By, starting from some element of pr(L);

L € BRat & By, is finite and there is no infinite alternating composition chain

in By, starting from some element of ¢r(L).

Proof. All statements are quite self-evident. For example, for the first two claims, one
observes that, for every finite bisemigroup B and b € B, there is no infinite composition
chain starting from b if and only if there is a constant K such that all composition
chains are of length at most K. For the last three claims one also uses Theorem 3.45

and Proposition 3.52. U

Theorem 3.59 ([ENO04]) It is decidable whether a regular binoid language is finite,

cofinite, birational, horizontal rational or vertical rational.

Proof. For any regular (hence recognizable) binoid language L one can compute the
syntactic bisemigroup of L\ {e}. Since the syntactic bisemigroup is finite it is decidable
whether p >} ¢ or p =, ¢ holds for any two elements of it. Hence the existence of the

infinite composition chains in Proposition 3.58 is also decidable. U

3.11 Logical Definability

In this section we will relate monadic second-order definable (MSO-definable) binoid
languages to recognizable languages. It is an important and actively investigated general
question of theoretical computer science whether, for certain classes of structures, MSO-
definability and recognizability are equivalent. Known equivalences includes languages
of finite and infinite words [Biic60, Elg61]|, finite trees [Don70, TW68|, traces [Tho90|,
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sp-posets [Kus03al, texts of bounded primitivity [HtP97] and graphs under various
finiteness conditions [Lap98, Cou03, Weil04b|, see also [Wei04a).

In this section, by relying on the main result of Hoogeboom and ten Pas [HtP97|
on text languages, we will prove that the equivalence of recognizability and MSO-

definability holds for binoid languages as well.

3.11.1 MSO-definable Binoid Languages

We will start with some basic definitions of logical definability. For extending logical de-
finability to binoid languages the easiest way is to regard biwords as relational structures
where the horizontal and vertical order relations are explicitly present. So here we will
consider any biword w € X*(s, o) in its sp-biposet representation w' = (P, <p, <., \)
(cf. Section 2.6.2).

Now suppose that ¥ is an alphabet. An atomic formula is of the form Q. (z), X (x),
x <p yorzx <,y where a is any letter in X, x,y are first-order variables ranging
over vertices in an sp-biposet, while X is a monadic second-order variable ranging over
subsets of the vertex set of an sp-biposet. Here Q,(z) means that vertex x is labeled by
a and X (x) means that x belongs to X. The atomic formulas z <; y and x <, y have
their expected meanings. (We assume a fixed countable set of first-order, and a fixed
countable set of second-order variables.) Formulas are composed from atomic formulas
by the Boolean connectives V and — and first- and second-order existential quantifiers
Jz and 3X. We define in the usual way when a closed formula (sentence) ¢ holds in,

or is satisfied by an sp-biposet w, denoted w |= ¢. The language L, defined by ¢ is

L= {wes (o) |ukg)
Definition 3.60 ([EN04]) We say that a language L C X*(s,0) is MSO-definable if

there is a sentence ¢ with L = L,. We let MSO denote the class of MSO-definable
languages in 3*(e,0), for all alphabets X.

Remark 3.61 For relational structures in general, besides the MSO logic it is usual to consider
the so-called counting monadic second-order logic. This means that we enrich the MSO logic
with first order modulo quantifiers, which are of the form 32™°99, where ¢ > 1 is an integer. The
interpretation of such a quantifier is that the number of positions x that satisfy the subformula
that has been quantified, is divisible by g. For graphs and graph-like structures the counting
second order monadic definable class of structures (denoted by CMSO) can be larger than MSO,
and it seems that CMSO is a more natural counterpart of the concept of algebraic recognizability
[Cou9l, Coul3, CWO05, Weil04b]. On the other hand if one can define a linear order on the
domains of the structure by an MSO-formula — and obviously this can be done in the case of
biwords —, then CMSO is equal to MSO.
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It is not hard to show that MSO C Rec. We can argue by formula induction. In
order to do this, we first associate a language L, C SPB(X x V x P(W)) with any
formula ¢ whose free variables are contained in the finite sets V of first-order and W
of second-order variables, where P(W) denotes the powerset of W. Our definition
parallels that given in [Str94], and makes use of the closure properties of recognizable
languages given in Fact 3.41. (An alternative way of proving MSO C Rec would be via
a compositionality property of the monadic theories of sp-biposets. See Kuske [Kus03a)

for a general outline of this method.)

3.11.2 Texts and Text Languages

In order to prove that even MSO = Rec holds for binoid languages, we should realize
that binoids are special cases of texts introduced by Ehrenfeucht and Rozenberg [ER93|.
Texts themselves are special cases of 2-structures [ER90, ER92, EHPR96|. Recognizable
and MSO-definable text languages were first studied by Hoogeboom and ten Pas in
[HtP96, HtP97|. Here we will just present those concepts about texts which are needed
to relate them with sp-biposets. For more details the reader should see [ER93, EPR93,
HtP96, HtP97|. In addition, here we will use sightly different notations from those used

in these articles to make them similar to our notations for biposets.

Definition 3.62 A text (over the alphabet X2) is a 4-tuple (P, p1,p2, ), where P is a
set, p1 and po are two strict linear order relations on P, and A : P — ¥ is a labeling

Sfunction.

As in the case of biposets, we will not distinguish between isomorphic texts, hence
we may assume that P = {1,2,...,n}, for some n > 0, and p; is the standard order
1 <2 < ... < n. This form will be called the standard form of a text, as in [ER93,
HtP96, HtP97|. If a text 7 = (P, p1, p2, A) is in standard form and P = [n], then 7 can
also be written as 7 = (A(1)A(2) ... A(n), p2).

Example 3.63 Assume that ¥ = {a,b}, P := [6], p1 = (1,2,3,4,5,6), po = (3,1,4,2,6,5)
and A : P — ¥ with A(1) = A(3) = A(5) = a and A(2) = A(4) = A(6) = b. Here linear
orders are represented as usual, so (i1,42,...,%,) means the linear order iy < iz < ... <

in. Now 7 = (P, p1,p2,\) is a text. As 7 is in normal form it can also be written as 7 =
(ababab, (3,1,4,2,6,5)).

If we forget about the labeling of a text we get the notion of a bi-order. Thus a

bi-order is a pair of two strict linear orders over a common domain. It will be denoted
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by (P, p1,p2), or just by po, if it is in standard form i.e. when P = [n], and p; =
(1,2,...,n).

Suppose that p is a bi-order in standard form on an n element set, and 7 ... 7,
are texts over a common alphabet . Then it is natural to define the substitution of
T1,72, - .., Tp into p. The result of the substitution is a text [p < (71,...,7,)] which
is a disjoint union of the texts 7;-s that also inherits the orders determined by p. See
[HtP97| for more details and examples. The substitution of bi-orders into a bi-orders
can be defined in the same way.

We say that a text (resp. bi-order) is decomposable if it can be obtained as a
substitution of some proper subtexts (resp. bi-orders) into a bi-order. Texts and bi-
orders which are not decomposable are called primitive. Obviously, on the two-element
set {1,2} both bi-orders are primitive. They are denoted (in standard form) by oy =
(1,2) and o, = (2,1), and called forward sequential and backward sequential bi-orders,
respectively. But it turned out that there exist arbitrary large primitive bi-orders and
texts [ER90, ER93|.

Example 3.64 In our example above 7 = [0 « (11, 72)], where 7y = (abab, (3,1,4,2)) is a
primitive text, but 72 can be further decomposed into 72 = [0 < (a,b)]. Here, of course, a
and b stand for the singleton texts a = (a, (1)) and b = (b, (1)).

The class of MSO-definable text languages is defined in just the same way as the
MSO-definable binoid languages but we have to use the atomic formulas x C; y and
x Co y instead of x <p y and = <, y. Needless to say, they will be interpreted as the
two linear order relations of a text.

On the other hand defining a suitable algebraic framework for texts in general is
not so obvious (see [HtP96]). If p is a primitive bi-order on n elements, then we can

naturally associate with it an n-ary operation 7, on texts like so:

Tp(T1, -y mn) == [p— (T1,...,Tn)].

A problem arises from the fact that there are infinitely many primitive bi-orders. Hence,
unless we wish to work with algebras of infinitely many operations, we need to restrict
the bi-orders that can be used to construct texts from the singleton texts. Thus we
arrive at the notion of bounded primitivity. Now suppose that A is an alphabet and II
is a finite set of primitive bi-orders. Let TXT(A) denote the set of those texts over A
which can be constructed from the singleton text (corresponding to the letters of A) by
the 7, operations with p € II. We say that a text language L is of bounded primitivity
if it is a subset of TXT(A) for some finite IT and A. Now TXTp(A) is an algebra
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under the operation of 7,-s (p € II), and recognizability can be defined in the usual way.
One of the main results of [HtP97| is that for text languages of bounded primitivity
recognizability is equivalent to MSO-decidability.

But we only need this result in a special case of uniformly nonprimitive (also called
alternating) texts [ER93]. The set of alternating texts is defined as ATXT(A) :=
TXT 4,03 (A). For simplicity let denote the two operations of alternating texts by

7-1@7-2 = [o'f — (’7‘1,’7’2)] and

TI®Ty := [op — (11, T2)].

Of course we can extend these operations to text languages in a natural way. Note that
both @ and ® are associative, hence (ATXT(A),®,®) is a bisemigroup, or a binoid,
if we also include the empty text. As was mentioned previously, we need the following

result from [HtP97], namely:

Theorem 3.65 (Hoogeboom and ten Pas) For all L C ATXT(A), L is recognizable
if and only if L is MSO-definable.

3.11.3 Sp-biposets and Alternating Texts

We now turn to establish a connection between biposets and texts. First recall that
P = (P, <p,<y,Ap) is a biposet, if <, and <, are partial order relations on a set P,
and A is a labeling function A : P — 3. Recall that a biposet P is total if any two
elements of P are related by exactly one of the two partial orders. We will show that
there is a bijective correspondence between labeled total biposets and texts, and also

that this bijection respects the operations, hence it defines an isomorphism.

Definition 3.66 Let P = (P, <p, <y, Ap) be a total biposet, and let its text represen-
tation P! be defined by P*' := (P,C1,Ca, Ap), where

Cii=<p U <o, Coi=<p U <1 (3.3)
and <7 is the reverse of the relation <,. Let txt denote the function txt : P s P!,

Lemma 3.67 P! js a text for each total biposet P. Moreover, txt is a bijective func-

tion between total biposets and texts.

Proof. To see that P! is a text, we need to show that both T and Ty are linear orders
on P.
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The irreflexivity of C; and 1 is naturally follows from the irreflexivity of <; and
<y. As for the transitivity, suppose that * C1 y and y C; 2z for some z, y and z in P.
From the totality of P it follows that in the biposet x and z are related by one of the
relations <, <,, <,_L1 or <, 1. But it can be readily verified that x <fll zorx <,lz
would contradict the transitivity of <j and <,. Hence x < z or x <, z, so x 1 z.
The transitivity of Co can be obtained in a similar way, replacing <j by <,_Ll, which is
also transitive.

Furthermore, the relations <; and <, can be recovered from C; and Cs in the
following way:

<p=C1NC2,  <p=C1NCy'. (3.4)

Hence the correspondence P +— P! is injective.

Next, it is straightforward to see that for any two linear orders C; and Co, equations
(3.4) define two partial orders on P, such that any two elements of P are related by
exactly one of them. Therefore the correspondence P — P! is also surjective, hence

it is a bijection between total biposets and texts. O

Remark 3.68 Besides totality sp-biposets must also satisfy the N-free condition of Corol-
lary 2.27 for both partial order relations. This translates to the “primitive quartet-freeness”
property of texts [ER92, EPR93].

As a direct consequence of the definitions of e, o, 0, 0y and txt, we get
(Pl . P2)txt — Pfrt D P2txt and (Pl ° P2)txt — fxt ® Pémt

Since sp-biposets are defined as those biposets that can be built from the singleton
biposets using the horizontal and vertical product operations, they correspond to the

alternating texts, hence we have:

Lemma 3.69 For any alphabet 32 the mapping txt is an isomorphism between the free
binoid ¥*(e,0) and alternating texts (ATXT(X), ®,®). Moreover, the extension of txt

to languages is an isomorphism between binoid languages and alternating text languages.

Since equations (3.3) and (3.4) can be expressed by first-order formulas, a binoid
language L is second-order definable iff the corresponding alternating text language
txt(L) is second-order definable. Also, from Lemma 3.69 the notion of recognizability
is the same for binoid and alternating text languages. Thus from Theorem 3.65 we

immediately have:

Theorem 3.70 ([ENO04]) Any binoid language is recognizable, if and only if it is MSO-
definable, i.e. Rec = MSO.
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In Chapter 4 we shall supply another proof of Theorem 3.70, which will form the basis
of the generalization to the infinite case.
From Theorem 3.35, Theorem 3.45 and Theorem 3.70 we can derive the following

corollary.

Corollary 3.71 ([ENO4]) The following conditions are equivalent for a language L C
Y*(e,0) of bounded depth:

L is recognizable.
L is reqular.
L is birational.

L is generalized birational.

L is MSO-definable.

SRR

When L is vertically bounded, the above conditions are further equivalent to the condition

that L is horizontal rational.

3.12 Comparison with the Monoid Approach of Hashiguchi

et al.

An independent study on automata and regularity of binoid languages was carried out
by Hashiguchi et al. in a series of papers [HIJ00, HWJ03, HSJ04]. They used ordinary
finite automata (which we shall call monoid automata from now on) operating on the
term representations of biwords. Actually they defined two classes of regular binoid
languages. The aim of this section is to relate this approach to our PA and the classes
Reg;. We will find that their notion of regularity is less general than ours. Moreover, we
will show how their monoid approach can be extended to our broader class of regular

binoid languages (Reg).

3.12.1 The Monoid Approach of Hashiguchi et al.

In [HIJOO] Hashiguchi et al. introduced two modes of operations of monoid automata

for defining regular binoid languages. Recall that E(X) :=3XU{e, o, (, ) }.

Definition 3.72 (JHIJ0O]) Given a monoid automaton A over the alphabet E(3) and
a binoid language L C ¥*(e,0), we say that
i) A accepts L in the free monoid mode if, for any word x € E(X)*, A accepts x iff «

s the term representation of a biword in L;
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i1) A accepts L in the free binoid mode if, for any term representation w € TM(X), A

accepts w iff w is the term representation of a biword in L.

Let Reg™ and Reg™ denote the classes of binoid languages that can be accepted in
the free monoid mode and in the free binoid mode, respectively.
The concept of relativized regularity below will be useful for giving brief formulations

of various acceptance modes.

Definition 3.73 ([NémO7]) Let ¥ be an alphabet and U C ¥* be an arbitrary lan-
guage. Now consider a language L C U. We say that L is regular relative to U (or L
is U-regular for short), if there exists a regular language L CY* such that L=LNU.

For example L = {(")" | n > 0} is a Dyck-regular language, since L = L N Dy with
a regular language L= (*)*, where D denotes the Dyck language over a single pair of

parentheses (cf. [Har78|). We can now reexpress Definition 3.72 in the following way.

Fact 3.74 (i) L € Reg™ < L' is a reqular word language.

(i) L € Reg™® & L™ is TM(X)-regular word language.

It is not hard to see that Reg™ C BD and ¥*(s,0) € Reg™® \ BD. Hence we have
Reg™ C RegM™® ( cf. [H1JO0]). The main result of [HWJ03, HSJ04] can be summarized

as follows.
Theorem 3.75 (Hashiguchi et al. [HWJ03, HSJ04]) Reg™ = BRat.

The result above gives a nice operational characterization of Regf™, but this class
is not closed under complementation, because BRat # GRat by Theorem 3.54.

We can build another acceptance mode of monoid automata by using the cterm
representation instead of terms. We say that a monoid automaton A accepts a binoid
language L in the Ci-mode if, for any cterm representation w € CTM(X), A accepts w
iff w is the cterm representation of a biword in L. From now on the free binoid mode
will also be called the T-mode. Moreover, we will extend the T} and C7 modes using

j-terms and ¢-cterms.

Definition 3.76 ([NémO7]|) Given an integer i > 0, a monoid automaton A over the
alphabet E;(X) and a binoid language L C ¥*(e,0), we say that A accepts L in the
T;-mode (resp. in the C;-mode) if, for any biword w € ¥*(e,0), w € L iff A accepts at

least one i-term (resp. i-cterm) representation of w.
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Let RegiT and RegiC denote the classes of languages that can be accepted by a monoid
automaton over F;(X) in the T;-mode and the C;-mode, respectively. Furthermore, let

Regl := UZ-:ORegiT and Reg$, := UiZORegiC.
Fact 3.77

(i) L €Reg] & there exists a TM;(X)-reqular i-term representation of L.

(ii) L € Regt & there exists a CTM;(X)-reqular i-cterm representation of L.

3.12.2 A Comparison

In this section we present the main result of the section, namely the equivalence of PA
that have ¢ pairs of parentheses with monoid automata in both the T;-mode and C;-
mode. For this we need to slightly modify the acceptance conditions of PA. Namely, we
will not allow indirect runs as accepting runs. If A = (S, H,V,3,Q,6,v,1,F) is a PA,
let L'(A) := {Label(r) | r € Runs(A), start(r) € I,end(r) € F and r is not an indirect
run} and additionally, if I N F # () then L'(A) also contains e, the empty biword.
Moreover, let Reg, denote the class of those binoid languages that can be written as
L'(A) with a PA that has at most ¢ pairs of parentheses.

At first sight it seems that the classes Reg) are smaller than the original classes
Reg;. But this is not so; on the contrary, while indirect acceptance can be simulated in
the new “no indirect acceptance” mode, the converse simulation is not possible. If we
have a PA A whose initial and final states are all horizontal, then we are certain that
L'(A) just contains horizontal biwords. On the other hand, this property cannot be
guaranteed in the old acceptance mode. Thus one can verify (with considerable effort)

the following correspondence between the new and the old acceptance modes of PA.

Theorem 3.78 ([NémO07]) We have Reg, = Reg)), and Reg; C Reg) C Reg;,,, for all
1> 1.

Proof. The equality Reg, = Regj, is trivial. We will show in turn that Reg; C Reg/,
Reg; C Reg;. 1, Reg; # Reg] and Reg; # Reg; ;.

The first two inclusions can be seen by direct modifications of PA. For Reg; C Reg
the indirect accepting runs of an automaton A can be simulated in the new mode by
adding disjoint copies of A to itself for each pseudo initial-final pair of states (cf. the
proof of Lemma 3.23), and marking these states as initial and final states.

To verify that Reg; C Reg;,;, consider a PA A that has i pairs of parentheses

and works in the new “no indirect acceptance” mode. One can define an equivalent
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automaton to A4 with an additional ¢ + 1th pair of parentheses working in the original

h ¥ and fU to A, and apply the new i 4 1th pair of

mode. For this add new states ",
parentheses to connect them to all the original initial and final states of A. Of course, let
{ih i}, and {fI, 2} to be the sets of initial and final states, resp. This will ensure that
the modified automaton will have indirect accepting runs only, but the “inner parts” of
these runs are simply the direct accepting runs of A. On the other hand, the labels of
the indirect (hence nonaccepting) runs of A from an initial to a final state will not be
in the language of A’ as double-parenthesization is forbidden.

Next, we will show that Reg; # Reg/. A language which separates these two classes
is, for instance, Hor(X) — the set of all horizontal biwords over . Indeed, Hor(X) is
in Reg), since the automaton depicted in Figure 3.2 in “no indirect acceptance” mode
accepts precisely Hor(X). On the other hand, we will prove that Hor(X) ¢ Reg;.
Suppose that, on the contrary, there is a PA A with a single pair of parentheses that
accepts Hor(X) in the original mode.

Now assume that a is in 3 and consider biwords whose cterm representation is of

the form

. [(a]k[a>]k[<a]k[a>]k, where k > 1.

Since A has a finite number of states it is possible to find integers ki > ko such that A
accepts both e [(a]*'[a)]**[(a]**[a)]** and e [(a]*2]a)]*2[(a]*?[a)]*?; moreover during the
processing of these two biwords A is in the same states at the beginning, at the end,
and also among the four basic blocks : [(a]’, [a)], [(a]’ and [a)]?, for i = ki, ke. Let
41,42, - - - , g5 denote these states in turn. Now as A has a single pair of parentheses it also
has a run from q; to g5 whose label is [(a]*[a)]*2[(a]*?[a)]**. But now ki > ko implies
that this is an indirect run of A (starting and ending with a matching parenthesizing
transition pair), hence at least one vertical biword is also accepted by A, contradicting
our assumption which states that L(.A) = Hor(X). In much the same way one can show
that Reg; # Reg..

Finally Reg; # Reg;,; comes from the observation that the language L(Zig) —
given in the proof of Theorem 3.32 and separating Reg; and Reg;,; — also belongs to
Reg’. O

Earlier results, namely Theorem 3.45 and Theorem 3.75, lead to the following char-

acterization of the free monoid mode in terms of PA.
Theorem 3.79 ([NémO07]) Reg"™ = Reg, N BD = Reg} N BD.

Now we will establish a connection between the free binoid mode and PA.
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Figure 3.9: A finite transducer which transforms 1-cterms into 1-terms over a one-letter
alphabet ¥ = {c}.

Lemma 3.80 ([NémO7]) For anyi > 0, there exists a finite transduction 1; : E;(X)* —

E;(X)* which transforms every i-cterm to the equivalent i-term.

Proof sketch. Observe that 7; can be induced by a finite transducer like the one depicted
in Figure 3.9.

Corollary 3.81 ([NémO07]) Suppose that L C CTM;(X) is a word language for some
i > 0. Then L is CTM;(X)-regular iff 7;(L) is TM;(3)-regular.

This result can be interpreted as follows. In the description of a binoid language by
words we can use the cterm (resp. i-cterm) representation instead of the term (resp.
i-term) representation, i.e. we can neglect the operation symbols without affecting the
regularity of the language. This simplification may be useful in syntactic proofs using
representations of biwords via words as in [HWJ03] and [HSJ04], and it is also crucial

in the proof of our main theorem presented below.

Theorem 3.82 ([NémO07]) For any integer i > 0, we have Reg; = Reg® = Reg] .

Proof sketch. The second equality can easily be derived from Corollary 3.81. On the
other hand, the proof of Reg}, = RegiC is rather technical. We need to transform a PA into
an equivalent monoid automaton over E;(X) and vice versa. We will use the following
notation for a (nondeterministic) monoid automaton: A = (S,%,9,1, F), where S is
the set of states, ¥ is the input alphabet, § : S x ¥ — 29 is the transition function, and

I and F are the sets of initial and final states, respectively.
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Let A = (S,H,V,%,9;,0,7,I,F) be a PA. If we do not distinguish between the
horizontal and vertical states, and if we do not distinguish between labeling and paren-
thesizing transitions, then we obtain a monoid automaton (S, X U Q;,0 U~, I, F). Let
us take two new states iy, fi ¢ S. Now replace I with {i.}, and add the following

transitions to
¢ = {(i,00) [ i € INH}YU{(ix,0,0) [ i € INV}IU{(ix,0, fi) [0 € L/(A)}-

We will regard i, as a final state, iff ¢ € L'(A). Thus we get a monoid automaton
AM = (S, Ei(%),6 U~y U &, {is}, F'), where F' = F U {i,, f.}, if ¢ € L'(A), and
F' = F U{f.} otherwise. It can be proved with the help of Lemma 3.83 given below
that AM in the C;-mode accepts L'(A). Hence Reg; C Regt.

Reg® C Reg! can be proved like so. Let A = (S, E;(%), 6,1, F) be a monoid automa-
ton which, in the C;-mode, accepts a binoid language L. A parenthesizing automaton
A’ such that L'(A’) = L can be defined in the following way:

A =(H UV, H V'8~ T, F), where

H ={s"|seStU{is, f}, V' ={s"]s€8S}, iufcds,

&' ={(p",0,¢"), (0", 0,4") |0 € %, (p,0,q) € 6} U{(in,0, f) | o € L},
Y ={0p",w.q"), (0", w,q") |w e Q (p,w,q) €},
I'={p"|3iel:(i,o,p)edsyU{p’ |Fiel: (io,p) ecd}uUil,
{74V | f e F} ife¢ L,

{f2 fV | fe Fyu{i,} ifeclL.

F' =

One can make use of the lemma below to verify the correctness of the above construction.

Lemma 3.83 ([NémO07]) Suppose that A is a PA with i pairs of parentheses, p and q
are two states of A, and w € ¥*(e,0). Then there is a direct run r of A from p to q with
Label(r) = w iff there is a transition sequence of A from p to q such that the middle

components of the transitions give an i-cterm representation of w without the type sign.
Now let us state some corollaries of Theorem 3.82.
Corollary 3.84 ([Némo07]) Regf® = Reg), so Reg) is closed under complementation.

The next result shows that the more general class of recognizable binoid languages can

also be captured by monoid mode acceptance.

Corollary 3.85 ([Ném07]) Reg = Reg$, = Regl .
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Proposition 2.21 and the concept of relativized regularity lead to the following result,

whose proof is straightforward.

Corollary 3.86 ([NémO7]) For alli > 0, any binoid language in Reg) has a determin-
istic context-free i-term (and i-cterm) representation. In particular, for any L € Reg)

the word languages L'™ and L™ are deterministic context-free.

3.12.3 Conclusions

Now let us summarize certain key points of this section. The first is that Theorem 3.82
is effective in the sense that, for a PA, an equivalent monoid automaton (for the T;-mode
or C;-mode) can be constructed and vice versa. Furthermore, the transition algorithm
increases the number of states of the automaton by just a constant factor.

It seems that there are two ways of defining a recognizable binoid language L when
using the monoid approach. The first is by taking an appropriate i-term or i-cterm
representation of L, and defining it by a finite automaton or regular monoid expression.
The second is by supplying L™ or L™ directly via some visibly pushdown automaton
[AMO4] or deterministic pushdown automaton.

From a regularity point of view three classes of binoid languages might be of interest
to us, namely Regf™, Reg| and Reg = Rec, where the inclusion relations for them are
Reg™ C Reg| C Reg. Note that, unlike the two other classes, Reg™ is not closed
under complementation. Moreover, Theorems 3.32 and 3.82 tell us that in order to
attain the general concept of recognizability (Rec) we need to handle several pairs of
parenthesis symbols and unambiguous representations. However, this unambiguity can
be avoided since from the proof of Rec C Reg (Theorem 3.35) we obtain a PA that can
be regarded as deterministic. This is not surprising at all, as recognizability is clearly
a deterministic notion.

Another key point of our above results is that, by generalizing the idea of Hashi-
guchi et al., we managed to reduce the investigation of recognizable binoid languages
to the classical theory of word languages. But the well-developed theory of monoid
automata and word languages cannot be applied directly since the reduction has been
done via the concept of relativized regularity. Hence it would be desirable to provide
a detailed exposition of relativized regularity and find out how the methods of monoid
automata (determinization, minimization and so on) can be transformed into automata
over biwords, and, more generally, learn what effect the theory of word languages has
on the theory of binoid languages. Finally, a deeper understanding of automata models,
and especially the phenomenon of two-dimensional iterations, may also lead us to an

operational characterization of the class of recognizable binoid languages.
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Chapter 4
Parenthesizing Biuchi-Automata

In this chapter we will now turn out thoughts to the issue of infinite biwords. Naturally
our treatment will be based both on the concept of the finite case (Chapters 2 and 3) and
on ideas found in the theory of infinite words (more precisely w-words) [PP93, PP04,
Wil94|. First, we will define w-biwords and w-binoid languages in analogy with w-words
and w-languages. For this our starting point will be the infinite biposet representation
of w-biwords. (We will discuss representation by infinite terms later on.) The main goal
of the chapter is to extend the validity of Theorems 3.35 and 3.70. Namely we would
like to prove that — with an appropriate generalization of the concept of parenthesizing
automata — the equivalence of recognizability, regularity and MSO-definability holds for

w-binoid languages as well.

4.1 w-biwords and w-bisemigroups

In order to introduce the concept of infinite biwords we first need operations with which
they can be constructed from the finite biwords. Similarly to the classical case of w-
words this can be done in two ways: by an w-product operation [PP04] or by an w-power
operation [Wil94]. In fact we need two w-products or two w-powers, both of which exist
in a horizontal and a vertical form.

An w-product operation constructs an infinite biword from an infinite countable
number of finite biwords by writing them horizontally or vertically one after the other.
In contrast to this, an w-power operation takes a single finite biword and repeats it
(horizontally or vertically) an infinite number of time. Therefore w-products are of type
finite X finite X . .. — infinite, while the w-powers are of type finite — infinite. Apart form

these operations we permit the formation of the horizontal /vertical product of a finite

85
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biword with an infinite one. Obviously these operation are of type finite X infinite —
infinite.

All the above operations can be defined in a straightforward way by using biposet
representations of finite and infinite biwords. Hence in this subsection we will briefly
summarize the main results of [EN05] on infinite biposets. First, we will introduce the
operations that allows to construct infinite biposets from finite ones: the horizontal and
vertical w-products and the horizontal and vertical w-powers.

Now suppose that Py, Ps,... are pairwise disjoint finite biposets. Then their hori-

zontal w-product is defined as
we(P, Py,...) = (PLUPyU...,<p, <y, A),

where
o0 o0
<p:= U <fi U U (P x Pj), <pi= U <bi
i=1 i<j i=1
and

A= Ap UAp, U...

The vertical w-product wo(Py, Ps,...) is defined symmetrically. We will also write hori-
zontal and vertical w-products as P; ¢ Py e ... and P o Py o ... respectively. Moreover,
the two w-product operations naturally induce a horizontal and a vertical power oper-
ation, that is

P :=PePePe.. . and P*:=PoPoPo...

Note that the definition of the product operations applies to both finite and infinite
operands. However, in order to avoid constructing biposets which have chains not
contained in w, we will restrict the product operations P e ) and P o @ just to a finite
biposet P. Of course, the biposet () may be finite or infinite, while the w-product and
w-power operations are applied only to finite biposets. These restrictions seem to be
necessary for the proofs presented later on.

All the restrictions we have just described imply that we should use two-sorted
algebras as our algebraic framework to distinguish between finite and infinite elements.
Using multi-sorted algebras is quite common for establishing an appropriate algebraic
framework for various structures in computer science [Cou96|. Their application seems
unavoidable also in the case of infinite word languages [PP04, Wil94]. Of course this
will introduce a certain amount of technical complexity. But, fortunately, for biwords
this can be carried out in complete analogy with the case of finite and infinite words

(cf. |[PP04]). But, as a minor difference from [PP04], we will assume the binary product
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operations to be appropriately polymorphic, i.e. we will use the same notation for the
product of two finite biword/biposets and for the product of a finite and an infinite
biword /biposet.

Thus we will call an algebra B = (Bp, By, ®,0,ws,wo) an w-bisemigroup if it satisfies

the following identities

rzx(yxu) = (zxy)=*u, (4.1)

Txwe(z1,20,...) = wi(z,21,20,...), (4.2)

Wi(T1 ook Thy 1y Thy * oo R Thg1,y - -.) = Wi(T1, ..o, Thy—1, Thy, (4.3)
Lhy41yeeyLho—1, ),

for all z,y,z1,22,... € Bp, u € BRrUDBy, x € {e,0}, and for all increasing sequences of

positive integers k1 < ko < ...

A homomorphism of w-bisemigroups (Cr,Cr,e,0,we,wo) — (Dp, Dy, o o ws,wi)
is a pair of functions h = (hp : Cp — Dp,h; : C; — Dy) that jointly preserve the
operations. Congruences of w-bisemigroups are defined in the usual way — they are such

pairs of equivalence relations that are jointly respect the operations.

Remark 4.1 In this chapter we interested in languages which consist solely of infinite biwords.
Hence for technical reasons it is preferable to work without the empty biword and without the
empty biposet. This does not place any restriction on our theory, as the regular, recognizable
and MSO-definable classes of w-binoid languages (defined later) would be the same if we included
the empty biword. Although one could define the notion of w-binoids, (which would include
an identity €) as a three-sorted algebra. Besides the sorts of finite and infinite elements this

algebra would also have a distinct sort for the identity and some additional equations

exa = axe=aand (4.4)

W

€ = ¢ (4.5)

for all elements a and * € {e, o }.

Now let 3°°(e, o) denote the w-bisemigroup generated freely by ¥ in the variety of all
w-bisemigroups. Needless to say the set of its finite elements is isomorphic to X7 (s, o),
i.e. the free bisemigroup (generated by ). If we let X (e, o) denote the infinite elements
of X*°(e,0), we have that

200('7 O) = (2+('7 0)7 2w('? 0)7 9, We, wo)

is an w-bisemigroup.
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The elements of ¥¢(e,0) will be called w-biwords, while subsets of ¥ (s, 0) will be
referred to as w-binoid languages. In what follows we will study them.

We call a ¥-labeled biposet constructible if it can be generated from the singleton
Y-labeled biposets by the (restricted) binary product operations e and o, and by the
w-ary product operations we and wo.

Recall from Section 2.6.2 that SPB(X) denotes the collection of biposets which can
be generated from the singletons corresponding to the letters in 3 by the two product
operations ¢ and o. Hence SPB(X) does not contain the empty biposet . Also the
biposets in SPB(X) are called series-parallel biposets or just sp-biposets. Note that
SPB(X) is simply the set of those constructible biposets which are finite. Next, let
ISPB(X) denote the set of infinite constructible biposets, and let

wSPB(X) := (SPB(X),ISPB(L), e, o, we, wo)

stand for the two-sorted algebra of all constructible biposets over X.

It is clear that wSPB(X) satisfies (4.1)—(4.3), hence it is an w-bisemigroup. Now
it can be seen that the set of all finite and countably infinite biposets also form an
w-bisemigroup, and wSPB(X) is the smallest subalgebra of this w-bisemigroup that
contains ¥. The infinite counterpart of the free algebra theorem for sp-biposets (Theo-

rem 2.14) is the following.

Theorem 4.2 ([ENO5]) The algebra wSPB(X) is freely generated by X in the variety
of w-bisemigroups, i.e. wSPB(X) is isomorphic to X°°(e, o).

Since the proofs required for this and others below are long and their details are
not really necessary to understand the concepts and results for parenthesizing Biichi-
automata and regular w-binoid languages, we will omit them here. The interested reader
can find all the relevant details in [ENO05].

A graph-theoretic characterization of infinite constructible biposets is also given in
[ENO5|. This, of course, is a suitable generalization of the “generalized N-free” condition

of the finite case (Corollary 2.27).

Theorem 4.3 ([ENO5]) An infinite biposet (P, <p, <y, ) is in ISPB(X) if and only
if P is complete, and both posets (P,<yp) and (P, <)

(i) are N-free,
(ii) are free of “upward combs’,

(iii) are free of “downward combs”, and
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Figure 4.1: An upward comb (a) and a downward comb (b).

i) all of their principal ideals' are finite.
(iv)

where “upward comb” and “downward comb” are infinite posets. These are depicted in

Fiqure 4.1%.

In order to simplify the notations, in the following we will use * to indicate any of
the e and o operations. Sometimes we also give subscripts to the *-s, but in any formula
all x symbols, without subscript or with the same subscript, will always denote the same
operation.

A decomposition of an w-biword w into an w-product of infinitely many finite biwords
w = wiy * we * ... is said to be maximal if every w; is x-irreducible. If w is an w-
biword, we say that w is primitive if it can be written as wy * wy * ... for some finite
biwords wi, wo, ... Now each w-biword can be generated from the primitive biwords by
multiplication with finite biwords from the left. We will define the rank of an w-biword
w as the least number of left multiplications with finite biwords needed to construct w
from the primitive w-biwords. The rank of w will be denoted by Rank(w).

It is not hard to prove that if an w-biword w is not primitive, then it can be uniquely
written as w = w’ x w”, where w” is x-irreducible and Rank(w”) < Rank(w). A direct

consequence of this fact is that every w-biword can be written in the form
w1 *1 (w2 *9 (w3 *3 ... WE XL (ul K1 U2 *¥fp41 U3 K1 - - ))), (46)

where all w; and wu; are finite biwords in X7 (e,0), and *j,%*o,*3... is an alternating

sequence of the e and o operations. Moreover, this form is unique provided that every

LA principle ideal is a collection of all elements which are less than or equal to a given element.
2See [ENO05] for precise definitions.
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u; 18 *p41-irreducible. In this case we call it the normal form of w. Note that if (4.6)

is the normal form of w, then Type(w) = *; and Rank(w) = k.

4.2 Tree and Term Representations of w-biwords

Here we will outline the changes (from the finite case) that should be made if one intends
to represent w-biwords by infinite terms and trees. Let w be an w-biword. As in the
finite case, we will denote the biposet, tree and term representations of w, by w®, w'"
and w'™, respectively.

The only thing we really need to describe is how to handle w-products as w = wy
wy o ... The definition of w!" is straightforward if we allow w-branching in trees. The
tree w'" has a root labeled by e, and this root has w branches which connects the tree
representations of all the horizontally irreducible components of the w;-s (i > 1).

Also, only slight changes need to be made in the term representation. First of all

we require an additional symbol of parenthesis: ‘[’. Now the term representations of an

w-biword in X¥(e,0) is an w-word over the extended alphabet
E'(®)=30{(,), [}

The definitions of the horizontal and vertical forms can also be extended in an appro-
priate way. In the representation of a product of a finite biword with an infinite one, we
use the [ symbol if the type of the product differs from the type of the infinite factor.
Thus we should modify Definition 2.15, as follows.

Definition 4.4 If w € $¥(e,0), let w'™, the term representation of w, be an w-word
over E'(X), defined by induction on Rank(w) as follows.

(i) If Rank(w) = 0 and w = wy & wa * ... is a primitive horizontal w-biword with
w1, wa, ... € X (e 0), then w'™ := Hform(w;) » Hform(ws) e ...
(ii) If Rank(w) = 0 and w = wy o wa o ... is a primitive vertical w-biword with

w1, Wa, ... € X (e,0), then w'™ := Vform(w;) o Vform(ws) o ...

(iii) If Rank(w) > 0 and w = wy * we is a horizontal w-biword with wy € X7 (e 0),
wy € ¥¥(e,0) and Rank(ws) < Rank(w), then w'™ := Hform(w;) e Hform'(wy).

(iv) If Rank(w) > 0 and w = wy © wy is a vertical w-biword with wy € LT (s,0),
wy € X¥(e,0) and Rank(wq) < Rank(w), then w'™ := Vform(w;) o Vform'(wy).
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In (iii), Hform'(w) denotes the horizontal form of the w-biword w, defined as follows:

Hform'(w) =

{ w'™ if w is a horizontal w-biposet,
tm

[w if w is a vertical w-biposet.

In (iv), Vform'(w), the vertical form of the w-biword w, is defined symmetrically.

An example of an w-binoid language and the term representation of its elements are

given in the section below.

4.3 Recognizability of w-binoid Languages

Recall that a language consisting of finite nonempty biwords is said to be recognizable
if it is recognized by a homomorphism into a finite bisemigroup, i.e. L C X%(e,0)
is recognizable if and only if L = ¢~ !(F), for some bisemigroup homomorphism ¢ :
Y% (e,0) — B, where B is a finite bisemigroup, and F C B.

Similarly, for a language that contains both finite biwords and w-biwords, L =
(Lp,Ly) C ¥°°(e,0), is recognizable if and only if there is a finite w-bisemigroup B =
(Bp, By), asubset of it, T'= (Tp,T7) C (BF, F7), and a homomorphism ¢ = (¢F, ¢r) :
¥ (e,0) — B such that L = ¢~ (T). Here (Tr,T;) C (Br, Fy) means Tr C B and
Ty C Fy; moreover, L = ¢~ }(T) stands for Ly = ¢ (Tr) and L = 7 (T7).

Example 4.5 Let ¥ = {a, b, ¢}, and consider the following language L C ¥°°(e, o) of w-biwords

L={c, ae(bo(c™), asbolas(bo(@)),...}.

Le. L is the least solution of the fixed point equation a ¢ (b o X) + ¢¥* = X. It is not hard
to show that L is recognizable. Indeed, consider the finite bisemigroup B = (B, Br), where
Br = {d,,dp,d.,0}, and By = {t1,t2,t3,0}. The binary product operations are given by
d. » d. = d., and all other binary products of two finite elements are equal to 0; moreover,
de oty =t1, dp oty = ta, dy ® to = t3, dp o t3 = ta, and all other products of a finite element
with an infinite one are equal to 0. Next, the w-product operations are given by de® = t1, and
all other w-products are equal to 0. Now if we take the homomorphism ¢ : wSPB(X) — B that
is induced by the mapping a — dg, b — dp, ¢ — d, then L = (pl_l({ t1,t3}). This shows that

L is recognizable.

4.4 Logical Definability of w-binoid Languages

In this section we will extend the concept of MSO-definable binoid languages (introduced

in Section 3.11) to w-binoid languages.
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The syntax of MSO-formulas will remain the same as for finite biwords. Thus the

construction of the formulas can be described as follows:

o =Qur) |z <pylz <,y | X@) | ~@|leVelohplp—ple=e]
Jzp | Vop | 3X ¢ | VX,

where a € 3, x is a first-order variable and X is a second-order variable.

The interpretation of the formulas also remain the same, of course we use the biposet
representation of biwords as in the finite case. But now we will also interpret our
formulas over infinite constructible biposets. Hence the value of a second order variable
X can be both a finite and an infinite set of positions. The following simple proposition

can be proved easily by induction on the construction of P.

Proposition 4.6 If P = (P, <p,<y,A) is a (finite or infinite) constructible biposet,

then <p U <, is a linear order on P.
With Proposition 4.6 we can express the finiteness of a biposet as follows:

Gfin := VY[ (y <p ) V (y <o ) V (z = y) |. (4.7)

Here, of course, z = y can be defined as =(z <p y) A—=(x <, y) A—=(y <p ) A= (y <, T).

Now we can assign an w-binoid language to any MSO-formula:
Lug = {w e X¥(e,;0) | w” = ¢},
Notice that because of (4.7)
Lo = {w € £%(e,0) | w |= o A ~ppn }-

Definition 4.7 We say that an w-binoid language L C ¥¥(e,0) is MSO-definable if
there is a sentence ¢ with L = L, ,. Neat, let MSO¥ denote the class of all MSO-

definable w-binoid languages.

4.5 Regularity of w-binoid Languages

Our next task is to define parenthesizing Biichi-automata so that a language is recog-
nizable if and only if it can be accepted by this kind of automaton. A straightforward
approach would be (as in the case of infinite words) to use the same accepting device
and just extend the notion of run appropriately for the acceptance of w-biwords, but
as we shall see (in Remark 4.13) this cannot be accomplished. Therefore our definition

will be the following.
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Definition 4.8 ([NémO06]) A parenthesizing Biichi-automaton is a tuple A := (S, H,
V.2, 1[,8,8,7, 1, F), where A" := (S, H,V,%,Q,8,7,I, F) is a parenthesizing automa-
ton, called the underlying parenthesizing automaton of A. And the new components are

the following:
- [ ¢ (XU Q) is the separating parenthesis, and

-BC(Hx{[}xV)U(Vx{][}x H) is the separating transition relation.

For the sake of simplicity we shall write [p,w,q] 4 instead of [p,w,q] A if wisa
finite biword, and A’ is the underlying parenthesizing automaton of the parenthesizing

Biichi-automaton A.

Remark 4.9 As we have seen in Theorem 3.32, if we wish to accept all regular binoid lan-
guages, we cannot give a universal upper bound for the number of parentheses used in paren-
thesizing automata. On the other hand, as we need not close parentheses of the separating
transitions, a single symbol by itself is enough to change the type of the state at the borders of

a “finite — infinite” product.

Next, we will define when a parenthesizing automaton A accepts an w-biword w
from a given state p. For this, we choose Biichi’s approach: for acceptance a run must
contain a final state r (in certain “outer” positions) infinitely many times. Let [p, w, r]ﬁ
denote this fact. Its definition distinguishes two cases and uses induction on the rank
of w. Recall that we write Type(p) = e when p is a horizontal state, and Type(p) = o
when p is a vertical state of A. Similarly, Type(w) = ¢ (Type(w) = ¢) indicates that w

is a horizontal (vertical, resp.) biword.

Definition 4.10 ([NémO06]) Suppose that A = (S, H,V,3,Q,[,9,v,5,1,F) is a paren-
thesizing Biichi-automaton, p and r are in S, and w is an w-biword in ¥ (e,0). We write

[p,w,r]i’z in the following cases.
i) Type(p) = Type(w), and either

a) w can be written as w = wq * wy * wa * ..., where each w; is a finite (not
necessarily *-irreducible) biword such that [p,wo,7] g and [r,w;, ] g fori > 0;

or

B) w=w xw", where w' € LT (o,0), w” € ¥¥(o,0), Rank(w”) < Rank(w), and
there is a state ¢ € S such that [p,w’,q] 4 and [q,w”,r]j‘f{, the latter being
defined inductively.
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Figure 4.2: A parenthesizing Biichi-automaton.

i1) Type(p) # Type(w), and there exists a state p' € S such that A has a separating
transition (p, [,p') € B, and [p’,w,r]ﬁ holds according to case i) above.

Definition 4.11 A parenthesizing Biichi-automaton A accepts the following w-binoid

language
L(A) == {w € E¥e,0) | [i,w, f]7 for somei €l and f € F'}.

As before, a language L C 3 (e, o) is regular if there is a parenthesizing Biichi-automaton

A such that L = L,,(A). Neat, let Reg” denote the class of reqular w-binoid languages.

Similarly to Definition 3.7, one could also define infinite runs in a formal way. In
this case, runs are w-words over the union of the sets of labeling, parenthesizing and
separating transitions. Later we will employ the same notations as in the finite case:

Runs(A), Biposet(r) and so on.

Example 4.12 Figure 4.2 shows a parenthesizing Biichi-automaton. The horizontal states are
those labeled by H; while the vertical states are those labeled by V; for some ¢ and j. There is
a single initial state H; and a single final state Hs. The angle brackets indicate parenthesizing
transitions, while the square brackets represent separating transitions. It is easy to verify that

this automaton only accepts w-biwords of the form

(aob)ece(aob)ece...e(aob)ece(do(coe(do(ee...(do(eefofeof...)...)))

Notice that the term representation of the w-biword above is
(aob)yece(aobyece...0(aob)ece[dofece[dolee...[dofecefofef...

Remark 4.13 As we mentioned earlier, we cannot use the original model of parenthesizing
automata for the acceptance of w-biwords. First, there is no meaningful definition of closing a
parenthesis after processing an infinite subbiword. E.g. suppose that w = u e v is an w-biword,

where u is a finite biword (either horizontal or vertical), and v is a vertical w-biword. Now, if
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there is a finite run [p, u, ¢ A for some horizontal states p and ¢, we must open a parenthesis by
some transition (g, (,7) in order to arrive at a vertical state r, from where the acceptance of the
vertical w-biword v can be started. However, as v is infinite, there is no possibility of closing this
parenthesis. Second, it can be demonstrated that we must distinguish between the normal and
these “non-closable” parenthesizing transitions, otherwise there would be recognizable w-binoid
languages that could not be accepted by Biichi-automata. To see this, consider the language
L:={ae(boc)ed,ae(bo(ae(boc)))ed’,ae(bo(ae(bo(as(boc)))))ed,...}. To

accept L any automaton must remember to close all the parentheses that it opens.

4.6 From Regularity to Recognizability

As in the finite case (Theorem 3.35), the fact that regularity implies recognizability

easily follows from the finite-state property of automata.

Theorem 4.14 ([NémO06]) Every reqular w-binoid language is recognizable. Thus
Reg®” C Rec”.

Proof. Let L C 3% (e, 0) denote a regular w-binoid language. We show how to transform
a parenthesizing Biichi-automaton A = (S, H,V, %, Q,[,d,v, 3,1, F) accepting L into a
finite w-bisemigroup that recognizes L. The proof is analogous to the proof for w-words
[PPO4].

Recall that [p,w, q] A means that the underlying parenthesizing automaton of the
parenthesizing Biichi-automaton A has a run on the finite biword w from state p to state
q. Now, suppose that Type(p) = Type(q) = *, and consider a finite biword w. If w is
s-irreducible, then take w; = w and m = 1, otherwise let the maximal *-decomposition
of w be w = wy * wy * ... *w, for some m > 2.

Now, according to Definition 3.3, there are states pg = p,p1,...,Pm = ¢ of type x
such that [po, w1,p1] g, [P1, w2, p2] 4, - - - s [Pm—1, Wi, Pm] 4 hold. Let us write [p, w,q] 4,
to indicate the existence of such states for which {po, ..., pm} N F # 0. Thus [p,w,q] 4 n
if and only if there is at least one final state among the “outer” states of a possible run
between p and ¢ on w.

Next, we will define for any w,u € X7 (e,0) and w',u’ € X% (e,0)

w~puiffVp,ge S: ([p,w,q g < [pu,ql 4 and [p,w,q] 4, < [p,u,q]4.),
w ~pd iffVpe S (3reF: [p,w’,r]ﬁ@ﬂr'eF: [p,u',r’]ﬁ).

Here one can verify that ~r and ~; are equivalence relations with finitely many equiv-

alence classes. Furthermore, they satisfy the following equalities. If w;,u; € X1 (e,0),
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fori=1,2,..., and w',u’ € X¥(e,0), x € {o,0}, then

w1 ~YF U1, W2 ~YE U2 = W1 * Wg ~F UL * U2,

w; ~p u; for i >0 = Wy ok W * ...~y UL kU * ..., and
/ / / /

w1y ~YF UL, W NI U = W1 kW ~7 UL KU .

Hence the pair (~p,~7) is in fact a congruence of w-bisemigroups. Thus the quotient of
Y.°(e,0) / (~p,~1) can be equipped with the structure of an w-bisemigroup. Moreover,

the canonical epimorphism of (e, o) onto 3*°(e,0) / (~p,~y) recognizes L(A). O

4.7 From Recognizability to Regularity

Below we intend to prove the converse of Theorem 4.14, namely that every recognizable

w-binoid is regular, i.e. each can be accepted by a parenthesizing Biichi-automaton.

Theorem 4.15 ([NémO06]) Every recognizable w-binoid language is reqular. Thus
Rec” C Reg”.

Proof. Suppose that an w-binoid language L C X“(e,0) is recognized by a homomor-
phism ¢ : ©°(e,0) — B, where B = (Bp, By) is a finite w-bisemigroup, and L = ¢~ !(F)
for some F' C Bj.

Let us call an element e € Bp horizontally idempotent if it is idempotent with
respect to the horizontal product, i.e. e e e = e. Similarly, e is said to be wvertically
idempotent if e o e = e. This notion is important because every primitive w-biword
wo*wy *. .. can be written in the form w{ *xw) *. .., where p(w}) = b and p(w}) = e for
all 7 > 0, where e is a *-idempotent element of Bpr. This follows from an application of
the Ramsey-theorem (cf. [PP04]|). We can even assume that b = b x e, but we need not
do this now.

Thus if we omit w(, from the above w-biword, then the remaining primitive w-biword
is wi * wh * ..., where p(w}) = e for all ¢ > 0. Let us call w-biwords that can be written
in such a form e-x-primitive.

For a given e and *, the set of all e-*-primitive w-biwords can be easily accepted
by a parenthesizing Biichi-automaton A. ., constructed as follows. Since 0 l(e) is a
recognizable set of finite biwords, then, by Theorem 3.35, it is also regular. So there is a
parenthesizing (finite) automaton A which accepts ¢~ '(e). Moreover, by Lemma 3.23,
it can be assumed that A is in *-normal form (i.e. in horizontal normal form if « =e, or

in vertical normal form if * =o). Hence A has a single initial state ¢ and a single finite
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state f, both of which are of type *. We can transform A into A. , just by merging ¢
and f. We will refer to this fused state as the basic state of A, .. Now it is obvious that
if we regard A, . as a Biichi-automaton with its basic state as a single initial and final
state, it will accept exactly the e-x-primitive w-biwords.

Recall that the normal form of an w-biword is

w1 *1 (’LU2 *92 ... (wk X (’LL1 K+1 U2 *¥f41 - - ))),

where w1, ..., wk, Uy, us,... are in LT (e, 0). We can assume that except for a finite
factor u/, the w-biword uy *j 1 Uz *p1q ... IS e-xp1-primitive for some *j 1-idempotent
e. Thus we only need to build our automaton in such a way that it can also process the
finite “introductory slice” wq 1 (wa *2 (... wy *g (u'*11 before the e-#;1-primitive tail.

Now assume that By = {t1,to,...,t,}. We start to construct a Biichi-automaton .4

from the horizontal states Hy, vertical states V{, with separating transitions 3, where

Hy = {t},t5,...,tn },
Vo = {t,t5,...,t,. }, and
B o= {06 &[5 [i=1,...,m}
For all b € B, there is a parenthesizing (finite) automaton A, recognizing ¢~!(b).
We will incorporate these finite automata into A.
More precisely, if p and ¢ are states of A of the same type, say *, then one can take
a copy of Ay in x-normal form and merge its initial state i and final state f with the

states p and ¢ of A, respectively. In the following, we shall refer to this construction as

an extension of A (between p and ¢) by ¢~ !(b). Let us denote it by
» e ') 0
We need to add the following extensions to A:
£ =0 forallt; = bxt;, be Bp, tit; € B {e0}).
Now we obviously have
[ti,w,t;] 4 & ti = p(w) x t; for any w € N (e, 0).

Furthermore,

[t7, w1 %1 (wa *2 (- wg—1 * (Wexk, 15 ] 4 © 1 = p(w1) *1 (p(wz) *2 (... p(wg) * t5)),
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Figure 4.3: A Biichi-automaton accepting the recognizable language of Example 4.5.

where the left hand side is an abbreviation for the first part of an infinite run of A (as
a Biichi-automaton) on any w-biword beginning with wy %1 (wsg *2 ... (Wg*k.

Next, add an instance of A, for each *-idempotent element e in Br to A, and
ensure the reachability of the new components by adding some new transitions. In
more detail, for Ac ., consider ¢t := e** and duplicate each transition arriving at t*
using the same source and label, but with the target of the basic state of A, . instead
of t*.

Our last task is to determine the initial and the final states. Let the initial states
be the states t* and ¢° for each ¢ € F', and set the basic states of the components A, .-s
as final states.

Next, it can be argued by induction on the rank of the w-biwords that this automaton

in fact accepts L = ¢~ 1(F). We will omit the formal proof of this. O

Example 4.16 Figure 4.3 shows a parenthesizing Biichi-automaton that was constructed ac-
cording to the proof of Theorem 4.15 from the homomorphism ¢, the w-bisemigroup B, and
the set F' C B of Example 4.5. We omitted the two shrink states 0°,0° that correspond to the
infinite zero element, and also the transitions pointing to them. We should mention, however,
that this example represents a somewhat special case, since, for every = € Bp the extension by
@ 1(x) is a single transition, and there is only one idempotent in Br. Of course, in the general

case the automaton we construct can have a more complex structure.

4.8 From Regularity to MSO-definability

In this section we will prove the equivalence of regularity and MSO-definability. First
of all, it is not hard to demonstrate that MSO-definability implies recognizability, and
hence regularity. This can be proved via formula induction using the closure properties

of the recognizable sets — more precisely, the closure under Boolean operations and
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direct letter-to-letter homomorphisms. See Chapter III.1 of Straubing [Str94] for a

similar argument. Thus we have the following theorem.

Theorem 4.17 ([NémO06]) Every MSO-definable w-binoid language is reqular. Thus
MSO¥ C Reg”.

In the rest of this chapter we will attempt to prove the converse of this which can

also be stated as follows:

Theorem 4.18 ([NémO06]) Every reqular w-binoid language is MSO-definable. Thus
Reg® C MSO“.

Since the proof involves the construction of an MSO-formula for a given regular
w-binoid language, here we will represent biwords (resp. w-biwords) by sp-biposets
(resp. constructible infinite biposets). But before the proof, let us introduce a couple
of definitions and lemmas.

Recall that if w is a biword or an w-biword, then w® denotes its biposet represen-
tation, w!" denotes its tree representation and w'™ stands for its term representation.
Similarly, if P is a constructible biposet, then there is a unique biword or w-biword w
such that P = w®. In this case let P := w!" and P = w'™. It is obvious that for
any leaf node in P! there is a corresponding vertex in P. Hence, we may and shall
identify the leaves of P with the corresponding vertices of P. This allows us to speak
about elements and subsets of P as those of P". Similarly, we can identify vertices of
P with the corresponding letters in the term representation P,

The notion of clans is a useful idea whose definition comes from the theory of
2-structures [ER90| and texts [ER93, HtP97|. If (P, <p,<y,A) is a finite or infinite
constructible sp-biposet, a subset X of P is said to be a clan of P if for all x,y € X,
2 € P\ X and for each relation p € {<p, <, <}, <y '}

TPz & Ypz.

Two clans X and Y overlap if X NY # 0, X \Y # 0 and Y\ X # 0. A clan is
called a prime clan if it does not overlap with any other clan. A clan of P is called a

proper clan if it is neither a singleton nor equal to P.

Example 4.19 In the sp-biposet of Example 2.18, the clans of P are the following: the sin-
gletons, P, {1,2,3,4}, {2,3,4},{3,4},{2,3,4,5,6} and {5,6}. Since only {1,2,3,4} and
{2,3,4,5,6 } overlap, the other clans are prime clans as well. Thus the proper prime clans are
{2,3,4}, {3,4} and {5,6 }. As we will see later in Lemma 4.22, these are the sets which are

surrounded by parentheses in the term representation of P.
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The proof of the following lemma is trivial and is left to the reader.

Lemma 4.20 ([NémO06]) The property of being a clan, a prime clan or a proper prime

clan can be expressed in MSQ logic.

Recall that by Proposition 4.6 <; U <, is a linear order on any finite or infinite
constructible biposet (P, <p, <y, A). In the following let < denote the <; U <, relation,
and we will interpret the functions + and — according to this linear order as well.

By definition, clans form sections (or intervals) with respect to <. That is, if X is
aclan then x € X, y € X and z < z < y imply z € X. Hence, we can talk about prefix

and suffix relations among the clans of P. Formally,

Prefix(X,Y) X CYAVaVy(y <z AX(z) ANY (y) — X(y));
Suffix(X,Y) = X CY AVaVy(y>azAX(z)AY(y) — X(y)),

where X C Y means that X is a proper subset of Y. Thus under prefix and suffix
relations we always mean proper prefix and suffix.
Two (or more) subtrees of a tree are said to be sibling subtrees if their roots have

the same parent.

Lemma 4.21 ([NémO06]) Suppose that P is a (finite or infinite) constructible biposet
and X is a subset of P, then

(i) X is a clan of P if and only if there are consecutive sibling subtrees in P such

that X is exactly the union of the sets of leaves of these subtrees;

(i) X is a prime clan of P if and only if X is the set of leaves of a single subtree of
ptr,

Proof. We will begin with a proof of case (i). The necessity of the condition is based
on the following observation. Suppose that x and y are vertices of P. As we mentioned
earlier, we can regard them as two leaves in the tree representation P". The (horizontal
or vertical) type of the order relation between x and y is solely determined by the label
of their lowest common ancestor node. For this reason, let v denote the lowest common
ancestor of x and y. If the label of w in P is e, then x <, y or y <, x; if the label
is o, then x and y are ordered vertically. We can also easily decide whether x is less or
greater than y. Consider u, and u,, the children of u that are ancestors of x and y,
respectively. Now z is less than y if and only if u, is less than u, according to the order

of the children nodes at u. It follows that if a subset X of P satisfies the condition
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of (i), then it also fulfills the requirements of being a clan. Indeed, the order relation
between a vertex x from X and a vertex y outside X is independent of the choice of x
from X.

For the converse direction, let us suppose, on the contrary, that X is a clan, but
the condition does not hold. First let v denote the lowest common ancestor node of the
vertices of X. Now consider those children of v that have leaves in X, and then take
the subtrees generated by them. The condition can be violated in two ways. Either
these subtrees are not consecutive or there is a subtree that has leaves both from X
and P\ X. In the first case, it is straightforward to show that X is not a clan. In the
second case, consider a child u of v that has a leaf x in X and has a leaf z in P\ X
as well. We can even assume that x and z are descendants of different children of u, so
their lowest common ancestor is u. Moreover, there must also be a vertex y in X whose
lowest common ancestor with x is v, otherwise the lowest common ancestor of the set
X could not be v. But x and z are related by an order of type determined by the label
of u, while y and z are related by an order of type determined by the label of v. As
w is a child of v, their labels in P are different. Consequently, the types of the order
relations between x and z and between y and z are also different. This contradicts our
assumption that X is a clan.

Now case (ii) easily follows from case (i), since if X consists of the leaves of several
(but not all) subtrees of a given node, then overlapping clans can be constructed by (i),
showing that X is not prime. O

The following lemma is important for a later proof. It relates the biposet, tree and

term representations of finite biwords with the use of parentheses of a PA in a run.

Recall that E'(X) =X U{e, 0, (,)}.

Lemma 4.22 ([NémO06]) For any P € SPB(X), X C P, parenthesizing automaton A,
and r € Runs(A) with P = Label(r)bp, the following statements are equivalent:

(i) X is a proper prime clan of P.
(ii) X is the set of leaves of a proper subtree of P'.

(iii) P'™ can be written as P'™ = w(X")v, where u,v € E'(X)*, and the subword

X' above corresponds to those vertices of P that are in X. 3

(iv) r is of the form r = ritirxtors, where rirg # £, t1 and ta form a matching
parenthesizing transition pair in r, and ry denotes the direct subrun of r on the

vertices of X.

3Note that the subword X'™ can also appear at other places in the word P*™.
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Proof. The equivalence of (i) and (i7) follows from Lemma 4.21. The equivalence of (i)
and (7i7) is obvious as it expresses a typical correspondence between the term and the
tree representations. Finally, the equivalence of (i7i) and (iv) is simply a consequence
of Lemma 3.12. O

Now we are ready to begin the proof of the main theorem here.

Proof of Theorem 4.18. As we saw in Section 3.11, for binoid languages the equiv-
alence of MSO-definability and recognizability (and hence regularity) directly follows
from an analogous equivalence result on text languages shown by Hoogeboom and ten
Pas [HtP97|. Even though, here we will outline an alternative proof of this fact, since it
will serve as the basis for the proof of the infinite case. Our argument does not rely on
the equivalence of recognizability and MSO-definability of finite binary trees, but shows
how the operations of parenthesizing automata can be described by logical formulas.
Thus we start with the finite case, i.e. with sp-biposets and finite biwords, and explain
the necessary changes for the infinite case later on.

First, let A = (S, H,V,3,Q,0,7,1,F) be a parenthesizing automaton accepting a
binoid language L. Our aim is to construct an MSO-formula ¢ for which L, = L.

The proof of Lemma 3.23 implies that we may assume that A accepts biwords via
direct and singleton runs only. Therefore, it is sufficient to construct a formula ¢; r
which expresses the fact that A has a direct run from an initial state ¢ to a final state
f.

We use second order variables to store information about the states of the runs. To
be more precise, two types of monadic second order variables will be used. First, let
X be a variable for each state s in S, and let Z;,; denote a variable for each pair of

parentheses in 2. Formally,
SOVar g :=={ Xs | s€ S}U{Zy, | (j,); €}
The general form of ¢; ; is the following
oif = 3X5 31X, .. 3Xs, 320,320y, - 20, Vi g

where ; y expresses the fact that the values of our variables actually encode a direct
run of A from i to f.

We need to check three conditions. First, the run must start from 4. Second, it must
end in f. Third, we need to be sure that A has correct transitions everywhere between
the states indicated by the variables. We will handle the labeling and the parenthesizing

transitions of the run separately.
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For labeling transitions, the usual technique (cf. [Str94]) can be applied, that is,
the intended meaning of X(z), i.e. x € X, is that A reads position z in state s. The
storage of parenthesizing transitions is more involved. Fortunately, by Lemma 4.22 the
use of parentheses is always around proper prime clans. But we also need to arrange
a unique position in the biposet for each matching parenthesizing transition pair used
during the run.

For this purpose, the following rule can be applied. If a proper prime clan is a
prefix of another proper prime clan, then let the designated position be its last position;
otherwise let the designated position be its first position. Thus the statement that z is

the designated position of a proper prime clan X can be expressed as:

Dp(z, X) := [-3Y(PPC(Y) A Prefix(X,Y)) A First(z, X) |
V[3Y (PPC(Y) A Prefix(X,Y) ) A Last(z, X) |,

where PPC(Y") states that Y is a proper prime clan, and First(z, X) (Last(z, X)) is
true if and only is z is the first (last, resp.) position of the clan X.
Now it can be verified that the prime property implies that the designated positions

of any two proper prime clans never coincide.

Lemma 4.23 ([NémO06]) Different proper prime clans have different designated posi-

tions.

Proof. We will start by assuming this is not so, and show that it leads to a contradiction.
So first assume that X and Y are different proper prime clans, but z is their common
designated position. If z is the first position of both X and Y, then either X is a prefix
of Y, or Y is a prefix of X, which contradicts the definition of a designated position. If
z is the first position of one clan and the last position of the other clan, then X and Y
overlap, which again leads to a contradiction. Finally, assume that z is the last position
of both X and Y, and X C Y. By definition, there is a proper prime clan X’ such
that X is a prefix of X’. Therefore, in this case, Y and X’ overlap — which is again a
contradiction. O

Proof of Theorem /.18, continued. In the following, we shall assume that no automa-
ton has two opening or closing parenthesizing transitions with the same label. This can
easily be achieved by replacing the multiple occurrences of the same parenthesizing
transition pair with new transitions using different symbols.

If 2 is a position, then the intended meaning of Z, ) (z) is that A uses parentheses
(j,); (more precisely, the unique pair of transitions labeled (; and );) before and after

processing the proper prime clan whose designated position is z.
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As usual, we require that every position belongs to exactly one Xj:

o= Vo[ \/ Xo(@) A N\ (5Xg (@) v Xy, (2) ]

sES q1,92€8S,
q17G2

Moreover, the designated positions of proper prime clans must also belong to a

unique set Z,)

g = Va [EIX(PPC(X) ADp(z, X))

- \/ Z<j>j(m) A /\ (—|Z<j>j(x)\/—|Z<k>k(a:)).

(7:) €9 (5,05 €Q
(ko) e €L,
J#k

We know that for all positions x, the state of A before processing this position is
indicated by a unique state p such that x € X,,. And g, the state after reading position
x, can be computed as follows. First we observe whether P has a proper prime clan
that ends at x. If so, then we determine the smallest such clan, and ¢ is the starting
state of the closing parenthesizing transition of that clan. Of course, this state can be
determined by observing the designated position of the clan. If there is no proper prime
clan that ends at x, then ¢ is indicated at the position z + 1 or at the greatest prime
clan that starts at  + 1. In addition, if x is the last position, then ¢ must be the final
state of the run. Finally, we can check whether A in fact has a labeling transition with
the label of z between p and q. We should do this for every position x. The precise
algorithm of this computation and the way of converting it to an MSO-formula are given
in the Appendix.

We can also check the correctness of the parenthesizing transitions by a similar
procedure. For all proper prime clans, we compute four states of the encoded run: the
states before and after the opening, and before and after the closing parenthesizing
transitions around the clan. In the pseudocode presented in the Appendix, these states
are denoted by ob, oe, cb and ce. Then, it is straightforward to check whether A
has a parenthesizing transition pair between the computed states, and whether the
labels of these transitions are indicated at the designated position of the clan. It is
also a nontrivial computation, since we must take into consideration various inclusion
relations of the clans. For more details, see the Appendix once again.

Finally, note that our verification algorithm can be transformed into an MSO-
formula 3. Hence we can write v; ; as ;r = 11 A ¥ A1p3. This completes the

proof for finite constructible biposets.
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We will now turn to a brief discussion of the infinite case. Here we will only describe
the slight modifications needed compared to the finite case. First, the adaptation of
Lemma 4.22 to infinite constructible biposets can be done in the following way. Note
that we must distinguish between finite and infinite clans, but this distinction is in

parallel with the use of the parenthesizing and separating parentheses.

Lemma 4.24 ([NémO06]) For any P € ISPB(X), X C P, parenthesizing Biichi-
automaton A, infinite run r € Runs(A) with Label(r)?? = P, the following statements

are equivalent:
(i) X is a finite proper prime clan of P.
(ii) X is the set of leaves of a finite proper subtree of P".

(iii) P'™ can be written as P"™ = w(X")v, where u,v € E'(X)*, and the subword

X' above corresponds to those vertices of P that are in X.

(iv) r is of the form r = ritirgtora, where t1 and to is a matching parenthesizing

transition pair, and ry denotes the direct subrun of r on the vertices of X.
Moreover, the following statements are also equivalent.
(i’) X is an infinite proper prime clan of P.
(ii’) X is the set of leaves of an infinite proper subtree of P'.

(iii’) P'™ can be written as P'™ = u[X', where u € E'(X)*, and the subword X'™

above corresponds to those vertices of P that are in X.

(iv’) r is of the form r = rytry, where rq1 # €, t is a separating transition of A, and rx

denotes the direct subrun of r on the vertices of X.

Now we return to the final part of the proof of the main theorem here.

Proof of Theorem 4.18, completed. It is trivial that we can express the finiteness of

clans, as
Finite(X) := —3zLast(z, X).

Hence we can easily locate the separating transitions and check their correctness as
well. Furthermore, we have no trouble in formulating the acceptance condition: a finite
state has to appear infinitely often as an outer state of the encoded run. We will leave

the reader to verify the correctness of the formulas below.
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Yace = \/ Vz3X {MaxFiniteClan(X) A OuterState s (X)
feFr

AVz (Last(z, X) — (z < w))},

MaxFiniteClan(X) := Finite(X) A Clan(X)
A =3Y (Finite(Y) A Clan(Y) A X CY');
OuterState (X ) := [ Singleton(X) A 3z (X (z) A Xf(z)) |
VI[PPC(X)A \/ 3z(Dp(z,X) A Zy,(2) ]

(fv(kvp)€7
(LEQ,peS

Of course, the formulas Finite(X), Clan(X) and Singleton(X) have their expected
meanings here. O

Finally, we can summarize the main results of this chapter in a concise way.

Theorem 4.25 ([NémO06]) Let L C X¥(e,0). Then L is recognizable if and only if L
is reqular if and only if L is MSO-definable. Thus Rec” = Reg®” = MSQY.



Chapter 5

Conclusions

Finally, I would like to present three things. First I would like to summarize the main
contributions in a series of points. Second I will draw some general conclusions. Then

I would like to outline some open problems and possible future directions of research.

5.1 Thesis Contributions

e In the thesis I investigated two-dimensional languages as a generalization of classical
word languages. The generalization is based on an algebraic approach namely I
considered elements of the free binoids — called biwords — instead of words, which

are elements of the free monoids.

e Biwords can be represented in a numbers of ways. Here I investigated sp-biposet,
two-dimensional word, term, condensed term, ordered unranked tree, i-term, i-cterm

(1 > 1), and alternating text representations.

e [ introduced parenthesizing automata whose function is to accept binoid languages
and to define the class of regular binoid languages. Then I proved that the expres-
sive power of PA is the same as that of algebraic recognizability and second-order
monadic definability, i.e. Reg = Rec = MSO. After I elaborated on the operation
of a PA from different perspectives. Naturally, given a PA and a biword, we have
a nondeterministic linear time algorithm which decides whether the automaton ac-
cepts the biword. Furthermore, parenthesizing automata are suitable for exploring

combinatorial properties of recognizable binoid languages.

e With the help of the PA concept I also demonstrated that regular binoid languages
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are closed under &-substitution, which immediately implies some other closure prop-

erties — namely closure under the products, iterations and homomorphisms.

e Recall the Reg; denote those binoid languages that can be accepted by a PA with
at most 7 pairs of parentheses symbols (i > 0). I found that these languages classes

form a strict hierarchy, that is

Regy & Reg; & Regy ...

e [ investigated various classes of rational binoid languages (HRat, VRat, BRat, GRat),
horizontally (HB) and vertically bounded (VB) languages, along with binoid lan-
guages of bounded depth (BD). I established the following relationships among
them.

BRat = Reg N BD = Reg; N BD,
HRat = Reg N VB, VRat = Reg M HB and
HRat U VRat C BRat C GRat C Reg.

e [ extended my investigations to w-biwords. I presented a free algebra theorem and

a graph-theoretic (or order-theoretic) characterization for them.

e [ defined parenthesizing Biichi-automata operating on w-biwords and with the help
of them I demonstrated that the equivalence of regularity, recognizability and MSO-
definability holds for w-binoid languages as well, i.e. Reg” = Rec®” = MSQO¥.

e All the results can be generalized to higher dimensions, i.e. to free algebras where

three or more independent associative operations are present.

5.2 General Conclusions

Some specific conclusions were already drawn in Section 3.12.3. Now we will have a
brief discussion about the effectiveness of the characterization, about our new automata
model and about a way of generalizing our theory to higher dimensions.

First it should be mentioned that all of our characterizations of the classes Reg, Reg”
and Reg N BD are effective in the sense that, from any realization (by an automaton, a
recognizing (w)-binoid, an MSO-formula or a rational expression) of a concrete language,
any equivalent other realization can be constructed via an algorithm. For instance, for a

PA an equivalent monoid automaton (for the T;-mode or C;-mode) can be constructed,
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and vice versa. Furthermore, this transition algorithm increases the number of states of
the automaton by just a constant factor. Of course, the conversion of a nondeterministic
PA to equivalent recognizing binoids requires exponential time, since this is already

unavoidable in the word case.

If we look at a PA as a model of computations an disadvantageous feature about it
arises. It is that a PA is not a finite state device, at least in the strict sense. Indeed, in
Section 3.2.3, where configurations and a transition relation among them were defined,
we saw that the second component of a configuration serves as a pushdown stack. It
stores the opened (but not yet closed) parentheses. In fact it stores the parentheses
together with their indices given by the parenthesizing transition that was used when
the parentheses was processed. Hence a PA obviously possesses some ‘internal memory’
with a pushdown behavior, whose size is not limited by the automaton. Of course,
during a concrete computation on a biword w, the size of the stack is equal to the depth

(see Definition 3.43) of w.

However it should be noticed that the nonregularity of the Dyck word languages (see
Section 2.6.7) implies that, if the acceptance is based on the term or cterm representation
of biwords, it cannot have the finite state property. Of course in theory it is possible
to build an accepting device on another representation of a biword, e.g. on sp-biposets.
But sp-biposets themselves are not linear objects, and if we wish to consider the linear
order determined by < U <,, we get back the same linear order given by the term

representation, i.e. the ordering of the letters when reading them from left to right.

Next, let us say a few words about the generalization of our theory to three or more
dimensions. Let n be any positive integer greater than two. In Sections 2.2 and 2.3 n-
semigroups and n-monoids were introduced as the kind of algebras where n associative
operations are defined. In addition, n-monoids have a common identity elements for all
their operations. Afterwards, for any alphabet ¥ we can consider the free n-monoids

over X whose elements can be called n-words.

The free algebra theorem, i.e. the representation of m-words by constructible n-
posets was stated in Theorem 2.11. As for the other representations, it is straightforward
to extend the two-dimensional word, term and tree representations of biwords. Of
course, for the latter two, n operation symbols like oq,... 0, are needed. But for the
generalization of the cterm representation, a single pair of parenthesis is insufficient,
since the indices of the operation symbols in an n-word (n > 3) are not always alternates
among the parentheses as in the biword case. But one can still employ n pairs of

parentheses to reconstruct the type of the operations, and hence achieve a condensation.
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For instance the 3-word (a o3 (b o1 ¢)) o2 d can be reduced to oy (3a(1bc)1)sd.

The generalization of recognizability and MSO definability for n-monoid languages
is trivial. As for regularity, we need to change the parenthesizing automata models just
sightly. Actually the states of automata need to be divided into n sets Si,S2,..., S,
not just two. Moreover, parenthesizing transitions now can take place between any
two states from any two distinct sets. In addition, during the operation of the n-
dimensional automata we require that if a run goes through a state from the set S;,
then the o; operation should be applied between the labels of the subruns appearing
before and after that state.

Although the generalization of texts with n linear orders is of course possible, it
seems that we cannot get a generalization of the isomorphism established between al-
ternating text and sp-biposets in Lemma 3.69. Nevertheless the method presented in
Section 4.8 can still be used to prove the equivalence between regularity and MSO-
definability for n-monoid languages.

Lastly, it is not hard to see that with these changes the generalized versions of

Theorem 3.35 and Theorem 3.70 can be proved.

5.3 Open Problems and Further Directions

I cannot deny that the results of this thesis are really just the first steps in the inves-
tigations of binoid languages. Not surprisingly several problems remain open. In the
following we will briefly outline some of them. This list can also be viewed as a form of
self-criticism stating what else should have been done and should be done in the future.
Actually, I learnt some of these points from the referee’s reports of my publications, for

which I am most thankful.

e We managed to generalize the equivalence of regularity, recognizability and MSO-
definability from word languages to binoid languages, but we only succeed in defin-
ing an equivalent concept of rationality in the bounded depth case. However our
investigation showed that GRat C Reg, i.e. the two product operations and the
two iterations even with the complementation is insufficient to construct all regular
binoid languages from finite binoid languages. On the other hand, if we allowed
&-iteration, it would generate nonregular binoid languages, as the following classical

example shows:
{ae&on}s={a""e&eb* |n >0}

Here the &-iteration of a binoid language is defined in the same way as for tree
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languages (cf. [GS84]), i.e. L*¢ = Ui20L§, where Lg = {¢}, and L§+1 = L?[L/f]ULf.
Now the question is whether the £-iteration has a kind of restriction which captures
regularity, or whether there is any other operation which (with the operation of BRat
or GRat) generates all regular languages from the finite binoid languages. Recall
that the classical Kleene theorem describes the behavior of finite automata by the
operations of union, concatenation and iteration. Therefore, put another way, we
would like to now what the operations on binoid languages are which capture the

behavior of parenthesizing automata.

e Another open problem that seems to be difficult to solve is the decidability status
of the question whether a given regular language appears at certain level of the
hierarchy of the classes Reg;, ¢ > 0. It would also be interesting to know whether

the levels of this hierarchy can be characterized logically or algebraically.

e In the thesis we did not deal with first-order definable binoid languages. Their
decidability and algebraic characterization are open problems as well. Perhaps it is
also possible to do this in terms of parenthesizing automata. It should be mentioned
here too that there is a natural correspondence between the class of generalized
binoid languages (GRat) and the class of star-free word languages. Moreover, in
[ENO4] the notion of aperiodic binoids was introduced. There it was shown that
every binoid language in GRat can be recognized in an aperiodic binoid. However as
for the converse statement — namely whether every binoid language recognized in an

aperiodic binoid is generalized birational — is currently an open question.

e Two fundamental algorithms of classical automata theory are the determinization
and minimization algorithm of automata. Can they be extended to parenthesizing
automata? It is not hard to define deterministic PA and show that every non-
deterministic PA is equivalent to a deterministic one. Indeed, from the proof of
Rec C Reg (Theorem 3.35) we get a PA that can be regarded as deterministic. This
is not surprising at all, as recognizability is clearly a deterministic notion. How-
ever this leads to just an indirect algorithm of determinization: first one needs to
transform a nondeterministic PA to an equivalent binoid, and then transform it back
to a deterministic PA. Notice that this procedures increase exponentially not just
the states of the original automaton (which is, of course, unavoidable) but also the
number of parenthesis symbols. Is there any direct algorithm which is better in this

aspect?

e During the construction of infinite biword we applied some serious restrictions: we
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only allowed to form the (horizontal or vertical) product of two finite biwords, or a
finite biword with an infinite one. Also the w-product operations were applied only
to finite biwords. This restriction seem to be necessary for our proofs. However
it has been shown that classical automata can be extended from words (i.e. from
labeled finite linear orders) not just to w-words, but also to ordinal words and even
to any countable linear orders [BCO7|. Is it possible to generalize parenthesizing

automata in this way too?

e Finally it would also be good to look for concrete applications of our theory. Since
the special features of biwords and their n-dimensional generalizations is that they
are naturally equipped with some nested structures, it seems obvious to look for
applications where some nestedness (of arbitrary depth) is present, e.g. in XML
databases and in modeling recursive function calls. Concrete applications of PA
theory would demonstrate the usefulness of it, help us to see its connections with

the real word, and provide insights into its detailed workings.



Summary

In this thesis we laid the foundations for a two-dimensional theory of automata and
languages. For the generalization from the one-dimensional case of words we adopted
an algebraic approach, namely we considered languages over free binoids. It is a gener-
alization of monoids where two independent associative operations are defined and they
share a common identity element. We managed to generalize the equivalence of regular-
ity, recognizability and MSO-definability from word languages to binoid languages and
to w-binoid languages as well. We also introduced various concepts of rational binoid
languages and examined their relationships. All the results can be generalized to higher
dimensions, i.e. to free algebras where three or more independent associative operations

are present.

The first chapter gave an introduction to the general notion of regularity. We out-
lined preliminary studies relevant to our investigations, stated the main aims of the
thesis and cited related literature. In addition, we enumerated our key results and we

briefly outlined the structure of the thesis.

In Chapter 2 we dealt with a two-dimensional algebraic generalization of words
called biwords. In Section 2.1 we recalled some basic notions frequently used in the
theory of formal languages and algebra, and we introduced some notations. In the
next two sections we investigated those free algebras whose elements we worked with —
namely free bisemigroups and binoids. Before discussing free binoids and their elements,
we considered the more general framework of (m,n)-semigroups and (m,n)-structures
introduced by Esik. This general setting allows one to consider any finite number of op-
erations that are associative, or associative and also commutative. First in Section 2.4
we presented the proof of a theorem in [Esi00] which states that the elements of the
free (m,n)-semigroups can be described by so-called reducible (m,n)-structures. As
a special case of this result we also obtained a description of the elements of the free
n-semigroups (resp. bisemigroups) by constructible n-posets (resp. by series-parallel

biposets). Section 2.6 was essential for the subsequent chapters, since the representa-
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tions of biwords — the elements of the free binoids — were studied there. Namely, we
introduced sp-biposet, term, condensed term, two-dimensional word, tree, i-term and
i-cterm representations of biwords. We gave a characterization of those words that are
i-terms or i-cterms (Lemma 2.19 and Lemma 2.20). Then we discussed the properties
and the suitability of the various representations. In Section 2.7, based on [EsiOO], a
graph-theoretic (or order-theoretic) characterization of the elements of the free (m,n)-
semigroups, n-semigroups and bisemigroups was given (Theorem 2.25, Corollaries 2.26
and 2.27).

In Chapter 3 we studied languages of finite biwords and parenthesizing automata
which operate on them. In Section 3.1 the novel concept of parenthesizing automata
was introduced (Definition 3.1), which was then illustrated by a simple example. In
Section 3.2 the operation of parenthesizing automata was discussed. We considered
three approaches, and afterward we proved that they are in fact equivalent. Thus any
of them is suitable for defining the concrete binoid language accepted by an automaton,
and hence the class of regular binoid languages. Section 3.3 contains some examples for
parenthesizing automata and regular binoid languages. These aided our understanding
and appeared in later proofs as well. In Section 3.4 we demonstrated the necessity of
forbidding double parenthesization in automata and the technical difficulties it causes.
In Section 3.5 the notion of a substitution product (Definition 3.20) was introduced to
overcome these difficulties. Next, in Section 3.6 we studied normal forms of parenthe-
sizing automata, and proved that for each parenthesizing automaton A there exists an
equivalent automaton Ay, (resp. A,) which has a single horizontal (resp. vertical) pair
of initial and final state. In Section 3.7 we showed that the class of regular binoid lan-
guages is effectively closed under the operation of ¢-substitution (Theorem 3.25). This
result implies some other closure properties, namely the closure under the horizontal
and vertical products and horizontal and vertical iterations as well as under homomor-
phisms. In Section 3.8 we gave a more refined classification of regular binoid languages
by showing that the classes Reg,, of languages accepted by a parenthesizing automaton
with at most m pairs of parentheses form a strict hierarchy (Theorem 3.32). In fact, this
hierarchy is proper for all alphabets (Theorem 3.33). Hence the number of parentheses
needed to accept a given binoid language provides a complexity measure on the class of
regular binoid languages. Sections 3.9 and 3.11 served to demonstrate that the notion of
parenthesizing automata was well chosen. There it was shown that the class of regular
binoid languages coincides both with the class of algebraically recognizable languages

(Theorem 3.35) and with the class of languages definable in second-order monadic logic
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(Theorem 3.70). For the logical characterization we applied a similar result of Hooge-
boom and ten Pas on text languages (Theorem 3.65). For this we introduced the notion
of texts in Section 3.11.2, and in Section 3.11.3 we proved an isomorphism between
sp-biposets and alternating texts. In Section 3.10 we considered several rational classes
of binoid languages and studied the inclusion relations among them, and also their
relations to the class of regular languages and to the classes of horizontally /vertically
bounded and bounded depth binoid languages. The chapter closed with Section 3.12,
where we established a detailed comparison between the concept of regularity of ours
and that of Hashiguchi et al. Their notion of regularity turned out to be less general than
ours. After we managed to extend their monoid approach to the broader class of our
regular binoid languages. This means that with appropriate definitions ordinary finite
automata are also capable of capturing the same concept of regularity. This provided a
fourth equivalent characterization of our class Reg of regular binoid languages.

In Chapter 4 languages of infinite biwords were investigated. First in Section 4.1
we defined w-biwords and algebras needed for their algebraic characterizations, namely
w-semigroups in the pattern of classical w-words and w-semigroups of Perrin and Pin
[PP04]. The free algebra theorem (Theorem 4.2) and the graph-theoretic character-
ization of the elements of the free w-bisemigroups (Theorem 4.3) are found there as
well. Section 4.2 then studied the tree and term representations of w-biwords. It was
followed by an extension of recognizability, MSO-definability and regularity to w-binoid
languages in Sections 4.3, 4.4 and 4.5, respectively. To extend regularity we needed to
define the concept and the operation of parenthesizing Biichi-automata. The rest of the
chapter was devoted to the proof of the equivalence of the above three concepts. In more
detail, in Section 4.6 it was shown that regularity implies recognizability. Similarly in
Section 4.7 we proved that regularity follows from recognizability. Then in Section 4.8
the equivalence of regularity and MSO-definability was demonstrated. The technical de-
tails of a proof in Section 4.8, namely an algorithm which creates an equivalent logical
formula from a parenthesizing Biichi-automaton, can be found in the Appendix.

Finally, in Chapter 5 we gave a brief overview of and discussion about the main
contributions of the thesis and we also stated some open problems and suggested possible

future directions of research.
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Osszefoglalas

(Summary in Hungarian)

Az értekezésben leraktuk a kétdimenzios szavak és automatik egy lehetséges elméle-
tének alapjait. A szavak egydimenzios esetének altalanositasahoz egy algebrai megko-
zelités altal jutottunk, nevezetesen szabad binoidok feletti nyelveket tekintettiink. A
szabad binoidok a szabad monoidok azon altaldnositasai, melyekben egy helyett két
fliggetlen asszociativ miivelet van értelmezve, tovabba ezeknek a miiveleteknek kozos
egységelemiik van. Sikeriilt dltalanositanunk a regularitas, a felismerhet&ség és az MSO-
definialhatosag ekvivalenciajat szavakrol binoid nyelvekre és w-binoid nyelvekre is. Kii-
16nb6z6 racionalis binoid nyelvosztalyokat is definidltunk és elemeztiink. Eredményeink
altalanosithatok tetszéleges magasabb dimenziészamra, azaz olyan szabadalgebrak rész-
halmazaira, mely algebrakban harom vagy tobb fiiggetlen asszociativ mitivelet van.

Az elsé fejezet betekintést nyujtott a regularitas altalanos fogalméba. Majd vazoltuk
kutatidsunk el6zményeit, legfontosabb célkitiizéseit, valamint a kapcsold6do szakirodal-
mat. Ezen til felsoroltuk legfontosabb eredményeinket, majd réviden ismertettiik az
értekezés szerkezetét.

A mésodik fejezetben a szavak kétdimenzios algebrai altalanositaséval, a biszavakkal
foglakoztunk. A 2.1. alfejezetben néhéany, a formalis nyelvek elméletében és az algebra-
jelolést. A kovetkezd két alfejezet azokat az algebrai strukturakat ismertette, melyek
szabadalgebraival dolgoztunk, nevezetesen a bifélcsoportokat és a bimonoidokat. De mi-
elstt a szabad binoidok elemeinek targyalasara ratértiink volna, a 2.4. fejezetben az Esik
altal bevezetett (m,n)-félcsoportok és (m, n)-struktirak altalanosabb fogalmait vettiik
at. (Az (m,n)-félcsoportok altalanos kerete lehetdveé teszi, hogy tetszéleges véges szamu
asszociativ, illetve asszociativ és egyszersmind kommutativ mitiveletet tartsunk szem
eltt.) A 2.5. alfejezetben el6szor annak a bizonyitasat mutattuk be ([Esi00] alapjan),
hogy az tn. reducibilis (m, n)-struktarak alkotjék a szabad (m, n)-félcsoportokat. Majd

ennek specialis eseteként kaptuk a szabad n-félcsoportok (illetve bifélcsoportok) eleme-
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inek leirasat an. konstrualhatd n-posetekkel (illetve sp-biposetekkel). A 2.6. alfejezet
elengedhetetleniil fontos a késébbi fejezetekhez, mivel itt targyaltuk a binoid nyelvek
elemeinek, a biszavaknak, a kiilonb6z6 reprezentacioit. Nevezetesen ismertettiik a bi-
szavak soros-parhuzamos biposet (sp-biposet), term, kétdimenzios sz6 (two-dimensional
word), tomoritett term (condensed term), fa (tree), i-term és i-cterm reprezentacioit.
Ezt kovetGen jellemzést adtunk azokra a szavakra, melyek i-termek illetve i-ctermek
(2.19. és 2.20. Lemma). Végiil kitértiink a kiilonboz6 reprezentéaciok sajatossagaira és
alkalmazhatosagara. A 2.7. alfejezetben az sp-posetek és kografok (cographs) tiltott
részgrafokkal (nevezetesen ,N”-mentes, illetve Pj-mentes grafokként) torténd jelemzése-
inek [Gra81, VTL82, CLB81] altalanositasait ismertettiik. Elészor a reducibilis (m,n)-
struktarakét (2.25. Tétel, [Esi00] alapjan), majd ennek kévetkezményeként a konstrul-
hat6 n-posetekét (2.26. Kovetkezmény) és végiil a soros-parhuzamos biposetekét (2.27.
Kovetkezmény).

A 3. fejezet véges biszavakbol allo nyelvekkel és az 6ket feldolgozd zardjelezs auto-
matakkal foglalkozott. A 3.1. alfejezetben bevezettiik a zardjelezé automata fogalmat
(3.1. Definicio), melyet egy egyszerti példaval illusztraltunk. A 3.2. alfejezetben a zaro-
jelez6 automatak mtikodését adtuk meg. Harom kiillonb6z6 megkozelitést tekintettiink,
majd igazoltuk, hogy ezek ugyanahhoz az elfogadas fogalomhoz vezetnek. Ezért bar-
melyikiik alkalmas arra, hogy segitségével egy adott automata altal elfogadott nyelvet,
valamint a regularis binoid nyelvek osztalyat definialjuk. A 3.3. alfejezetben néhény
példa kovetkezett zardjelez6 automatakra és regularis binoid nyelvekre. Ezek — azon
tal, hogy a fogalom megértését segitették — néhol késébbi bizonyitasokban is szerepel-
tek. A 3.4. alfejezetben az un. dupla zardjelezés tiltdsanak sziikségességét mutattuk
meg, és az ebbdl adodo technikai nehézségeket vazoltuk. A 3.5. alfejezetben pedig ezen
nehézségek lekiizdésére szolgalt a helyettesits szorzat (substitution product, 3.20. Defi-
nicio) bevezetése. A 3.6. alfejezetben a zardjelezd automatak normalforméi kovetkeztek.
Nevezetesen megmutattuk, hogy minden zaréjelezé A automatahoz megadhaté olyan,
vele ekvivalens Ay, (illetve A,) zardjelezd automata, mely egyetlen horizontalis (illetve
vertikalis) kezdd és végallapot parral rendelkezik. A 3.7. alfejezetben bebizonyitottuk,
hogy a reguléris binoid nyelvek osztilya effektiven zart a &-helyettesités miiveletére
(3.25. Tétel). Ebbdl az eredménybdl kozvetlentil adodnak tovabbi zartsagi tulajdonsa-
gok. Nevezetesen a reguléris binoid nyelvek zartak a horizontalis és vertikalis szorzas,
valamint a horizontélis és vertikélis iteracié miiveletére, tovibba a homomorfizmusokra
nézve. A 3.8. alfejezetben a reguléris binoid nyelvek egy finomabb osztalyozasat adtuk
azaltal, hogy bebizonyitottuk, hogy a legfeljebb m > 0 zardjel szimbélummal rendelkezs

zardjelezé automatakkal elfogadhaté binoid nyelvek Reg,, osztalyai valodi hierarchiét
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alkotnak (3.32. Tétel). Mi t6bb igazoltuk, hogy ez a hierarchia valédi minden rog-
zitett abécé esetén is (3.33. Tétel). Igy a felismeréshez sziikséges zarojelek szama a
binoid nyelvek leirdsanak egyfajta bonyolultsigi mértékét adja. A 3.9. és a 3.11. al-
fejezet a bevezetett automata fogalom alkalmassiganak igazoldséara szolgalt. Benniik
megmutattuk, hogy a regularis binoid nyelvek osztéilya egybeesik mind az algebrailag
felismerhetd (3.35. Tétel) mind a monadikus masodrendben definialhato (3.70. Tétel)
nyelvek osztalyaval. A logikai jellemzéshez felhasznaltuk Hoogeboom és ten Pas text
nyelvekre vonatkozo hasonlé eredményét (3.70. Tétel). Az ehhez sziikséges text nyel-
vek fogalma a 3.11.2. alfejezetben, az sp-biposetek és text nyelvek kapcsolatat pedig
a 3.11.3. alfejezetben ismertettiik. A 3.10. alfejezetben kiilonb6zd racionalis kifejezé-
sekkel megadhaté binoid nyelveket és ezek tartalmazési relacioéit vizsgaltuk, valamint
ezen osztalyok viszonyat a horizontélisan/vertikalisan korlatos és a korlatos mélységii
nyelvekhez. A fejezetet a 3.12. alfejezet zarja, melyben az altalunk definialt zarojelezd
automatakat vetettiik 0ssze a Hashiguchi et al. altal bevezetett véges automatakkal
torténd felismeréssel. Az 6 regularitas fogalmuk kevésbé altalanosnak bizonyult, mint
a miénk. Ezutan sikerilt az &, hagyoményos automatakon alapulé moédszeriiket kiter-
jeszteni a mi reguléris nyelveink b&vebb osztalyara. Ez a megkozelités adja a regularis
binoid nyelvek osztalydnak, Reg-nek a negyedik ekvivalens jellemzését.

A negyedik fejezetben végtelen biszavakbol allo nyelvekkel foglalkoztunk. El&szor
az w-biszavakat és a jellemzésiikhoz sziikséges algebrakat, az w-bifélcsoportokat defini-
altuk a klasszikus eset, vagyis a Perrin és Pin [PP04] munkajaban hasznalt w-szavak és
w-félesoportok mintajara (4.1. alfejezet). A szabadalgebra tétel (4.2. Tétel) és a szabad
w-bifélcsoportok elemeinek grafelméleti jellemzése (4.3. Tétel) szintén itt talalhatok. A
4.2. alfejezet targyalta az w-biszavak fa és term reprezentacioit. Ezutan a felismerhet&ség
(recognizablility), a monadikus méasodrend logikai definidlhatoség (MSO-definiability)
és a regularitas fogalménak kiterjesztése kovetkezett w-binoid nyelvekre, rendre a 4.3, a
4.4. és 4.5. alfejezetben. A regularitas kiterjesztéséhez definialnunk kellett a zérdjelezd
Biichi-automatak fogalméat és miikodésiiket. A fejezet tovabbi részeiben a fenti harom
fogalom ekvivalenciajat bizonyitottuk. A 4.6. alfejezetben azt igazoltuk, hogy a regula-
ritasbol kovetkezik a felismerhetGség. A 4.7. fejezet arrol szolt, hogy a felismerhetSség
maga utdn vonja a regularitast. A 4.8. alfejezetben pedig a regularitis és a monadikus
méasodrendd logikai definidlhatésag ekvivalencidjat lattuk be. A 4.8. fejezetben sze-
repl§ egyik bizonyités technikai részletei — nevezetesen a zardjelezd Biichi-automatabol
ekvivalens logikai formulat készit6 algoritmus — a fiiggelékbe kertiltek.

Végezetiil az 5. fejezetben egy rovid attekintést adtunk az értekezés eredményeirdl,

a megoldatlan problémékrol és a tovabbi kutatési irdnyokrol.
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Appendix

Here we will supply a detailed description of our verification algorithm used to check
the encoded runs in the proof of Theorem 4.18. In addition, we will also briefly describe
how to build the formula 3 which realizes the algorithm.

Now suppose that A = (S, H,V,%,Q,6,7, I, F) is a parenthesizing automaton, i € [
and f € F. Recall that SOVar g = { X, | si € S} U{Z,), | (i,)i € Q). Let
P = (P, <p,<y,\) € SPB(X) denote an sp-biposet, and assume that 7 is an evaluation

of the monadic second order variables, that is,
n: SOVar 4 — P(P),

where P(P) denotes the power-set of P. Moreover, assume that P with 7 satisfies

formulas 11 and 19 on page 104.

The following algorithm determines whether n encodes a direct run of A on P that
starts from ¢ and ends in f. For the sake of simplicity, we shall write X; instead of
n(X;). Moreover, in the names of the procedure calls below, “Clan” always means a

proper prime clan of P.

Unfortunately, in the definition of function NEXTSTATE a difficulty arises. As A is
nondeterministic, for a given position x and s € S, there can be more than one ¢ such
that (s, A\(x),t) € 0 holds. But when we convert our algorithm into an MSO-formula,
we need only test whether NEXTSTATE(x) = ¢ holds, which resolves the problem.

The pseudocode in Lines 1-10 checks that the run starts from ¢ and ends in f. The
code in Lines 11-22 verifies the correctness of the labeling transitions, while Lines 23—
49 checks the parenthesizing transitions. The proof of correctness of this algorithm is

omitted, but Figures 5.1-5.4 should help the reader to establish it.

The computations which are not represented in the figures are either straightforward

or symmetrical to the depicted cases.
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Figure 5.1: The computation of i’ in Line 3.
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Figure 5.2: The computation of q in Line 14 (a) and in Line 18 (b).
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Figure 5.3: The computation of ob in Line 27 (a) and in Line 31 (b).
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Figure 5.4: The computation of oe in Line 34.
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Algorithm CORRECT-RUN(A, 1, f, P,n)

1
2

© 00 N O Ut = W

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

b — FIRSTOF(P)
if ISCLANSTARTSAT(b)
then ¢’ «— STARTOFOPPAR(GRCLANSTARTSAT()))
else i’ «— STATE(b)
e «— LASTOF(P)
if ISCLANENDSAT(e)
then f’ — ENDOFCLPAR(GRCLANENDSAT(e))
else [’ — NEXTSTATE(e)
ifi#£id or f#f
then return ‘no’
forall x € P
do p «— STATE(zx)
if ISCLANENDSAT(z)
then ¢ — STARTOFCLPAR(SMCLANENDSAT(x))
else if ISLASTPOSITION(z)
then q — f
else if ISCLANSTARTSAT(z + 1)
then ¢ — STARTOFOPPAR(GRCLANSTARTSAT(z + 1))
else ¢ < STATE(z + 1)
o — Ax)
if not (p,0,q) €0
then return ‘no’
for all proper prime clans X C P
do b — FIRSTOF(X)
e «— LASTOF(X)
if ISPREFIXOFCLAN(X)
then ob «— ENDOFOPPAR(PREFIXCOVER(X))
else if ISFIRSTPOSITION(b)
then ob «— i
else if ISCLANENDSAT(b — 1)
then ob «— ENDOFCLPAR(GRCLANENDSAT(b — 1))
else ob — NEXTSTATE(b — 1)
if ISPREFIXCLANIN(X)
then oe — STARTOFOPPAR(GRPREFIXCLANOF(X))
else oe — STATE(b)
if IsSUFFIXCLANIN(X)
then cb — ENDOFCLPAR(GRSUFFIXCLANOF(X))
else c¢b — NEXTSTATE(e)
if IsSUFFIXOFCLAN(X)
then ce «— STARTOFCLPAR(SUFFIXCOVER(X))
else if ISLASTPOSITION(e)
then ce — f
else if ISCLANSTARTSAT(e + 1)
then ce «— STARTOFOPPAR(GRCLANSTARTSAT(e + 1))
else ce — STATE(e + 1)
k «— INDEXOFPARUSEDAROUND(X)
if not(ob, (x, oe), (¢cb, )i, ce) €
then return ‘no’
return ‘yes’
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The input-output specifications of the predicates and functions used in the algorithm

are the following:

ISFIRSTPOSITION(x) / ISLASTPOSITION(x)
input: a position z € P;
output: ‘yes’ if z is the first/last position of P;

‘no’ otherwise.

ISCLANSTARTSAT(x) / ISCLANENDSAT(x)
input: a position z € P;
output: ‘yes’ if there is a proper prime clan X C P whose first/last position is x;

‘no’ otherwise.

ISPREFIXOFCLAN(X) / ISSUFFIXOFCLAN(X)
input: a proper prime clan X C P;
output: ‘yes’ if there is a proper prime clan Y such that X is a prefix/suffix of Y;

‘no’ otherwise.

ISPREFIXCLANIN(X) / ISSUFFIXCLANIN(X)
input: a proper prime clan X C P;
output: ‘yes’ if there is a proper prime clan Z such that Z is a prefix/suffix of X;

‘no’ otherwise.

STATE(x)
input: a position z € P;

output: a state s € S in which A reads position z, i.e. z € X;.

NEXTSTATE(x)

input: a position z € P;

output: a state t € .S which A arrives at after reading the position x, i.e. x € X and
(s, \(x),t) € 6.

FIrRsTOF(X) / LASTOF(X)
input: a proper prime clan X C P;
output: the first/last position of X.

STARTOFOPPAR(X) / ENDOFOPPAR(X)
input: a proper prime clan X C P;
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output: a state s € S such that s is the source/target of an opening parenthesizing
transition (s, (;,t) / (r,(j,s) € 7, and this transition was used immediately

before X, i.e. the designated position of X is in Z

Jli’

STARTOFCLPAR(X) / ENDOFCLPAR(X)

input: a proper prime clan X C P,

output: a state s € S such that s is the source/target of a closing parenthesizing
transition (s,);,t) / (r,)j,s) € 7, and this transition was used immediately

after X, i.e. the designated position of X is in Z

Jli’

SMCLANENDSAT(x) / GRCLANENDSAT(x)
input: a position z € P,

output: the smallest/greatest proper prime clan of P that ends at position x.

GRCLANSTARTSAT(xX)
input: a position z € P;

output: the greatest proper prime clan of P that starts at position x.

GRPREFIXCLANOF(X) / GRSUFFIXCLANOF(X)
input: a proper prime clan X C P;
output: the greatest proper prime clan Y C X that is a proper prefix/suffix of X.

PREFIXCOVER(X) / SUFFIXCOVER(X)

input: a proper prime clan X C P,

output: the smallest proper prime clan Y for which is X is a proper prefix/suffix of
Y.

INDEXOFPARUSEDAROUND(X)
input: a proper prime clan X;
output: an index k for which the parentheses (i, )r were used before and after X in

the encoded run, i.e. the designated position of X is in Z,), .
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Finally, we will outline the transformation of the algorithm into the formula )3.

The following observations lead to this transformation.

1. All predicates of the algorithm can be expressed by MSO-formulas. For example,
ISPREFIXOFCLAN(X) can be formulated as

JY (PPC(Y) A Prefix(X,Y))

2. For any function f(z1,...,x;) of the algorithm and for any element ¢ in the range
of f, the fact f(x1,...,2;) = ¢ can also be expressed by an MSO-formula. For

example, for any state s in S, STARTOFOPPAR(X) = s can be written as

\/ EIz(Dp(z,X) N Z(j>j(z))’
jeJ

where J ={j |3t € S, (s,(j,t) €y} is a finite set.

3. The variables whose values are not positions or sets of positions of P all take their
values from a finite set. Namely, i, f, ¢/, f’, p, q, ob, oe, cb, ce take values from

S, o from 3, and k is an index of a parenthesis in 2.

4. The composition of functions can be handled with the aid of auxiliary variables.

For example, STARTOFOPPAR(GRCLANSTARTSAT(b)) = s can be expressed as

3Z( GRCLANSTARTSAT(b) = Z A STARTOFOPPAR(Z) = s)

5. Assignments like y < f(x1,...,2;) can be treated as follows. We can consider all
possible values ¢ in the range of y in advance, and at the points of the assignments
we can test whether f(xy,...,2;) = ¢ holds. If the range of y is P or the power-
set P(P), i.e. y is a ‘standard’ first or second order variable, then existential
quantification can be used. On the other hand, if y is not ‘standard’, then it has
a finite range by point 3. Hence we can use a disjunction over this finite range.

For example, we can begin the formula realizing Lines 12-22 with

peES qeES oEX

6. The control flow of the algorithm can easily be formulated in our logic framework.
For the sequential executions conjunctions, for “for all” loops universal quantifi-
cations, and for the conditional statements implications and negations can be

used.



