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Abstract

Automata theory has given rise to a variety of automata models that consist of a
finite-state control and an infinite-state storage mechanism. The aim of this work
is to provide insights into how the structure of the storage mechanism influences
the expressiveness and the analyzability of the resulting model. To this end, it
presents generalizations of results about individual storage mechanisms to larger
classes. These generalizations characterize those storage mechanisms for which
the given result remains true and for which it fails.

In order to speak of classes of storage mechanisms, we need an overarching
framework that accommodates each of the concrete storage mechanisms we wish
to address. Such a framework is provided by the model of valence automata, in
which the storage mechanism is represented by a monoid. Since the monoid
serves as a parameter to specifying the storage mechanism, our aim translates
into the question: For which monoids does the given (automata-theoretic) result hold?

As a first result, we present an algebraic characterization of those monoids
over which valence automata accept only reqular languages. In addition, it turns
out that for each monoid, this is the case if and only if valence grammars, an anal-
ogous grammar model, can generate only context-free languages.

Furthermore, we are concerned with closure properties: We study which
monoids result in a Boolean closed language class. For every language class that
is closed under rational transductions (in particular, those induced by valence
automata), we show: If the class is Boolean closed and contains any non-regular
language, then it already includes the whole arithmetical hierarchy.

This work also introduces the class of graph monoids, which are defined by fi-
nite graphs. By choosing appropriate graphs, one can realize a number of promi-
nent storage mechanisms, but also combinations and variants thereof. Examples
are pushdowns, counters, and Turing tapes. We can therefore relate the structure
of the graphs to computational properties of the resulting storage mechanisms.

In the case of graph monoids, we study (i) the decidability of the empti-
ness problem, (ii) which storage mechanisms guarantee semilinear Parikh images,
(iii) when silent transitions (i.e. those that read no input) can be avoided, and
(iv) which storage mechanisms permit the computation of downward closures.
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Chapter 1

Introduction

1.1 Monoids as storage mechanisms

One of the main purposes of theoretical computer science is to understand the
principles of computation. In the field of automata theory, this goal is pursued
by studying mathematical models of computing devices with regard to what be-
havior they can exhibit and what we can infer about such a device when given a
description.

These two types of questions each have their own motivation. The first type
addresses expressiveness. This aspect is important to understand because it ex-
plains what we can compute with limited resources and what systems we can
describe with the respective models. The second type of questions explores the
analyzability of models. This perspective is instrumental when we want to algo-
rithmically verify properties of systems, which, due to the advent of increasingly
complex and concurrent systems, has become a task of significant weight.

The perspectives of expressiveness and analyzability are deeply intertwined:
They are conflicting qualities insofar as the more expressive a model is, the more
difficult it usually is to analyze. For these reasons, it has become a strong driving
force of today’s research in theoretical computer science to understand how we
can provide models that are expressive enough for a given type of systems and
yet are simple enough to be amenable to analysis.

In a tradition initiated by Turing in the introduction of the eponymous ma-
chine, automata theory yielded a rich variety of models that comprise a finite-
state control and a potentially infinite data repository. The models are obtained
by imposing restrictions on how the data can be stored, manipulated, and re-
trieved, while permitting arbitrary use of the finite-state control. In terms of
hard- and software systems that can be represented by such models, this means
we can precisely reflect arbitrary control flows, but we abstract from certain as-
pects of data access. For example, pushdown automata can correctly imitate the
control flow and calling stack of a recursive program, but heap memory cannot
be represented. A form of data repository, together with the permitted modes
of access, is called a storage mechanism. Examples of storage mechanisms include
Turing machine tapes, pushdown storages, and various kinds of counters.

Instead of investigating the properties of a concrete model of computation,
the present work attempts to provide general insights on how expressiveness

1



Chapter 1. Introduction

and analyzability of a model of computation are affected by the structure of the
storage mechanism. To this end, it presents generalizations of results about con-
crete storage mechanisms to larger classes of storage mechanisms. These gener-
alizations will characterize those storage mechanisms for which the given result
remains true and for which it fails.

Storage mechanisms as monoids In order to speak of classes of storage mech-
anisms, we need an overarching framework that accommodates each of the con-
crete storage mechanisms we wish to address. Such a framework is provided by
interpreting storage mechanisms as monoids. Suppose a storage mechanism con-
sists of a (potentially infinite) set of states, a finite set of functions representing
its available operations, an initial state, and a collection of valid final states. To
account for operations that are not always applicable, such as a pop operation
for a stack symbol that is not currently at the top, the functions can be partial
functions. For example, a pushdown storage with stack alphabet I" consists of
the set I'* as its set of states, the operations push, and pop, for each a € T, and
the empty word ¢ as its initial state and its final state (assuming that it accepts
with an empty stack). As partial functions, the operations push, and pop, are
defined as

push : ™ —T%, popg: ' - T¥,
w = wa wa — w.

(here, we denote partial functions by ). Note that pop,, is defined on precisely
those words that end in a. Another example is the Minsky counter, which has
IN, the set of natural numbers, as its set of states and has inc (increment), dec
(decrement), and zero (zero test) as its operations:

inc: N — IN, dec: N -» IN, zero: IN —» N,
n—n+l, n—n—1, 0~ 0.

Note that here, the decrement operation is undefined for state 0 and the zero test
operation is defined only in state 0.

To such a storage mechanism, we can associate the monoid of all composi-
tions of available operations. Let us examine what this yields in the case of a
pushdown store as above. If we compose push, and popy, for a # b, we obtain
the function 0, which is defined nowhere: After pushing an a, popping b cannot
be defined. Moreover, composing 0 with any other operation yields 0 again. If,
however, we only consider compositions where such incompatible push and pop
do not occur, the reader can verify that we always get functions of the form Py, ,
for u,v € I'*, where

Puqyv: T - T7%,
wu — wy,

is defined on precisely those words with suffix u. Therefore, the resulting mon-
oid has the elements {0} U{P.,v | u,v € I'*}. Let us consider the case of a Minsky
counter. Any composition of just the increment and decrement operations yields
an element C; s such that

Crs:IN - NN,

n+r—n+s,



1.2. Outline and main contributions

which is defined on all numbers > 1. If the composition involves a zero test, then
it is either 0 as above or it is defined on only one element r € IN and of the form
Dy s, for which

Dys: IN = IN,
TS,

Hence, the corresponding monoid comprises the set {0, Cy,s, Dy s | 1,5 € IN}.

Monoids as storage mechanisms The advantage of interpreting storage mech-
anisms as monoids is that we can go in the other direction and interpret monoids
as storage mechanisms: The elements of the monoid determine the set of states as
well as the set of operations and the identity element is the final state. This allows
us to use algebraic constructions to synthesize similar storage mechanisms and
thus identify what structural traits of the mechanism are responsible for which com-
putational properties. For example, we will define monoids by graphs that may
contain loops. We will then see that graphs with no loops or edges correspond
to pushdown storages. If the graph has no loops, but is otherwise a clique, it
is equivalent to counters without zero tests (that cannot go below zero). This is
usually called a set of partially blind counters. Moreover, if the graph is a clique
and has loops everywhere, we obtain counters that can go below zero and are
only zero tested in the end of the computation, hence a set of blind counters. See
Section 2.4 for details and more examples.

This means we can regard these concrete storage as points on a spectrum and
examine where exactly the computational properties remain true and where they
cease to hold. For example, it is known that automata with a pushdown or with
blind counters accept languages with semilinear Parikh images, which is not true
of partially blind counters. We can now study which graphs exactly guarantee
semilinearity of the accepted languages (see Chapter 7 for a characterization).

Valence automata We investigate monoids as storage mechanisms by deploy-
ing them in the framework of valence automata. A valence automaton over a mon-
oid M is a finite automaton in which each edge carries an input word and an
element of M. The language accepted by such an automaton consists of those
words spelled by paths whose composition of monoid elements is the identity.

Valence automata are not a new concept and have been studied before by sev-
eral authors from various perspectives (see Section 2.9 for an overview). What
distinguishes this work from earlier ones is that it systematically generalizes re-
sults for concrete models of automata with storage. Specifically, for each of a
series of results about concrete storage mechanisms, it presents a broader class
of monoids and identifies those members of the class to which the result carries
over.

1.2 Outline and main contributions

Let us give an overview of the main contributions of this work. Since the results
of this thesis roughly correspond to the chapters, this also serves as an outline of
the structure of this work.
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Graph monoids In order to generalize statements about concrete storage mech-
anisms, we present a class of monoids that accommodates a number of
well-known storage mechanisms. These monoids are defined by graphs
and are therefore dubbed graph monoids. In addition to the abovemen-
tioned pushdown automata, partially blind multicounter automata, and
blind multicounter automata, by choosing appropriate graphs, one can also
realize Turing machine tapes and combinations of all these mechanisms,
such as pushdowns with partially blind counters. As part of Chapter 2, which
introduces the main concepts needed in later chapters, Section 2.4 intro-
duces graph monoids.

Increasing expressiveness Chapter 3 presents an algebraic characterization of
those monoids that increase the expressiveness in the following sense: With-
out the storage mechanism, finite automata only accept regular languages.
Hence, we describe those monoids M for which valence automata over M
can accept non-regular languages. In fact, we show that this also character-
izes those monoids for which deterministic valence automata are expres-
sively weaker and those for which valence grammars can generate non-
context-free languages. Valence grammars are a concept related to valence
automata and equip context-free grammars with a monoid storage. While
the characterization of monoids that increase expressiveness in valence au-
tomata has been obtained independently by Render in her thesis [123],
the latter characterization for valence grammars answers an open problem
posed by Fernau and Stiebe [45].

Emptiness problem In Chapter 4, we turn to the decidability of the emptiness
problem. Using graph monoids, one can realize a pushdown storage with
partially blind counters, for which the decidability of the emptiness prob-
lem remains a long-standing open question [121].

However, if we forbid the subgraphs corresponding to these mechanisms,
we can characterize those with a decidable emptiness problem. The re-
sult generalizes the decidability for pushdown automata and for partially
blind counter automata (or equivalently, Petri nets). Moreover, this extends
a result of Lohrey and Steinberg, which characterizes those graph groups
with a decidable rational subset membership problem. Where Lohrey and
Steinberg rely on semilinearity arguments, we use a reduction to the reach-
ability problem of priority multicounter machines, which has been proven
decidable by Reinhardt [121].

Boolean closure Chapter 5 is concerned with closure properties of the languages
accepted by valence automata. Since it is well-known that the regular lan-
guages are closed under the Boolean operations (union, intersection, and
complementation), we ask for which monoids M, the class of languages
accepted by valence automata over M is closed under the Boolean operations.
Our result is a very negative answer and goes beyond valence automata. It
is shown here that every language class that is closed under the Boolean op-
erations and rational transductions and contains an arbitrary non-regular
language already includes the whole arithmetical hierarchy. It follows in
particular that every language class induced by valence automata beyond
the regular languages either fails to be closed under the Boolean operations
or lacks virtually all decidability properties.

4



1.2. Outline and main contributions

Context-freeness In Chapter 6, we compare the expressiveness of storage mech-
anisms with that of pushdown automata. Specifically, we ask which mon-
oids cause valence automata to only accept context-free languages. We
characterize those graph products M of monoids for which valence autom-
ata over M accept only context-free languages. This means, in particular,
that we extend a group-theoretic result of Lohrey and Sénizergues [106],
which characterizes those graph products of groups where the resulting
group is virtually free.

Semilinearity Chapter 7 addresses generalizations of Parikh’s Theorem, which
states that the Parikh image of each context-free language is semilinear.
The first presented result is a characterization of those graph monoids that
guarantee semilinear Parikh images. As explained above, this generalizes
the semilinearity results for pushdown automata and blind multicounter
automata. Moreover, we identify stacked counters as expressively complete
among those mechanisms with semilinearity. They constitute a new type
of storage mechanism that, as shown in later chapters, exhibits a range of
properties desirable for analysis. Furthermore, they offer a way to model
recursive programs with numeric data types.

Furthermore, it is shown that if G is a torsion group, every language ac-
cepted by valence automata over G have a semilinear Parikh image. More-
over, since this semilinearity is not always effective, we characterize those
torsion groups for for which semilinear representations are computable.

Silent transitions A silent transition is one that reads no input but can manipu-
late the storage content. For every storage mechanism, it is an important
question whether silent transitions are necessary to accept all languages.
Indeed, if silent transitions can be eliminated, we can decide the member-
ship status of a given input word by examining a finite number of paths
through the automaton. Therefore, in Chapter 8, we ask for which mon-
oids we can avoid silent transitions. We show that among a class of stor-
age mechanisms, stacked counters are those where this is possible. Again,
this generalizes the corresponding fact for pushdown automata and blind
multicounter automata, which have both been established by Greibach [62].

Computing downward closures Chapter 9 is concerned with the computation
of downward closures. It is well-known that the downward closure, i.e.
the set of (not necessarily contiguous) subwords, of every language is reg-
ular. Moreover, computing a finite automaton for the downward closure
of a given language would make a range of analysis techniques applica-
ble. However, this cannot be done in general. In fact, there are only few
known methods for computing downward closures for languages. It is
shown here that for all those storage mechanisms that guarantee semilin-
earity, downward closures can be computed. This generalizes the com-
putability of downward closures for context-free languages, as obtained by
van Leeuwen [133] and Courcelle [25].

The computability result is obtained using the new technique of Parikh an-
notations, for which two other applications are presented.

Non-expressibility Assessing the expressiveness of automata models requires
techniques for proving that certain languages cannot be accepted. There-
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Chapter 1. Introduction

fore, in Chapter 10, we establish non-expressibility results. The main result
is that the hierarchy of languages that is obtained by alternating two trans-
formations of storage mechanisms, building stacks and adding blind counters,
is strict at every level. These are precisely the transformations by which
stacked counters are constructed.

This is the fourth application of Parikh annotations.

Arising language classes Finally, in Chapter 11 we examine the limits of valence
automata in their ability to model automata with storage. Specifically, we
prove general results on the classes of languages that arise from valence
automata. The first main result of this section states that every language
class defined by valence automata either (i) satisfies a Parikh-type theorem,
(ii) contains the partially blind one-counter languages, or (iii) contains the
blind one-counter languages.

The second main result establishes that it is not possible in general to add
zero-tests. More precisely, there is no transformation that turns a monoid
M into a monoid M such that valence automata over M have exactly the
capabilities of valence automata over M plus a zero test.

How to read this thesis In order to accommodate readers interested in a spe-
cific type of results, this thesis is organized with the aim of minimizing depen-
dencies among chapters.

Chapter 2 introduces almost all concepts that are necessary for understand-
ing each of the remaining chapters. We will sometimes define concepts in the
later chapters, but these usually require little explanation and can be looked up
quickly. The only exception to this rule are the results on non-expressibility in
Chapter 10, which rely on the concept of Parikh annotations. These are intro-
duced and explained in Section 9.2.

Related work Since each mention of related work pertains to a specific chapter,
we refer the reader to the conclusion sections therein. In particular, a general
overview on related work on valence automata can be found in the conclusion
section of the chapter on basic concepts, Section 2.9.

Regarding the introduction, it should be mentioned that the general idea of
associating monoids to storage mechanisms as above is old and well-known,
see [48] for a similar approach and references.



Chapter 2

Basic concepts

In this chapter, we settle notation and introduce most of the concepts that are
used in the remaining chapters.

Sections 2.1 and 2.2 mostly recall standard terminology on formal languages
and monoids. In Section 2.3, we define valence automata and present founda-
tional results. In Section 2.4, we introduce the new concept of graph monoids,
which will be used throughout this work as a framework to capture storage
mechanisms.

Sections 2.5 and 2.6 are devoted to two operators on language classes that
capture the change in expressiveness of two particular constructions of storage
mechanisms. These two operators are then used in Section 2.7 to define a hier-
archy of language classes that describes the capacity of various types of storage
mechanisms in this thesis.

Finally, in Section 2.8, we recall the concept of well-quasi-orderings, which
will be used frequently in later chapters.

2.1 Automata and Languages

Sets We denote the set of integers by Z and the set of non-negative integers by
IN. To express that the set A is the disjoint union of B and C, we write A =B C.
In order to denote inclusion, we write A C B and for strict inclusion, we write
A C B. The power set of A is denoted by P(A).

Monoids In this work, a few notions pertaining to formal languages will be
defined using monoids. We will therefore begin with some basic concepts for
the latter. For further notions concerning monoids, see Section 2.2. For general
information about semigroup theory, see [67].

A monoid is a set M together with a binary associative operation such that
M contains a neutral element. The neutral element is called identity. Unless the
monoid at hand warrants a different notation, we will denote the neutral element
by 1 and the product of x,y € M by xy.

If M and N are monoids, a morphism is a map @: M — N with ¢(1) =1 and
e(xy) = e(x)e(y) for any x,y € M. A subset N C M is a submonoid of M if
it contains the neutral element of M and satisfies xy € N whenever x,y € N.
For a subset S C M, the submonoid generated by S, denoted (S), is the smallest

7



Chapter 2. Basic concepts

submonoid of M that includes S. It consists of the neutral element of M and all
products s - - - s of elements sq,...,sn € S. If there is no danger of confusion,
we will also write S* instead of (S) and in the case of commutative monoids, we
sometimes write S®.

Words and multisets While we define all necessary notions, we assume ba-
sic familiarity with formal language theory. For more information, we refer the
reader to introductory texts such as [6, 11, 97].

Finite sets of symbols are called alphabets. For a set X of symbols, we will
write X* for the set of words over X. The empty word is denoted by ¢ € X*.
Together with the concatenation as its operation, X* is a monoid. For a symbol
x € X and a word w € X*, let [w|x be the number of occurrences of x in w.
If Y is a subset of X, we write fwly = ) | .y wlx. By w|, we will refer to the
length of w. Given an alphabet X and a monoid M, subsets of X* and X* x M
are called languages and transductions, respectively. For a language L C X* and a
transduction T C X* x M, we define

TL={me M| (w,m) eT forsomew € L}.

Given an alphabet X and languages L, K C X*, the shuffle product of L and K is
defined as

LwK={upviuy -+ vpun Ug,...,Un,vi,...,vn € X%,
Uy -Un €L, vy,...,vq € K}

For a subset Y C X, we define the projection morphism my: X* — Y* by setting
my(y) =y fory € Yand my(x) = ¢ for x € X\ Y.

Given a set X of symbols, we write X® for the set of maps «: X — IN. The
elements of X¥ are called multisets. By way of pointwise addition, written o + 3,
X® is a commutative monoid. We write 0 for the empty multiset, i.e. the one that
maps every x € X to 0 € N. For o € X9, let || = Y, cx «(x).

For each alphabet X, the Parikh map is the map ¥: X* — X% defined by
Y(w)(x) = [wl for all w € X* and x € X. The map V is lifted to sets in the
usual way: ¥(L) = {¥(w) | w € L}. The set ¥Y(L) is then called the Parikh image
of L. Two languages are said to be Parikh equivalent if they have the same Parikh
image. For morphisms ¢: X® = Y® and words w € X*, we sometimes abuse
notation and write ¢ (w) instead of @ (¥(w)). Similarly, if {: X* — Y* is a mor-
phism and p € X%, then {(p) is defined as Y(p(w)), where w € X* satisfies
Y(w) = u. Note that this is well-defined.

Rational sets Let M be a monoid. An automaton over M consists of a tuple
A= (Q/ Mr E/ qo, F), in which

e Q is a finite set of states,
e Eis a finite subset of Q x M x Q called the set of edges or transitions,
e (o € Q is the initial state, and

o F C Q is the set of final states.



2.1. Automata and Languages

The step relation — A of A is a binary relation on Q x M, for which we have
(g,m) —a (q’,m’) if and only if there is an edge (q,7,q’) € E with m’ = mr.
The set accepted by A is then

L(A) ={m e M| (qp,1) =74 (f,m) for some f € F}.

A set R C M is called rational if it can be written as R = L(A) for some autom-
aton A over M. The set of rational subsets of M is denoted by Rat(M). Given
two subsets S,T C M, we define ST = {st | s € S,t € T}. A classic result by
Kleene [95] states that Rat(M) is the smallest set of subsets of M that contains ev-
ery finite subset of M and if S, T € Rat(M), then S* € Rat(M) and ST € Rat(M).
This means, in particular, the operation (S, T) — ST makes Rat(M) a monoid
itself. Rational languages are also called regular. By Reg, we denote the class of
regular languages.

Let C be a commutative monoid for which we write the composition addi-
tively. Forn € IN and ¢ € C, we use nc to denote ¢ + - - - + ¢ (n summands).
Of course, if we write the composition of C additively, we also write S+ T for
{s+t]|seS,teT}and abbreviate {s} + T and S+ {t}as s+ T and S + t, respec-
tively.

A subset S C C is called linear if there is an element s € C and a finite set
F C CsuchthatS = s+ (F). AsetS C Cis called semilinear if it is a finite union
of linear sets. If S = |Ji_; si + (Fi), then the tuple (sq,Fy,...,sn, Fn) is called a
semilinear representation of S. By SL(C), we denote the set of semilinear subsets of
C. It is well-known that Rat(C) = SL(C) for commutative monoids C [38]. We
will, however, sometimes still use SL(C) to make explicit that the sets at hand
are semilinear. Clearly, by way of the product (S, T) — S+ T, SL(C) constitutes a
commutative monoid. If the set W(L) is semilinear for a language L, we will also
call L itself semilinear.

The first-order logic (with equality) over the structure (IN, +) is called Pres-
burger arithmetic, its formulae Presburger formulae. Here, + is the binary function
yielding the sum of its arguments. For a Presburger formula ¢(x1,...,xn) with
n free variables x1,...,xn we write = @(s1,...,sn) if @ is satisfied in (N, +)
for a variable assignment o with o(x;) = s; for 1 < i < n. For such a for-
mula @, we say ¢ defines the set S C IN™ if for each (s1,...,5n) € IN™, we have
E @(s1,...,8n) if and only if (s1,...,sn) € S. A subset S C IN™ is said to be
Presburger definable if it is defined by some Presburger formula.

A classic result by Ginsburg and Spanier [55] states that the Presburger defin-
able subsets of IN™ are precisely the semilinear ones. Moreover, this equivalence
is effective, meaning that given a Presburger formula, one can effectively deter-
mine a semilinear representation for the set it defines. If X is an alphabet, then
a linear order on X induces an isomorphism X% = IN™, where n = |X|, by way
of which the notion of Presburger definability carries over to subsets of X?¥. It is
clearly independent of the chosen linear order.

Language classes and closure properties This work studies, among other as-
pects, the expressive power of valence automata, which is measured by the lan-
guages they accept. In order to discuss the resulting language classes, we need
a few fundamental notions. A rational transduction is a rational subset T of the
monoid X* x Y* for alphabets Xand Y. If A = (Q, X* x Y*, E, qo, F) is an automa-
ton over X* x Y*, we alsowrite A = (Q, X, Y, E, qo, F) and instead of L(A), we also

9



Chapter 2. Basic concepts

use the notation T(A). For rational transductions T C X* x Y* and U C Y* x Z*,
we define

ToU={(uw)eX*"xZ"|(u,v) €T, (v,w) € Uforsomev € Y*}.

A classic result by Elgot and Mezei [40] states that U o T is again a rational trans-
duction.

A substitution is a map o: X — P(Y*), where X and Y are alphabets. Given
L C X*, we write o(L) for the set of all words v; ---vy, where v; € o(xy),
1 <ig<n forx;--xn € Land x1,...,xn € X. If 0(x) C Y for each x € X,
we call o a letter substitution.

A language class is a set of languages that is closed under isomorphism and
contains at least one non-empty member. A language class C is called a full trio
if it is closed under rational transductions, that is, for each L € ¢, L C X*, and
each rational transduction T C X* x Y*, we have TL € C. It follows from the
definition that every full trio includes the regular languages. Moreover, it is a
simple exercise to show that for L € €, L C X*, regular languages R C X* and
morphisms h: X* — Y*, and g: Y* — X*, one has

LNREE, LWReC, h(L) € G, g (L) ee. (2.1)

We denote the smallest full trio containing L by T(L). Since T o U is rational when
T and U are rational transductions, T(L) consists of all languages of the form TL,
where T is a rational transduction; unless L = (), in which case T(L) coincides
with the regular languages. If a language class is of the form T(L) (i.e. generated
by one language), it is said to be a principal full trio.

A full trio is called a full semi-AFL! if it is also closed under finite unions, i.e.
if K,L € €, then KUL € C. Furthermore, a semi-AFL is said to be a full AFL if for
each L € C, we have L* € C. For more information on these concepts, see [11]. A
language class is said to be semilinear if each of its languages is semilinear.

Certain constructions in this work rely on a somewhat unusual combination
of closure properties, which makes it convenient to give it a name. First, we say
that a language class C is Presburger closed? if for each language L € C, L C X*,
and each semilinear set S C X%, we have LN¥Y~1(S) € €. Moreover, a rational
transduction T C X* x Y* is called locally finite if the set TL is finite for each finite
L C X*. Second, we say that a language class is a full semi-trio if it is closed
under locally finite transductions. Just as full trios always include the regular
languages, full semi-trios always include the finite languages. Note also that if
we require g to be non-erasing, i.e. g(y) # ¢ fory € Y, then (2.1) still holds
for L € C, where C is a full semi-trio. An example of a full semi-trio that is
also Presburger closed is the class of finite languages. See Section 9.2 for the
aforementioned constructions that require the input languages to belong to a
Presburger closed full semi-trio.

A note on effectiveness We will often say that a language class is effectively
closed under some operation. By this we mean that given representations of lan-
guages in the class, one can effectively determine a representation of the resulting

In the terms semi-AFL and AFL, the abbreviation “AFL” stands for Abstract Family of Lan-
guages [11].

2The name stems from the fact that the semilinear sets are precisely those defined by Presburger
formulae; see p. 9.
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2.1. Automata and Languages

language. For example, a language class C is effectively closed under rational trans-
ductions if there is an algorithm that, given a representation of some language
L € € and a rational transduction T, computes a representation of the language
TL € C. It is effectively Presburger closed if, given a representation of a language
L € € and a semilinear representation of a set S, one can compute a representa-
tion of LN'W~1(S), etc. This convention carries over to types of language classes:
An effective full trio is a language class that is effectively closed under rational
transductions, etc.

It will always be clear from the definition of a language class how its members
are represented. For example, a blind multicounter language is described by a
blind multicounter automaton. A language in Alg(C) (see Section 2.6 for a defini-
tion) is represented by a C-grammar together with descriptions of its right-hand
sides, which will again be clear how to represent.

Pushdown automata and context-free languages A pushdown automaton is a
tuple A = (Q, X, Y, E, qo, F), where Q is a finite set of states, X and Y are alphabets,
E C QxX* xY* xY* x Qis a finite set of edges (or transitions), qo € Q is the initial
state, and F C Q is the set of final states. The alphabet X is called its input alphabet
and Y its stack alphabet. A configuration of A is a triple (q,u,v), where q € Q,
u € X*, and v € Y*. For such a pushdown automaton A and configurations
(q,u,v) and (q’,u’,v’), we write

(qw,v) =a (", u'V)  ifu =ux,v=wy;, andv' =wy;
for some w € Y* and (q,%,Y1,Y2,q9’) € E.

The language accepted by A is then
L(A) ={w e X" | (qo, & €) = (f,w,¢) for some f € F}.

Note that this definition deviates slightly from the usual textbook definition [11].
In the latter, every edge (p, X, y1,Y2, q) has [yq| = 1. This means in particular that
in the initial configuration, the stack has to consist of some designated bottom
symbol. Moreover, in our definition, a computation has to end in a configuration
where both a final state is reached and the stack is empty. The textbook definition
usually has two variants: One accepts on final state and one accepts with an
empty stack. In terms of the class of accepted languages, it is easy to see that all
three definitions are equivalent.

The languages accepted by pushdown automata are called context-free and
we use CF to denote the class of context-free languages. An important tool for
proving that a certain language is not context-free is the Iteration Lemma by
Ogden [116].

Theorem 2.1.1 (Ogden [116]). For each context-free language L, there is an integer m
such that for any word z € L and any choice of at least m distinct marked positions in z,
there is a decomposition z = uvwxy such that:

1. w contains at least one marked position.

2. Either w and v both contain marked positions, or x and y both contain marked
positions.

3. vwx contains at most m marked positions.

11
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4. wiwxy € L for every i > 0.

Another tool to examine context-freeness of languages is Parikh’s theorem. It
is useful for proving that particular languages are not context-free, but also for
decision problems involving context-free languages. For some examples of its
numerous applications, see Chapter 7.

Theorem 2.1.2 (Parikh [118]). For each context-free language L, W(L) is effectively
semilineat.

An important characterization of the context-free languages is the theorem of
Chomsky and Schiitzenberger [22] (see also [11, Theorem 3.10, p. 44]). In order
to formulate it, we have to define Dyck languages. For each n € IN, let X, be the
alphabet {a;, @; | 1 < i < n}. The Dyck language (over n pairs of parentheses) is the
smallest language Dy, C X}, containing ¢ such that for each uv € Dy, Dy, also
contains ua;a;v and ud;a;v. The semi-Dyck language (over n pairs of parentheses)
is the smallest language D}, C X}, that contains ¢ and for each uv € D], D/, also
contains ua;av.

Theorem 2.1.3 (Chomsky-Schiitzenberger [22]). CF = T(D;) = T(D}).

Counter automata Letn € IN and S be a subset of Z™. An S-restricted counter
automaton is a tuple A = (Q,X, E, qo,F), where Q is a finite set of states, X is
an alphabet, E is a finite subset of Q x X* x Z™ x Q for some n € N, qp € Q
is the initial state, and F C Q is the set of final states. A configuration of A is a
triple (q,u, 1) with ¢ € Q, u € X*, and p € S. For such an automaton and
configurations (q,u, u) and (q’,u’, n’), we write

(q,u, 1) —a (q/,u/, 1) ifu’ =uxand p’ = p+ « for some (q,x,k,q’) € E.
The language accepted by A is then
L(A) ={w e X" | (q0,¢,0) =4 (f,w,0) for some f € F}.

A Z"-restricted counter automaton is called a blind (multi)counter automaton
and an IN™-restricted counter automaton is called a partially blind (multi)counter
automaton. While we will not formally introduce the model of Petri nets in this
work, let us mention that, when operated with labels and final markings [85],
they are essentially equivalent® to partially blind multicounter automata.

2.2 Monoids

Since in this work, we represent storage mechanisms by monoids, they constitute
a central concept. This section recalls basic notions.

Let M be a monoid. A congruence is an equivalence relation = on M such
that x = y implies uxv = uyv for every u,v € M. Given a congruence =, we
can define the quotient monoid M /=, whose elements are the equivalence classes
with respect to =. The operation on M/= is given by [x]=[y]= = [xy]=. The fact

3Strictly speaking, Petri nets do not have states, but this is usually without consequence because
they can be compensated with additional places. This does, however, mean that partially blind multi-
counter automata with n counters correspond to Petri nets with n unbounded places.
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that = is a congruence guarantees that this operation is well-defined. The trivial
monoid is the monoid that contains just one element and is denoted 1. A bijective
morphism is called isomorphism and we say that two monoids are isomorphic if
there is an isomorphism between them.

If My, ..., My, are monoids, then their direct product consists of the Cartesian
product My x --- X My, and the operation that applies M;’s product in the i-th
component. We write M™ for the direct product M x - - - x M (n factors).

In each monoid M, we have the subsets

Ri(M)={x e M |xy =1forsomey € M},
Li(M) ={x € M |yx =1 for somey € M},
Hj (
J1 (M) ={x € M |yxz =1 for some y,z € M}.

It should be noted that R; (M), L1 (M), and J; (M) are the R-, £-, H- and J-class,
respectively, of the identity in M with respect to the well-known Green’s relations
R, £, H, and J [67]. Green’s relations are an important concept in the theory of
semigroups and monoids. For our purposes, however, it suffices to consider the
sets R1 (M), L1 (M), H;(M), and J; (M). Observe that R; (M), L; (M), and H; (M)
are each a submonoid of M.

The elements of R1(M), L1 (M), and H; (M) are also called right-invertible, left-
invertible, and invertible, respectively. If every element of M is invertible, then M
is a group. A subgroup of a monoid M is a submonoid* that is a group. Note that
H7 (M) is always a subgroup of M.

M
M) ={x € M|xy =yx =1forsomey € M},

Presentations and free products One way to describe a monoid is to define its
set of elements and specify the product of any given pair of them. Another ap-
proach is the following. Instead of explicitly providing the product for any pair,
one writes down a set of generators and indicates what equations are to hold
among their products. While the direct product of monoids is simple from the
former perspective, the free product is very natural from the second. A descrip-
tion of a monoid by generators and equations is called a presentation. Let A be a
(not necessarily finite) set of symbols and R C A* x A*. The pair (A, R) is called
a (monoid) presentation. The smallest congruence of A* containing R is denoted
by =g and we will write [w]g for the congruence class of w € A*. The monoid
presented by (A, R) is defined as A*/=g. Hence, two words u,v € A* represent
the same element of the monoid if u can be transformed into v by repeatedly
replacing factors x by y for (x,y) € Ror (y,x) € R.

Note that since we did not impose a finiteness restriction on A, every monoid
M has a presentation (up to isomorphism): Take a set of symbols A in bijection
with M and let ¢: A* — M be the morphism extending this bijection. With
R={(u,v) € A* x A* | (u) = @(v)}, the presentation (A, R) presents a monoid
isomorphic to M.

Furthermore, for monoids My, M we can find presentations (Ao, Rp) and
(A1,Rq) such that Ag N Ay = (. We define the free product My * M; to be pre-
sented by (Ag UAj,Ro URy). Note that this definition of the free product de-
pends on the chosen presentation. However, it is easy to see that My * M is

“Note that here, a subgroup being a submonoid implies that the identity of the subgroup coincides
with the identity of M. In the literature on semigroup theory, subgroups are usually only required
to be subsemigroups, meaning that the subgroup’s identity can be any idempotent.
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well-defined up to isomorphism: If (A, Ri) and (A, R{) present the same mon-
oid for i = 0,1, then there are morphisms ¢;: A} — A!* such that u =g, v if
and only if @i(u) =g; @i(v) for i = 0,1 and for each w € A*, 1 € {0, 1}, there
isav € Af with (p(v)1 =g/ w. If @: (AgUA1)* = (AJUA])* is the morphism
extending @ and @1, then the induced map

(Ao UA1)"/=Reury — (A UAT)"/=Rjur;
Wirour, — [@(W)lrgUR;

is well-defined and an isomorphism.

Since A and A are disjoint, the morphisms defined by [wlg, — [Wlr,uRr,,
w € A fori = 0,1, are injective. By way of these, we will regard My and M;
as subsets of My * M. Since every word w € (Ap U A7)* can be written as
W = UgVIU - Vpun Withu; € A5, 0 <i<mn,andv; € A, 1 <i<n, we
can write every element of Mg x M as a product xoy1x7 - - - Ynxn with x; € My,
0<i<nandy; € My, 1 <1 < n. These decompositions are not always
unique: If, for example, x; = 1, then

XoY1X1 - YnXn = X0Y1X1 - Yj—1%—-1YjXjYj+1%Xj+1 " YnXn
=x0Y1%1 " Yj—1%—1 (YjYj+1) Xj+1 ** YnXn.
N—_——

eEM;

However, this is the only situation in which the decomposition is not unique.
With the requirement x; # 1 for 0 <i<nandy; # 1for 1 <1i < n, the elements
X0,...,Xn and yq,...,yn are uniquely determined.

The definition of the free product also implies that for every pair of mor-
phisms Pi: My — N, i = 0,1, for some monoid N, there is a unique morphism
P: Mo * M1 — N extending o and {1, i.e. P restricted to M; agrees with ;
fori =0, 1. Furthermore, it is immediate from the definition that the free product
is associative, i.e. (M * N) * P = M x (N % P) for monoids M, N, P. Therefore, we
may define the n-fold free product of M by M(™) = M x - ..« M (n factors).

The bicyclic monoid One of the central monoids in this work is the bicyclic
monoid. We define it by a presentation: Let X = {x, %} and R = {(xX, ¢)}. Then
we call the monoid presented by (X, R) the bicyclic monoid and denote it by B.
The elements [x]g and [x]g of B are also denoted a and @, respectively. They are
called the positive and negative generator, respectively. Observe that every element
of B has a unique representation a™a™ for m,n € IN.

2.3 Valence automata

The aim of this work is to generalize insights about automata with storage. More
specifically, we want to generalize results about concrete storage mechanisms
and then, for some larger class of mechanisms, characterize those mechanisms
for which the result still holds and for which it fails.

In order to discuss classes of storage mechanisms, we need a formal model of
automata with storage in which the storage mechanism is given by some parame-
ter. This means by choosing suitable values for the parameter, one can instantiate
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concrete automata models. With such a model, it is possible to ask: For which
parameter values does the result hold?

A model that turns out to be suitable for this endeavor is the model of valence
automata. Such an automaton consists of a finite state control and a storage
mechanism that is defined by a (possibly infinite) monoid. Here, both the current
content of the storage and the operations thereon are represented as elements of
this monoid: In the beginning, the storage content is the neutral element of the
monoid and in each step, the automaton operates on the storage by multiplying
an element indicated on the used transition.

Valence automata Let us define the model formally. Let M be a monoid. A
valence automaton over M is a tuple A = (Q, X, M, E, q¢, F), where

e Q is a finite set of states,

e Xis an alphabet, called its input alphabet,

e M is a monoid,

e EC Q xX*x M x Q is a finite set of edges or transitions,
e qo € Q is its initial state, and

o T C Q isits set of final states.

A configuration is a triple (q,u,x) € Q x X* x M. For configurations (q, u, x) and
(q/,u’,x’), let

(q,u,x) —a (q,u/,x") ifu'=uwand x’ =xz
for some (q,w,z,q’) € E.

The term ‘valence automaton’ stems from the analogous concept of valence
grammars, which were introduced by Pdun [119]. Details on the latter can be
found in Chapter 3. However, the concept of valence automata had been known
and studied before the work [119]. Some authors also say M-automata instead of
valence automata over M. For information on related work on valence automata
and other unifying models, the reader is referred to Section 2.9.

In this work, we measure the expressive power of valence automata by the
class of languages they can accept. The language accepted by A is defined as

L(A) ={w e X" | (qo,¢,1) =4 (f,w,1) for some f € F}.

In other words, the automaton accepts all words that label paths from an initial
state to a final state such that the product of the monoid elements is the identity.

The class of languages accepted by valence automata over M is denoted by
VA(M). Sometimes, we will consider all valence automata over monoids from a
class M. We will then write VA(M) for the class of languages accepted by some
valence automaton over M with M € M.

Example 2.3.1. Consider the valence automata A and B in Figs. 2.1a and 2.1b. The
former is a valence automaton over B and the latter is one over Z x Z. We denote
a transition (p,w, m, q) by drawing an edge labeled wim from p to q. Initial states
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al(1,0) b|(0,1) -1,-1)
(a) Valence automaton A over B (b) Valence automaton B over Z?

Figure 2.1: Examples of valence automata

and final states are marked by an incoming and an outgoing arrow, respectively. The
languages accepted by our example automata are

L(A) ={w € {a,b}" | ulq > |ulp for each prefix u of w},
L(B) ={a™b™c™ | n € N}L

Before we see in Section 2.4 how to realize concrete storage mechanisms with
monoids, we presents here some basic observations concerning valence autom-
ata with respect to expressive power and decidability. Among other applica-
tions, these will be helpful for understanding how the monoids in Section 2.4
correspond to storage mechanisms.

For the description of the languages accepted by valence automata over a cer-
tain monoid, the identity languages play an important role. An identity language
of M is a language of the form @ 1(1), where ¢: X* - Misa morphism and X
is an alphabet.

Example 2.3.2. Consider the additive group Z and the morphism ¢: X* — Z with
X = {a,b} and ¢(a) = 1 and @(b) = —1. Here, of course, 1 is the usual integer
and not the neutral element of Z. Then the identity language of Z with respect to ¢ is
{we{a, bl [Iwla =Wl

Suppose @;: X — My is a morphism for i = 0,1 such that Xo N Xy = 0. Then the
language (pg] (1) cp?1 (1) is an identity language of the monoid My x M.

The class of languages accepted by valence automata over M can be char-
acterized in terms of the identity languages of M. This has been observed, for
example, by Gilman and Shapiro [49] and Kambites [88].

Theorem 2.3.3. Let M be a monoid. The following are equivalent.
1. L € VA(M)
2. Lis a rational transduction of some identity language of M.
In other words, VA(M) is the smallest full trio containing all identity languages of M.

Proof. Let A = (Q,X, M, E, qo, F) be a valence automaton over M. Let S C M
be the finite set of those m € M for which there is a transition (p,w, m, q) in
E. Moreover, let Y be an alphabet in bijection with S and let @: Y* — M be the
morphism extending this bijection. Then the transducer B = (Q,Y,X,E’, qo,F)
with

E/ = {(pr (P_] (m),w, q) | (prwrm/ q) € E}
is easily seen to satisfy L(A) = T(B)e ' (1) (note that T(B) C Y* x X*).
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On the other hand, if ¢: Y* — M is a morphism and A = (Q,Y,X,E,qo,F) is
a transducer, then letting

E'={(p,w, o), q) | (p,v,w,q) € E}

defines a valence automaton B = (Q,X, M, E/, qo, F) with L(B) = T(A)e'(1).
O

Since the class of rational transductions is closed under composition, the fore-
going fact implies that VA(M) is a full trio for each monoid M. It is also easy to
see that each VA(M) is closed under union. This implies the following, which
has also been mentioned by Fernau and Stiebe [45].

Corollary 2.3.4. For each monoid M, VA(M) is a full semi-AFL.

Using a finitely generated monoid as a storage monoid means that there is a
fixed finite set S that generates M. We can then write every monoid element on a
transition as a product of elements of S. Intuitively, this means there is a globally
fixed number of operations one can apply to the storage. This is the case, for
example, in the class of pushdown automata with a fixed pushdown alphabet; or
in the class of multicounter automata with a fixed number of counters. Note that
in the case of pushdown automata, confining oneself to two pushdown symbols
does not affect the class of accepted languages. For blind multicounter automata,
on the other hand, the number of counters induces a strict hierarchy of languages
(Theorem 10.1.1).

If we are interested in whether a fixed number of operations suffices in this
sense, the following provides a necessary and sufficient condition for the result-
ing language class. Interestingly, this means whether “a finite subset of opera-
tions suffices” does not depend on the monoid M or a chosen generating set for
M: It only depends on the structure of the resulting language class.

Corollary 2.3.5. For each monoid M, the following conditions are equivalent:
1. There is a finitely generated submonoid N of M with VA(N) = VA(M).
2. VA(M) is a principal full trio.

Proof. For the direction “1 = 2”, we show that VA(N) is a principal full trio if N
is finitely generated. In this case, there is a surjective morphism ¢@: X* — N. We
claim that VA(N) is generated, as a full trio, by the identity language L = ¢~ (1).
By Theorem 2.3.3, it suffices to show that every identity language of N belongs to
T(L). Suppose K = P~ 1(1) is another identity language for {: Y* — N. Since ¢
is surjective, there is for each y € Y a word wy € X* with @(wy) =V (y). Hence,
ifp’: Y* — X* is the morphism with y — wy, for y € Y, then the language

K=o 1M =v"Te (1) =41 (L)

clearly belongs to T(L).

Let us prove “2 = 1”. Suppose VA(M) is a principal full trio. Then there is a
language L € VA(M) such that every K € VA(M) can be written as K = TL for
some rational transduction T. In the valence automaton A over M for L, only a
finite set S of elements of M occurs on the transitions. This means, for the finitely
generated submonoid N = (S), we have L € VA(N). Since VA(N) is a full trio, we
have VA(M) C VA(N) and thus VA(N) = VA(M). O
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Suppose the two monoids My and M each realize a particular storage mech-
anism. Then it is easy to see that the monoid My x M realizes the mechanism
in which one has access to both factors independently and simultaneously. The
next theorem describes the effect of such a construction on the expressive power.
It appeared first in [88] and can be shown using a simple product construction.

Theorem 2.3.6 (Kambites [88]). Let My, ..., My, be monoids. Then the language
class VA(M1 x - -+ x My ) consists of precisely those languages of the form

h(LiN---NLy),
where Ly € VA(M;) for 1 < i< nand hisamorphism.
An immediate consequence of the previous theorem is the following.
Corollary 2.3.7. If VA(N;) C VA(M;) for i =0, 1, then
VA(No x N7) € VA(My x My).

The next lemma is also a consequence of Theorem 2.3.6 and will mostly be
used in contraposition: If we already know that for some n, the class VA(M)
differs from VA(M x N™), it allows us to conclude VA(M) # VA(M x N).

Lemma 2.3.8. Let M and N be monoids. If VA(M x N) = VA(M), then for every
n € IN, we have VA(M x N™) = VA(M).

Proof. Suppose VA(M x N) = VA(M) and L € VA(M x N™). By Theorem 2.3.6,
this means L = h(KNL;N---NLy) for some K € VA(M), L; € VA(N) for
1 < i < n, and a morphism h. By induction on 1i, it follows that the intersec-
tion KNL;N---NL; belongs to VA(M): For i = 0 this is trivial and if it holds for
i, then

KNLyNn---NLiyy=KNLyN---NL)NLi1 € VA(M x N) CVA(M)

by Theorem 2.3.6. In particular, KNLy N---N L, € VA(M) and hence L belongs
to VA(M). O

We close this section by presenting two transformations of monoids that can
be easily interpreted in terms of the storage mechanisms they yield.

Direct products and independent mechanisms Suppose a valence automaton
A has My x M as its storage monoid. This means, every transition of A holds an
element of M and an element of M1 and applies them to the respective storage
components. In the end, it accepts if both components contain the identity.

This means, taking direct products corresponds to using both mechanisms indepen-
dently. For example, since Z is essentially one blind counter, using the monoid
M X Z instead of M means we add a blind counter.

Free products and building stacks Let us consider what happens when we go
from M to B * M. By the definition of the free product and the bicyclic monoid,
it is easy to see that if m € M, m # 1, then ama cannot occur in a product that
yields the identity: Any word obtained by applying the equations will contain
the symbols a and @ and a word representing m # 1 in between them. Similarly,

18



2.4. Graph monoids

. X

(a) C4 (b) P4 (c) C4, drawn
differently

Figure 2.2: Graphs C4 and P4.

an element max with m € M and x € B * M is not right-invertible. This implies
that every right-invertible element of B * M is of the form mpamy ---amy, in
which my, ..., mn € M are uniquely determined.

We interpret this as a stack of entries in M, where a is the separator between
entries. Observe that multiplying a yields a right-invertible element if and only
if m,, = 1 and if that is the case, we arrive at mgam; ---amp_j. Hence, a acts
as a pop operation. Furthermore, multiplying a is a push operation that starts a
new entry on the top. Moreover, multiplying an element of M manipulates the
topmost entry. Finally, mpam;y --- amy, is the identity of B * M if and only if
n = 0and my = my = 1, meaning that the stack is empty.

Therefore, taking the free product with B corresponds to building stacks. In
particular, in the case M = 1, we build stacks of trivial elements and hence obtain
a partially blind counter. If M = IB, then we have a stack of partially blind counters,
which is precisely a pushdown over two symbols.

2.4 Graph monoids

This section introduces a class of monoids that accommodates a variety of storage
mechanisms. We call these monoids graph monoids®.

Aside from realizing a number of storage mechanisms, they have the advan-
tage that they are closely related to Mazurkiewicz traces [32] and that they gen-
eralize graph groups (which are also known under the name right-angled Artin
groups) [21]. The connections to Mazurkiewicz traces and graph groups allow
us to use ideas and results from these areas to understand valence automata over
graph monoids. On the other hand, the language- and automata-theoretic per-
spective sometimes simplifies difficult proofs about graph groups (see, for exam-
ple, Theorem 2.6.3).

Graphs Graph monoids are defined by graphs. A graph is a pair I' = (V, E)
where V is a finite set and E is a subset of {S C V | 1 < |S] < 2}. The elements
of V are called vertices and those of E are called edges. This means, in our def-
inition of graphs, edges are undirected, but we allow loops. We call I simple if
it has no loops, i.e. |S| = 2 for every S € E. Vertices v,w € V are adjacent if
{v,w} € E. If {v} € E for some v € V, then v is called a looped vertex, otherwise it
is unlooped. Given a graph I' = (V, E), we write '™ for its underlying simple graph,
that is, the graph I’ = (V,E’), where E/ = EN{S C V | |S| = 2}. We call graphs

5 They are not to be confused with the related, but different concept of trace monoids [32], i.e. mon-
oids of Mazurkiewicz traces, which some authors also call graph monoids.
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T'o = (Vo,Ep) and I'1 = (V4, Eq) isomorphic if there is a bijection ¢: Vo — Vj such
that {v,w} € Ey if and only if {@(v), (W)} € E;.

A subgraph of T" is a graph (V/,E’) with V/ C Vand E’ C E. Such a subgraph
is called induced (by V') if B/ = {S € E | S C V’'}, ie. E’ contains all edges
from E whose incident vertices are in V. By I'\v, for v € V, we denote the
subgraph of I induced by V \ {v}. For a vertex v € V, the elements of the set
N(v) ={w € V | {v,w} € E} are called neighbors of v.

A looped clique is a graph in which E = {S C V | 1 < [S] < 2}. Moreover, a
clique is a loop-free graph in which any two distinct vertices are adjacent. Finally,
an anti-clique is a graph with E = 0. A simple path (of length n) is a sequence
X1,...,%Xn of pairwise distinct vertices such that {x;,x;+1} € Efor 1 <i < n. If,
in addition, we have {xn, X1} € E, itis called a cycle (of length n). By C4, we denote
the graph with four vertices that constitute a cycle such that C4 has a minimal
set of edges. Similarly P4 is the graph with four vertices that constitute a simple
path such that P4 has a minimal set of edges (see Figs. 2.2a and 2.2b).

In slight abuse of terminology, we say the graph I" has the graph A as an
induced subgraph if I' has an induced subgraph that is isomorphic to A.

Graph monoids With each graph I' = (V,E), we associate the presentation
Tr = (Xr,Rr) over the alphabet Xr = {ay, d, | v € V}. The set Rr C Xj x X}
consists of the following pairs:

(ayay, €) for eachv € V, and (2.2)
(xy,yx) for each x € {a,, a4y}, y € {aw, aw} with {v,w} € E. (2.3)

This means in particular, we have (a,d,, dya,) € Rr whenever v € V is looped.
To simplify notation, the congruence =r.. is also denoted by =r and (W], is also
denoted [w]r. With each graph I', we associate the monoid

Ml = X&/=r.

Hence, MT is generated by {[a,]r, [y | v € V} and these elements always
satisfy [a,]r[aylr = 1, where 1 = [¢]f is the identity of MTI". Moreover, an edge
{v, w} means that the each element of {[a]r, [ay]r} commutes with each element
of {[aw]r, [aw]r}. Monoids of the form MT are called graph monoids.

If every vertex of T' is looped, we have a,d, =r aya, =r eforv € V
and thus MT is a group. Groups that arise as IMT for such graphs are called
graph groups [35, 107]. They are also known under the name right-angled Artin
groups [21], partially commutative groups [31, 136], or semifree groups [8]. For more
information on these groups, see [21].

Examples Before we explain how concrete storage mechanisms can be realized
by graph monoids, let us become familiar with how the graph structure impacts
the resulting monoid. If I' consists of one unlooped vertex v, then Rr contains
only the pair (a,dy, ¢). By the definition of B, we have MI' = B in this case.
Moreover, if I" consists of one looped vertex v, then it is easy to see that MI" = Z.

Suppose V = Vo Vi. Let I} = (V;, Ei) be the subgraph of I' induced by
Vi fori = 0,1. We write X; = Xp,. If for each vy € Vp and v € V;, we have
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GraphT"  Monoid MI"  Storage mechanism

BG) Pushdown (with three symbols)
B3 Three partially blind counters
z3 Three blind counters

B(2) x Z?  Pushdown (with two symbols) and
two blind counters

B(?) x B>  Pushdown and three partially blind counters

B>

B(2) x B(2)  Two pushdowns (with two symbols each)

Table 2.1: Examples of storage mechanisms

{vo,vi} € E, then [xox1]r = [x1x0lr for x; € X{ and hence the map

MTy x MT; —s MT,
(XIry, ylry ) — xylr

is easily seen to be well-defined and an isomorphism. Furthermore, if there is no
edge {vp,v1} € E withvy € Vp and v; € Vy, then the map

MTg + My — MT

extending the maps MI; — MT with [x]r, — [X]r for i = 0,1 is again well-
defined and an isomorphism.

Let n = |V|. The isomorphisms above imply that if I" is a looped clique, then
IMT = Z™. Furthermore, if I" contains no edges, then MT" = B(™). Finally, if I' is
a clique, then clearly MI" = B™.

Storage mechanisms as graph monoids The class of graph monoids accom-
modates several storage mechanisms. Here, we describe some examples. See
Table 2.1 for an overview. Suppose I' contains at least two vertices and no edges
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at all (not even loops). We have seen that then MI" = B(™M), where n = |V|. Ac-
cording to the explanation in Section 2.3, valence automata over B(™) correspond
to pushdown automata (with n stack symbols).

The fact that in this case, valence automata over IMI" are equivalent to push-
down automata can also be seen as follows: The identity language of IMTI" with
respect to the generating set {[x]r | x € Xr} is the semi-Dyck language over the
pairs (a,, @,) of parentheses. Hence, VA(IMI") consists of all rational transduc-
tions of a semi-Dyck language over at least two pairs of parentheses. By the the-
orem of Chomsky and Schiitzenberger (Theorem 2.1.3), VA(IMI') coincides with
the context-free languages.

As a second example, suppose MT is a looped clique. We have seen above
that then MI" = Z™, where n = [V/|. It is obvious that in this case valence autom-
ata over such monoids IMT" are just a syntactic variant of blind counter automata.

For our third example, suppose ' is a clique. As explained above, we have
MI' = B™ for n = [V|. This means, MT is the direct product of n copies of
the bicyclic monoid, each of which realizes a partially blind counter. Therefore,
valence automata over IMI are essentially partially blind multicounter automata.

Now suppose T is the graph C4. Drawing C4 as in Fig. 2.2c reveals that
MT = B(?) x B(2): The left pair of vertices and the right pair of vertices each
forms the monoid B(2). Moreover, there is an edge from each vertex on the left
to each vertex on the right. Hence MT" = B(2) x B(?). Since taking the direct
product of monoids corresponds to combining two storage mechanisms such
that they can be used independently and simultaneously, valence automata over
IMT" are automata with two pushdowns. Since a Turing tape can be realized us-
ing two pushdowns, it is clear that VA(IMT') is the class of recursively enumerable
languages.

Of course, using direct products, we can realize every combination of storage
mechanisms mentioned above. As a notable example, suppose [V| =n > 2and T
has no loops and is one edge short of being a clique. Then the two non-adjacent
vertices {v, w} together form the monoid B and V\{v,w}is a clique. Hence,
we have MI' = B(2) x B" 2. This means, a valence automaton over MTI has
access to a pushdown and n — 2 partially blind counters. Such automata are, of
course, equivalent to Petri nets with a pushdown, for which we will also use the
term pushdown Petri net. 1t is a well-known open problem whether these models
have a decidable reachability problem [121].

If T consists of two non-adjacent looped vertices, then MI" = Z x Z. The ex-
pressive power of valence automata over Z x Z is described by the following
reformulation of the theorem of Chomsky and Schiitzenberger (Theorem 2.1.3).
The reformulation has been proved by Corson [24] and Kambites [88], the latter
of whom observed the equivalence to the theorem of Chomsky and Schiitzen-
berger. The group Z * Z is also known as the free group of rank 2.

Theorem 2.4.1 (Chomsky-Schiitzenberger/Corson/Kambites). VA(Z x Z) equals
the class of context-free languages.

2.5 Semilinear intersections and powers of Z

Since we will occasionally find ourselves in the situation that we understand the
languages in VA(M) and want to describe the languages in VA(M x Z™), this
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section introduces an operator on language classes that provides such a descrip-
tion. This means, in particular, we describe the effect of adding blind counters on
the resulting language class.

Semilinear intersections Let C be a language class. Then SLI(C) denotes the
class of languages of the form

hLNY1(S)),
where L C X*isin G, the set S C X? is semilinear,and h: X* — Y*isa morphism.

Proposition 2.5.1. Let C be an effective full semi-AFL. Then SLI(C) is an effective Pres-
burger closed full semi-AFL. In particular, SLI(SLI(C)) = SLI(C).

Proof. LetL € G, L C X*, S C X® semilinear, and h: X* — Y* be a morphism.
If T C Y* x Z* is a rational transduction, then TR(LNWY~1(S)) = U(LNY1(S)),
where U C X* x Z* is the rational transduction

U={(wv)eX"xZ*|(h(u),v) € ThL

We may assume that XN Z = (). Construct a regular language R C (XU Z)* with
U = {(tx(w), tz(w)) | w € R}. With this, we have

ULnv=1(s)) =ny ((Rm (LwZz¥)) m\r‘(s+z@)) .

Since C is an effective full semi-AFL, and thus RN (Lw Z*) is effectively in C, the
right-hand side is effectively contained in SLI(C). This proves that SLI(C) is an
effective full trio.

Let us prove effective closure under union. Now suppose L; C X}, S; C X?,
and h: X{ — Y* fori = 1,2. If X, is a disjoint copy of X, with bijection
@: X2 = X3, then

hy (L N T(S1)) Uha (LN (S2)) = h((L1 U (L)) NW (ST U@(S2))),

where h: X7 UX; — Y is the map for which h(x) = h;(x) for x € X; and
h(x) = ha(@(x)) for x € X;. This proves that SLI(C) is effectively closed un-
der union.

It remains to be shown that SLI(C) is Presburger closed. Suppose L € C,
L C X*, S C X9 is semilinear, h: X* — Y*isa morphism, and T C Y® is another
semilinear set. Let @: X® — Y® be the morphism with ¢(¥(w)) = ¥(h(w)) for
every w € X*. Moreover, consider the set

T ={pueX?ow) eT)={¥W)|weX*, Y(hiw) eTh

It is clearly Presburger definable (because T is) and hence effectively semilinear.
Furthermore, we have

LAY () Ny I(T) =h(Ln¥ 1 (SNT)).
This proves that SLI(C) is effectively Presburger closed. O

We will often use the following fact to show that certain language classes are
semilinear.
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Proposition 2.5.2. If C is semilinear, then so is SLI(C). Moreover, if C is effectively
semilinear, then so is SLI(C).

Proof. Since morphisms effectively preserve semilinearity, it suffices to show that
YILNnw-1(s)) is (effectively) semilinear for each L € €, L C X*, and semilinear
S C X®. This, however, is easy to see since ¥(L N Yy=1(S)) = Y(L)N S and the
semilinear subsets of X® are closed under intersection (they coincide with the
Presburger definable sets). Furthermore, if a semilinear representation of W(L)
can be computed, this is also the case for ¥(L) N S. O

We are now ready for our description of the languages in VA(M x Z™) in
terms of VA(M) and the operator SLI(-).

Proposition 2.5.3. Let M be a monoid. Then SLI(VA(M)) = U;;>o VA(M x Z™).
Moreover, this equality is effective.

Proof. We start with the inclusion “C”. Since the right-hand side is closed under
morphisms and union, it suffices to show that for each L € VA(M), L C X*, and
semilinear S C X%, we have LNY~1(S) € VA(M x Z") for some n > 0. Let
n = [X| and pick a linear order on X. This induces an embedding X® — Z™", by
way of which we consider X? as a subset of Z™.

Suppose L = L(A) for a valence automaton A over M. The new valence au-
tomaton A’ over M x Z™ simulates A and, if w is the input read by A, adds ¥(w)
to the Z™ component of the storage monoid. When A reaches a final state, A’
nondeterministically changes to a new state ¢, in which it nondeterministically
subtracts an element of S from the Z™ component. Afterwards, A’ switches to
another new state q;, which is the only accepting state in A’. Clearly, A’ accepts
a word w if and only if w € L(A) and ¥(w) € S, hence L(A’) = L(A) NY=1(s).
This proves “C”.

Suppose L = L(A) for some valence automaton A = (Q,X,M x Z™, E, qo, F).
We construct a valence automaton A’ over M as follows. The input alphabet X’ of
A is the set of pairs (w, n) € X* x Z™ for which there is an edge (p, w, (m, ), q)
in E for some p,q € Q, m € M. A’ has edges

E/ :{(P/ (W/ H)/m/ Q) | (p/W/ (m/ H)/ q) S E}

In other words, whenever A reads w and adds (m,u) € M x Z™ to its stor-
age monoid, A’ adds m and reads (w, u) from the input. Let }: X'® — Z"
be the morphism that projects the symbols in X’ to the right component and let
h: X"* — X* be the morphism that projects the symbols in X’ to the left com-
ponent. Note that the set S = PY1(0) C X'® s Presburger definable and hence
effectively semilinear. We clearly have L(A) = h(L(A’) NWY=1(S)) e SLI(VA(M)).
This proves “2”. Clearly, all constructions in the proof can be carried out effec-
tively. O

2.6 Algebraic extensions

This section is devoted to a language theoretic concept, algebraic extensions.
They will be used here to describe how taking the free product (and a more gen-
eral product construction) affects the class of languages accepted by valence au-
tomata. In particular, we will describe the effect of building stacks on the resulting
language class.
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Algebraic extensions were invented by van Leeuwen [132] in an effort to gen-
eralize Parikh’s theorem (see Theorem 2.6.7).

Algebraic extensions Let C be a class of languages. A C-grammar is a quadruple
G = (N, T,P,S) where N and T are disjoint alphabets and S € N. The symbols
in N and T are called the nonterminals and the terminals, respectively. P is a finite
set of pairs (A,M) with A € Nand M C (NUT)*, M € C. A pair (A,M) € Pis
called a production of G and also denoted by A — M. The set M is the right-hand
side of the production A — M.

We write x =g y if x = uAv and y = uwv for some u,v,w € (NUT)* and
(A,M) € Pwithw € M. Aword w with S = w is called a sentential form of G
and we write SF(G) for the set of sentential forms of G. The language generated by
Gis L(G) = SF(G) N T*. Languages generated by C-grammars are called algebraic
over C. The class of all languages that are algebraic over C is called the algebraic
extension of C and denoted Alg(C). We say a language class C is algebraically closed
if Alg(€C) = €. The grammars G and H are equivalent if L(G) = L(H). If C is the
class of finite languages, C-grammars are also called context-free grammars and are
known to generate precisely the context-free languages.

A nonterminal A € N is called reachable if there are u,v € (NUT)* with
S =§ uAv. Itis said to be productive if there is a word w € T* with A =7 w.
The C-grammar G is called reduced if each of its nonterminals is reachable and
productive. Of course, every C-grammar has a reduced equivalent. If C is an
effective full semi-trio and emptiness is decidable for languages in €, then a re-
duced equivalent can be determined effectively: First, we compute the set of
productive nonterminals. We initialize Ny = () and then successively compute

Ni1={AeN|LN(N{UT)* # 0 for some A — Lin P}.

Then at some point, Ni 1 = Nj and Nj contains precisely the productive nonter-
minals. Using a similar method, one can compute the set of reachable nontermi-
nals. Hence, one can compute the set N’ C N of nonterminals that are reachable
and productive. The new grammar is then obtained by replacing each produc-
tion A — Lwith A — (LN (N’UT)*) and removing all productions A — L where
A ¢ N’

Our first observation concerning algebraic extensions is that they have useful
closure properties, provided that € satisfies some mild closure properties.

Proposition 2.6.1. Let C be an effective full semi-trio. Then Alg(C) is an effective full
semi-AFL.

Proof. Since Alg(C) is clearly effectively closed under union, we only prove effec-
tive closure under rational transductions.

Let G = (N, T,P,S) be a C-grammar and let U C T* x X* be a rational trans-
duction. Since we can easily construct a C-grammar for al(G) (just add a pro-
duction S’ — {aS}) and the rational transduction (a, ¢)U = {(au,v) | (u,v) € U},
we may assume that L(G) C T+,

Let U be given by the automaton A = (Q, T, X, E, qo, F). We may assume that

ECQx((Tx{e)U({e}xX))xQ

and F = {f}. Weregard Z = Q x T x Q and N’ = Q x N x Q as alphabets. For
eachp,q € Q,letUp g € (NUT)* x (N'U Z)* be the transduction such that for
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W =Wy Wn, Wi,...,Wwn € NUT, n > 1, the set Uy, (W) consists of all words

(P/thl )(q1/W2/ qZ) e (quf]/WTL/ q)

with q1,...,qn—1 € Q. Moreover, let U, 4(¢) = {e}if p = g and Uy, 4(¢) = 0
if p # q. Observe that Uy, 4 is a locally finite rational transduction. The new
grammar G’ = (N, Z,P’,(qo, S, f)) has productions (p, B, q) — Uy, (L) for each
p,g € Qand B — L € P. Let 0: Z* — P(X*) be the regular substitution defined
by
o((p,x,q)) ={w e X | (p,(g¢)) —=a (q (x, W)}

We claim that U(L(G)) = o(L(G’)). First, it can be shown by induction on the
number of derivation steps that SF(G’) = Ug, ¢(SF(G)). In particular, we have
the equation L(G’) = Uq,,¢(L(G)). Since for every language K C T™, we have
o(Ug,,¢(K)) = UK, we may conclude o(L(G’)) = U(L(G)).

Alg(C) is clearly effectively closed under Alg(C)-substitutions. Since € con-
tains the finite languages, this means Alg(C) is closed under Reg-substitutions.
Hence, we can construct a G-grammar for U(L(G)) = o(L(G’)). O

2.6.1 Free products with amalgamation

As mentioned above, we wish to describe the languages in VA(M( * M) in terms
of algebraic extensions and of the languages in VA(M) and VA(M). In fact, this
description is also available for a more general product, in which the two factors
are “glued together” along a common submonoid. This product is called free
product with amalgamation. It will be used in Chapter 6, which characterizes
those graph products that admit only context-free languages.

Let My, M be monoids with Mg "M = 0 and let 6;: N — M; be an injec-
tive morphism for each i € {0, 1}. Moreover, let ~ be the smallest congruence in
My * My such that 8p(a) ~ 07 (a) for every a € N. Then the monoid

Mo *n M1 = (Mo x Mj)/~

is called a free product with amalgamation. Since the notation My %N M does not
make the maps 6y, 61 explicit, they will always be clear from the context. Clearly,
if N is the trivial monoid, then Mg *n M1 = Mg * M.

If [m] denotes the equivalence class of m € Mg =N M7 with respect to =,
then the morphisms Vi: Mj — Mg *n My for i € {0, 1} with P;(m) = [m] for
m € M, are called the canonical morphisms. Here, we will only be concerned with
the situation where N is a group, in which case the following holds. For a proof,
we refer the reader to [105, Lemma 10, p. 153].

Lemma 2.6.2. Let 8;: N — M, for i € {0, 1} be injective morphisms. If N is a group,
then the following holds.

1. The canonical morphisms My — Mg *N My are injective.

2. Suppose ty,...,tn € Mo UMy such that t; € My if and only if tj 11 € My_;
for1 <j<mnandie {01} Then ty---tn ~ 1 implies that for some index
1 <j<n, wehave t; € 0o(N)UO;(N).

We are now ready to describe the languages in VA(M * M7) in terms of
languages in VA(Mg) and VA(M7). The following result appeared in [R1] and in
the special case of the free product in [R5].
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Theorem 2.6.3. Let F be a finite group and 0;: F — M, be an injective morphism® for
i=0,1. Then VA(Mq *r M) C Alg(VA(Mo) UVA(M;)).

We will see later (Theorem 2.6.7) that algebraic extensions preserve semilin-
earity. Therefore, Theorem 2.6.3 implies that the properties of VA(M) being semi-
linear or context-free are each preserved under taking free products with amal-
gamation over a finite identified subgroup. In the case where the factors are
residually finite groups, the preservation of semilinearity was already shown by
Lohrey and Steinberg [107, Lemma 8].

Proof of Theorem 2.6.3. Since the algebraic extension of a full trio is again a full
trio (Proposition 2.6.1), it suffices to show that with respect to some generat-
ing set S C My *F M;, the identity language of Mg *F M is algebraic over
VA(Mp) UVA(My).

Fori € {0, 1},1et S; € M, be a finite generating set for M; such that 6;(F) C S;.
Furthermore, let X; be an alphabet in bijection with S; and let @;: X{ — M; be
the morphism extending this bijection. Moreover, let Y; C X; be the subset with
@i(Yi) = 04(F). Let ¥i: My — Mg *r M be the canonical morphism. Since
F is a group, P and P are injective by Lemma 2.6.2. Let X = Xp UX; and
let : X* — Mo *F M be the morphism extending oo and P1¢@. Then the
identity language of Mg *r My is @ 1(1) and we shall prove the theorem by
showing that e (1) is algebraic over the language class VA(Mo) U VA(M1).

Foreachic{0,1}and f € F, wedefineL; ¢ = (p,.f1 (01(f)) and write y; ¢ for the
symbol in Y; with @i(yi ) = 0;(f~1). Since 0;(1) = 1, we have Li1 € VA(M;).
Furthermore, since F is a group, the equation ¢;i(w) = 0;(f) is equivalent to
0;(f~ 1) @i(w) = 0;(1). This means we have

Lif={weX{|lysweli}

and can thus obtain L; ¢ from L; ; using a rational transduction. Hence, we have
Li,f S VA(Ml)

Let € = VA(My) UVA(M;). Since for each C-grammar G, it is clearly possible
to construct a C-grammar G’ such that L(G’) consists of all sentential forms of G,
it suffices to construct a C-grammar G = (N, T,P,S) with NUT = Xand S =5 w
if and only if @(w) = 1 for w € X*. We construct G = (N, T, P, S) as follows. Let
N=YoUYyand T = (Xo UX1)\ (Yo UY71). As productions, we havey — Li_j ¢
for each y € Y;, where 0;(f) = @;(y). Since 1 € 0;(F), there is an e; € Y; with
@i(ei) = 1. As the start symbol, we choose S = ey. We claim that for w € X*, we
have § =, wif and only if (w) = 1.

The “only if” follows from the fact that ¢(u) = ¢(v) whenever u =¢ v for
u,v € X*. Thus, let w € X* with o(w) = 1. We write w = wy - --wy, such that
wj € Xy U X7 forall 1 <j < nsuch that wy € X{ if and only if wj 1 € X7_; for
i€ {0,T}and 1 <j < n. We show by induction on n that S =7 w. Forn <1, we
have w € X} for some i € {0, 1}. Since 1 = @(w) = Pi(¢@i(w)) and 1; is injective,
we have @i(w) =1 = 0;(1) and hence w € L; 1. This means S = eg =g w or
S =ep =g e] =g W, depending on whetheri=1ori=0.

Now letn > 2. Since (w7 ---wy) =1, Lemma 2.6.2 providesaj € {1,...,n}
and an i € {0,1} with w; € X} and @i(wj) € 0;(F). Thus, with 0;(f) = @(wj)

6 Recall that here, morphisms are always monoid morphisms (as opposed to semigroup mor-
phisms), which means that 6; (1) has to be the identity of M.
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we have wj € Lj . Hence, if we choose y € Y1_; with ¢1_i(y) = 06;(f), then
w' = Wi Wj_1ywjy1 - Wn =g w. For w’ the induction hypothesis holds,
meaning S = w’ and thus S =§ w. O

Theorem 2.6.3 tells us that the languages in VA(Mg *r M) are confined to
the algebraic extension of VA(My) U VA(M7). The rest of this section comple-
ments Theorem 2.6.3 by describing monoids N such that the algebraic extension
of VA(M) is confined to VA(N). We need two auxiliary lemmas, for which the
following notation will be convenient. We write M < N for monoids M, N if
there is a morphism ¢: M — N such that e 1(1) ={1L Clearly, if M < N, then
VA(M) C VA(N): Replacing in a valence automaton over M all elements m € M
with @(m) yields a valence automaton over N that accepts the same language.

Lemma 2.6.4. If M — M’ and N < N’, then we have M * N — M/« N’.

Proof. Suppose @: M — M’ and : N — N’ are morphisms with ¢~ (1) = {1}
and Y—'(1) = {1}. Then defining k: M * N — M’ N’ as the morphism with
kIm = @ and k|n = clearly yields k- T(1)=1. O

Lemma 2.6.5. Let M be a monoid with Ry (M) # {1}. Then B(™) « M < B « M for
everyn > 1. In particular, VA(B + M) = VA(B™) x M) for every n. > 1.

Proof. Observe that if B(™) + M < B+ M and B B * M < B % M, then
BMtD xM =B (BM™ «M) < Bx(BxM) — BxM.

Therefore, it suffices to prove B« B * M — BB « M.

Let Bs = (s,5|s5 = 1) for s € {p, q,7}. We show B, * B4 * M — By * M. Sup-
pose M is presented by (X, R). We regard the monoids By, * Bq * M and B, x M
as embedded into By, * B * By * M, which by definition of the free product, has
a presentation (Y,S), where Y = {p,p,q,q,7,7}UX and S consists of R and the
equations s5 = 1for s € {p, q, r}. For w € Y*, we write [w] for the class of w in the
congruence generated by S. Since Ry (M) # {1}, we find u,v € X* with [uv] =1
and [u] # 1. and let @: ({p,P,q, g} UX)* — ({r,7}UX)* be the morphism with
@(x) =xforx € Xand

P =TT, p=TT,

q — rur, q — TVT.
We show by induction on |w| that [@(w)] = 1 implies [w] = 1. Since this is
trivial for w = ¢, we assume [w| > 1. Now suppose [@(w)] = [e] for some
w € ({p,p,q, g UX)*. If w e X*, then [@(w)] = [w] and hence [w] = 1. Other-
wise, we have @(w) = xryfz for some y € X* with [y] = 1 and [xz] = 1. This

means w = fsys’g for s,s’ € {p, q} with @(fs) = xr and ¢(s’g) = 7z. If s # s/,
thens =pand s’ = g; or s = g and s’ = p. In the former case

[ewW)] = [o(f) Try ™VF @(g)] = [@(f)rvie(g)] # 1
since [v] # 1 and in the latter
[ew)] = [o(f) Tury 77 @(g)] = [p(f)rure(g)] # 1
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since [u] # 1. Hence s = s’. This means 1 = [w] = [fsysg] = [fg] and also

1 =[p(w)] = [p(fg)] and since |fg| < W], induction yields [w] = [fg] = 1.
Hence, we have shown that [¢(w)] = 1 implies [w] = 1. Since, on the other

hand, [u] = [v] implies [¢(u)] = [ (V)] for all u,v € ({p, P, q, GtUX)*, we can lift

¢ to a morphism witnessing B, * Bg * M < By x M. O

The following result is the announced counterpart of Theorem 2.6.3. Observe
that since VA(B * BB) is the class of languages accepted by pushdown autom-
ata and Alg(Reg) = Alg(VA(1)) is clearly the class of languages generated by
context-free grammars, its first statement generalizes the equivalence between
pushdown automata and context-free grammars. Moreover, the second state-
ment describes the language class that is obtained when we go from one storage
mechanism to the other by building stacks.

Theorem 2.6.6. For every monoid M, VA(B « B * M) = Alg(VA(M)). Moreover, if
R1 (M) #£ {1}, then VA(BB + M) = Alg(VA(M)).

Proof. It suffices to prove the first statement: If Ry (M) # {1}, then Lemma 2.6.5
implies VA(B * M) = VA(B % B * M). Since VA(BB) C CF, Theorem 2.6.3 yields

VA(B * N) C Alg(VA(IB) UVA(N)) C Alg(VA(N))
for every monoid N. Therefore,
VA(B B x M) C Alg(VA(B x M)) C Alg(Alg(VA(M))) = Alg(VA(M)).

It remains to be shown that Alg(VA(M)) C VA(BB « B x M).

Suppose G = (N, T,P,S) is a reduced VA(M)-grammar and let X = NUT.
Since VA(M) is closed under union, we may assume that for each B € N, there is
precisely one production B — Lg in P. For each nonterminal B € N, there is a va-
lence automaton Ag = (Qp, X, M, Eg, qg, Fg) over M with L(Ag) = L. We may
clearly assume that Qg N Q¢ = 0 for B # C and that for each (p,w, m,q) € Ep,
we have jw| < 1.

In order to simplify the correctness proof, we modify G. Let | and | be new
symbols and let G’ be the grammar G’ = (N, TU{|, |}, P’,S), where P’ consists
of the productions B — |L| for B — L € P. Moreover, let

K={ve(NUTU{[ D" [u=5 v, uelsh

Then L(G) = 7 (KN (T U{[, |}*) and it suffices to show K € VA(B x B « M).

Let Q = Ugen QB- Foreach g € Q,let By = (q,q | qg = 1) be an isomorphic
copy of B. Let M’ = Bgq, *---*Bg, * M, where Q = {q1,...,qn}. We shall
prove K € VA(M’), which implies K € VA(B % B x M) by Lemma 2.6.5 since
Ry (B+M) # {1},

Let E = Ugen EB, F = Upen FB- The new set E/ consists of the following
transitions:

(p,x,m,q) for (p,x,m,q) € E, (2.4)
(p, |, mq, q%) for (p,B,m,q) €E,B €N, (2.5)
(p,1,4,9) forpeF,qeQq. (2.6)

We claim that with A’ = (Q, N UTU{L,j},M’,E’,qg,F),we have L(A’) =K.
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Letv € K, where u =%, v for some u € Ls. We show v € L(A’) by induction
onn. Forn = 0, we have v € Lg and can use transitions of type (2.4) inherited
from Ag to acceptv. If n > 1, let u :>TG‘T1 v/ =g/ v. Thenv’ € L(A’) and
v/ = xBy, v = x|w]|y for some B € N, w € Lg. The run for v/ uses a transition
(p,B,m, q) € E. Instead of using this transition, we can use (p, |, mq, q5), then
execute the (2.4)-type transitions for w € Lg, and finally use (f, |, g, q), where f is
the final state in the run for w. This has the effect of reading |w| from the input
and multiplying mq1g = m to the storage monoid. Hence, the new run is valid
and accepts v. Hence, v € L(A’). This proves K C L(A’).

In order to show L(A’) C K, consider the morphisms ¢: (TU{[, |})* — B,
b: M = Bwitho(x) =1forxe T, ¢(]) =a ¢(]) =& P(q) =aforqeQ,
P(g) = @, and PY(m) = 1 for m € M. The transitions of A’ are constructed such
that (p,e,1) =75, (q,w, m) implies ¢(w) = Pp(m). In particular, if v € L(A’),
then 7| |(v) is a semi-Dyck word with respect to | and |.

Letv € L(A’) and let n = wl|. We show v € K by induction on n. If
n = 0, then the run for v only used transitions of type (2.4) and hence v € Ls.
Ifn > 1, since 7y |;(v) is a semi-Dyck word, we can write v = x|w]y for some

€ (NUT)*. Since | and | can only be produced by transitions of the form (2.5)
and {2.6), respectively, the run for v has to be of the form

(q()re 1) A (P/X/ )
—ar (q g,xL rmq)
—n (f,x[w, rmgs)
%A/ (q’,x|w],rmqsq’)
A (

f/,x|w]y,rmqsq’t)

for some p,q,9’ € Q,B €N, (p,B,m,q) € E, f,f € F,r,t € M/,ands e M
and with rmqsq’t = 1. This last condition implies s = 1 and q = q’, which
in turn entails rmt = 1. This also means (p,B,m,q’) = (p,B,m,q) € E and
(qg‘,s,]) =% (f,w,s) = (f,w,1) and hence w € Lg. Using the transition
(p,B,m,q’) € E, we have

(Q(S); 811) _>*A/ (plxrr)
—ar (q’,xB,Tm)
—% (f,xBy, rmt).

Hence xBy € L(A’) and IxBy\L < |V|L. Thus, induction yields xBy € K and since
xBy =g+ x|w|y, we have v = x|w]y € K. This proves L(A’) =K. O

2.6.2 Parikh images

When establishing semilinearity of certain classes VA(M), we will often rely on
the following result of van Leeuwen. Essentially the same fact was shown by
Greibach in her work [61], which formulates it using nested iterated substitutions
instead of algebraic extensions.

Theorem 2.6.7 (van Leeuwen [132]). If C is semilinear, then so is Alg(C).
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On the one hand, this can be derived from Parikh’s Theorem: In a C-grammar,
replace each right-hand side by a Parikh equivalent regular language; this is pos-
sible since € is semilinear. The language of the new grammar is Parikh equivalent
and context-free. Hence, it is semilinear by Parikh’s Theorem. On the other hand,
van Leeuwen deduces it from a (slight variant) of the following relative version.

Theorem 2.6.8 (van Leeuwen [132]). For each substitution closed full semi-AFL C,
we have Y(Alg(C)) = W(C). Moreover, if C exhibits these closure properties effectively,
then this equality is effective’ as well.

The generality of Theorem 2.6.8 allowed van Leeuwen to provide a very el-
egant inductive proof. Since the same principle will shape the construction of
Parikh annotations in Section 9.2, this proof is instructive and therefore included
here. Its key idea is a decomposition of C-grammars and since we will use it
again later on, we give it a name.

Van Leeuwen decomposition Let € be a substitution closed language class and
G = (N,T,P,S) be a C-grammar with |[N| > 2. We choose an A € N\ {S} and
define

Ga = ({AL TUN\{A},Pa,A), where Po ={B—LecP|B=A}L

In other words, P 5 contains all productions of G whose left-hand side is A. Con-
sider the substitution o: (TUN)* — P(TUN\{A})*) with 0(A) = L(G4) and
o(x) ={x} forx € TUN\{A}. Let G’ be the C-grammar with

G’ = (N\{A},T,P’,S), where P"={B - o(L)|B — L € P.

The two grammars G and G’ together constitute a van Leeuwen decomposition. It
is easy to see that L(G’) = L(G), which justifies the term ‘decomposition’.

What makes the van Leeuwen decomposition useful is that G o has just one
nonterminal and G’ has one less nonterminal than G. Hence, using induction,
the decomposition allows us to concentrate on substitutions and grammars with
one nonterminal.

We will use the fact that grammars preserve Parikh equivalence.

Lemma 2.6.9. Let C be any language class. If G is a C-grammar and G is obtained
from G by replacing each right-hand side with a Parikh-equivalent language, then we

have Y(L(G)) = Y(L(G)). In particular, if o,t: X* — P(Y*) are substitutions with
Y(o(x)) =W¥(t(x)) foreach x € X and Y(L) = Y(K), then ¥(o(L)) =¥ (T(K)).

Lemma 2.6.10. Suppose C is a substitution closed full semi-AFL. If G is a C-grammar
with one nonterminal, then Y(L(G)) € Y(C).

Proof. Since € is closed under finite unions, we may assume that G = ({S}, T, P, S)
comprises just one production S — L. Using simple rational transductions, one
can obtain the languages Lo = LN T* and

Ly ={uv|uve (TU{SH*, uSve L}

from L, meaning Ly, L1 € C. Observe that we have ¥(L(G)) = ¥(o(SL})), where
o: (TU{S}H* — P(T*) is the substitution for which ¢(S) = Ly and with o(x) = {x}
for x € T. Since C is closed under substitution (and in particular under Kleene
iteration, since every full semi-AFL contains a*), this proves ¥(L(G)) e ¥(€). O

7This means given a language in Alg(€), one can construct a Parikh equivalent language in €.
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The proof of Theorem 2.6.8 is now a matter of a simple induction.

Proof of Theorem 2.6.8. Since the inclusion “2” is clear, we prove “C”. We show
by induction on the number n of nonterminals in a grammar G that if each right-
hand side L of G satisfies Y(L) € ¥(C), then ¥(L(G)) € ¥(C).

Suppose n = 1. According to Lemma 2.6.9, we may assume that the right-
hand sides of G are in €. By Lemma 2.6.10, we have ¥(L(G)) € ¥(C).

Suppose n > 1. Let Gao and G’ be a van Leeuwen decomposition of G.
By the already established case n = 1, we have Y(L(GA)) € W(C). Hence,
by Lemma 2.6.9 and since € is substitution closed, each right-hand side L of
G’ satisfies W(L) € ¥(C). Since G’ has n — 1 nonterminals, induction yields
Y(L(G)) =Y¥(L(G)) e Y(C). O

2.7 A hierarchy of language classes

Based on the operators SLI(-) and Alg(-) from the previous sections, we introduce
a hierarchy of language classes that will be a recurring theme in this work. Let
Fo be the class of finite languages and let

Gy = Alg(Fy), Fiy1 =SLI(G;) foreachi >0, F= U Fi.
i=0

Then we clearly have the inclusions Fg € Go C F; € G7 C - - -. Furthermore, Gy
is the class of context-free languages, F1 is the smallest Presburger closed class
containing CF, G; the algebraic extension of F1, etc. In particular:

Theorem 2.7.1. F is the smallest Presburger closed and algebraically closed language
class containing the context-free languages.

One might wonder why Fy is not chosen to be the regular languages, which
would have lead to the same class F. While this would be a natural choice, we
want the following to hold. Note that the regular languages are not Presburger
closed.

Proposition 2.7.2. For each i > 0, the class F; is an effective Presburger closed full
semi-trio. Moreover, for each i > 0, Gy is an effective full semi-AFL. Furthermore, there
is a uniform algorithm that, given i € IN, a language in F; (Gy), and one of the mentioned
closure operators, computes the resulting language in Fy (Gy).

Note that the third statement of the proposition means that not only each
of the levels admits an algorithm for the closure operators but that there is one
algorithm that can apply the closure operators for all levels (and it always yields
a language on the same level as the input language). Proposition 2.7.2 follows
from Proposition 2.5.1 and Proposition 2.6.1. The uniform algorithm recursively
applies the transformations described in Proposition 2.5.1 and Proposition 2.6.1.

Proposition 2.7.3. The class F is semilinear. Moreover, Parikh images of languages in
F are effectively computable.

The semilinearity follows from the fact that both Alg(-) (Theorem 2.6.7) and
SLI(-) (Proposition 2.5.2) preserve semilinearity. Moreover, applying the proce-
dure outlined in the remarks after Theorem 2.6.7 and the procedure in Proposi-
tion 2.5.2 yields a recursive algorithm to compute Parikh images of languages in
the class F.
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2.8 Well-quasi-orderings

In this work, we will often use well-quasi-orderings, which are a useful combi-
natorial tool for proving various finiteness conditions and structural properties.

A quasi-ordering on a set S is a binary reflexive transitive relation <. Let S be
a set and < be a quasi-order. A subset T C S is upward closed if s € Tand s < t
imply t € T. It is called downward closed if s € Tand t < simply t € T. For a
subset T C S, its upward closure, denoted T1, is the smallest upward closed set
T’ C S containing T. The smallest downward closed set T’ C S containing T is
called its downward closure and is denoted T].

There are several common equivalent definitions of well-quasi-orderings, a
concept which has been rediscovered several times; see [98] for an historical
overview.

Theorem 2.8.1. Let < be a quasi-ordering on the set S. The following conditions are
equivalent:

1. For every infinite sequence s1, sz, . .. of elements in S, there are indices i < j such
that s; < sj.

2. For every sequence Ty C T, C - - - of upward closed subsets of S, there is an index
n such that T, = Ty for m > n.

3. Every upward closed subset T C S can be written as T = |Ji_;{ti}1 for some
t1,...,th €T.

4. Every non-empty subset T C S has a finite non-empty set of minimal elements.

A well-quasi-ordering is a quasi-order satisfying the equivalent conditions of
Theorem 2.8.1. As a key ingredient in the so called well-structured transition sys-
tems of Finkel and Schnoebelen [47], well-quasi-orderings are an important con-
cept in the area of verification of infinite state systems. They have also been ap-
plied to the rational subset membership problem of wreath products by Lohrey,
Steinberg, and the author of this work [108].

Here, we will employ the fact that two particular quasi-orderings are in fact
well-quasi-orderings. Let X be an alphabet. For o, p € X%, we write o < B if
a(x) < B(x) forall x € X.

Theorem 2.8.2 (Dickson [30]). For each alphabet X, the quasi-order < on X® isa
well-quasi-ordering.

The following lemma is a consequence of the fact that since < is a well-quasi-
order for multisets, downward closed sets can be represented by finitely many
forbidden submultisets and are therefore recognizable.

Corollary 2.8.3. For a given semilinear set S C X9, the set Y=1(S]) is an effectively
computable reqular language.

Proof. Since S is Presburger-definable, the set S’ = X® \ (S|) is as well and hence
effectively semilinear. Moreover, since < is a well-quasi-ordering on X%, S’ has
a finite set F of minimal elements. Again, F is Presburger-definable because S’ is
and hence F is computable. Since S’ is upward closed, we have S’ = F. Clearly,
given u € X9, the language Ry, = {w € X* | p < ¥(w)} is an effectively com-
putable regular language. Since w € W~'(S|) if and only if w ¢ W~ (F}), we
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have X*\V~1(S]) = UueF Ry. Thus, we can compute a finite automaton for the
complement, y=1(s)). O

Higman [77] and (apparently independently) Haines [73] have shown that
the subword ordering on words is a well-quasi-ordering as well. For words
u,v € X*, we write u < v if there are words uy,...,un € X*and vg,...,vn € X*
such that u = u;---un and v = vouivy ---unvn. In this case, u is called a
subword of v.

Theorem 2.8.4 (Higman [77] / Haines [73]). For each alphabet X, the quasi-order <
on X* is a well-quasi-ordering.

Corollary 2.8.5. If L C X* is upward closed or downward closed, then L is reqular.

Proof. Suppose L is upward closed. By condition 3 in Theorem 2.8.1, L is a finite
union of sets of the form {w}t, which are easily seen to be regular. Furthermore,
if L is downward closed, then its complement is upward closed and thus regular.

O

This means in particular, that for any language L C X* whatsoever, the lan-
guages L1 and L| are regular. In Chapter 9, we will study for which monoids
M one can effectively compute a finite automaton for the downward closure of
members of VA(M).

2.9 Conclusion

We have introduced the basic concepts that are needed for the remaining chap-
ters. Aside from defining notation and recalling the notion of valence automata,
we presented the new concept of graph monoids, which will be used through-
out this work to characterize monoids with certain computational properties.
As demonstrated already in this chapter, they accommodate a range of different
storage mechanisms. Furthermore, we have defined a hierarchy of languages
that will conveniently subdivide the languages accepted by a new class of stor-
age mechanisms (stacked counters) in later chapters.

While introducing these fundamental concepts, this chapter also presented
some technical contributions. These are mainly a description of the languages
accepted by free products with amalgamation in terms of algebraic extensions
(Theorem 2.6.3) and the result that taking the free product with two copies of
B yields the whole algebraic extension (Theorem 2.6.6). Hence, the latter result
complements the former and gives a precise account of the effect of building stacks
on the expressive power.

The results in this chapter have appeared in [R5] and in [R1].

Related work Let us use this opportunity to survey some related work on the
general concepts of this thesis.

Unifying automata frameworks Of course, there are many other frameworks
that unify automata with storage. Very general frameworks are Balloon Au-
tomata of Hopcroft and Ullman [79], Abstract Families of Acceptors of Gins-
burg and Greibach [51], and Automata with Storage of Engelfriet [42]. These
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models roughly mimic what in the introduction is called storage mecha-
nism: One has arbitrary partial functions on sets of states and has to arrive
in a prescribed set of final states. This means, in particular, that they sub-
sume valence automata. In fact, Greibach has obtained a result analogous
to Theorem 2.6.6 in terms of Abstract Families of Acceptors [64].

However, as this work attempts to demonstrate, restricting attention to
monoids, or further to graph monoids, allows for explanatory character-
izations of computational properties. Consider, for example, the question
of which storage mechanism admit a decision procedure for the emptiness
problem. While there is no (complete) characterization of decidability of
the emptiness problem for graph monoids as of yet (see Section 4.3), a de-
scription of those graphs would certainly be illuminating. With models as
general as the above, it is not clear whether a meaningful characterization,
that does not essentially reformulate decidability, is possible at all.

The strength of these general frameworks seems to lie within their ability to
capture general ideas that hold for arbitrary storage mechanisms. For ex-
ample, Engelfriet and Hoogeboom [44] have obtained connections between
acceptance types of automata over infinite words that are independent of
the storage mechanism.

A mathematical area that formalizes computing devices with a far broader
scope than valence automata is that of coalgebra [127]. A range of concepts
of theoretical computer science has counterparts in coalgebra, and recent
work of Goncharov, Milius, and Silva [59] introduces the framework of T-
automata, which subsumes valence automata, albeit without e-transitions.
While e-transitions can occur syntactically, a semantic of the correspond-
ing coalgebra that mimics their behavior in valence automata is currently
under development.

Another recent framework is that of Auxiliary Storage with Bounded Tree-
Width of Madhusudan and Parlato [110]. Its purpose is, however, to explain
a number of recent decidability results for emptiness problems. It is there-
fore tailored to guarantee decidability of emptiness rather than to cover a
wide variety of mechanisms. It seems likely that it is incomparable in its
modeling capacity to valence automata (see Section 7.4). Since Madhusu-
dan and Parlato also obtain a Parikh’s theorem, we compare not only our
results on decidability of the emptiness problem with their framework, but
also those on semilinearity. We therefore refer the reader to the conclusion
sections 4.4 and 7 4.

A different model that also equips finite automata with an algebraic struc-
ture, namely semirings, is that of Weighted Automata [36]. However, the
semirings are not meant to represent storage mechanisms, but rather to
specify a quantitative notion of behavior for the automaton.

Valence automata The research on valence automata conducted so far can be
roughly divided into three directions:

o Investigating valence automata over monoids that either arise natu-
rally in the theory of groups or semigroups or model a particular con-
crete storage mechanism. This has been done, for example, by Ibarra,
Sahni, and Kim [83], Mitrana and Stiebe [114], Fernau and Stiebe [45],
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Corson [24], Render and Kambites [124], Kambites [88], Render [123],
and Sorokin [130].

e Studying the utility of valence automata to describe groups by accept-
ing their identity languages. The type of questions is motivated by a
celebrated theorem of Muller, Schupp, and Dunwoody [37]. It char-
acterizes those groups described by context-free grammars and can
be stated as follows: The identity language of a group G is accepted
by a valence automaton over some free group if and only if G is vir-
tually free. Here, virtually means that G has a free subgroup of fi-
nite index (see Section 6.3 for details). This raises the following ques-
tion. For which classes G of groups is the following true: Every group
G whose identity language is accepted by a valence automaton over
some H € G, is itself virtually in § (meaning that G has a finite index
subgroup contained in §).

Representatives for this line of research are Kambites [89], Elston and
Ostheimer [41], Elder, Kambites, and Ostheimer [39], Gilman and Sha-
piro [49], and Cleary, Elder, and Ostheimer [23]. While the latter
works sometimes assume determinism or a slightly different accep-
tance condition, they all use storage mechanisms defined by monoids.

e Using valence automata for decision procedures concerning groups
or monoids. For example, valence automata have been used explicitly
by Kambites, Silva, and Steinberg [90] and implicitly by Lohrey and
Steinberg [107] to solve the rational subset membership problem for
particular groups.

Graph monoids There are several notions of monoids similar to graph monoids.
As described in Section 2.4, our graph monoids generalize the concept of
graph groups [21]. Similar but different ways of defining monoids have
been studied by Silva [129] and Wrathall [137]. Silva defines monoids by
designating certain generators of a monoid to be invertible, some only one-
sided invertible and some not invertible at all. However, his definition
does not allow commutation among the generators. Wrathall, on the other
hand, defines commutation by edges, but each of her generators is either
invertible in both directions or not invertible at all.

Counters and semilinear intersection The idea that adding blind counters pre-
serves semilinearity appears often in the literature. It is sometimes formu-
lated for reversal-bounded counters, which are in most contexts equivalent
to blind counters (see [62]; for a translation that is economic in the number
of counters, see [86]). That reversal-bounded counters and blind counters
alone guarantee semilinearity was shown by Ibarra [82] and Greibach [62],
respectively.

The preservation of semilinearity has been observed in a similar setting by
Harju, Ibarra, Karhumaéki, and Salomaa [74] and applied to language the-
oretic decision problems. Recently, this preservation was used by Lohrey
and Steinberg [107] in a decision procedure for the rational subset member-
ship of graph groups (see Theorem 4.3.9).

Building stacks and grammars A result that is analogous to our generalization
of the equivalence between building stacks and grammars (Theorem 2.6.6)
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was obtained by Greibach [64]. It should be mentioned that the transfor-
mation of building stacks is similar but crucially different from the way
Higher-Order Pushdown Automata [26,43] work. While our stacks only allow
push, pop if empty, and a manipulation of the topmost entry, higher-order
pushdowns can replicate their topmost entry. This leads to very different
computational properties. For example, building stacks in our sense pre-
serves semilinearity, while higher-order pushdown automata lack semilin-
earity just above the level of ordinary pushdowns [27, Example 2.5].

Acknowledgements I would like to thank Gretchen Ostheimer for a discussion
about valence automata over groups and Sergey Goncharov and Stefan Milius
for kindly answering questions about their work.
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Chapter 3

Valence models vs. classical
models

3.1 Introduction

Whenever we add a storage mechanism to a model of computation, one of the
most fundamental questions is whether the extended model exhibits new behav-
ior. In the context of monoid-defined storage mechanisms, this translates into
the question of which monoids increase the possible behaviors of a model when
employed as a storage mechanism.

In this work, we measure the expressiveness and behavior of valence autom-
ata and other models by the class of languages they induce. Therefore, the above
question becomes: Which monoids cause the extended model to yield more lan-
guages than the model without the storage mechanism?

We study this question for valence automata and for valence grammars. The
latter model extends context-free grammars in the same way valence automata
extend finite automata: In a valence grammar, each production carries an ele-
ment of a monoid. As in the case of valence automata, a derivation is valid if the
product of the monoid elements (multiplied in the same order as the productions
were applied) is the identity.

The concrete questions studied in this chapter therefore ask (i) for which mon-
oids M can valence automata over M only accept regular languages and (ii) for
which monoid monoids M can valence grammars over M generate only contex-
t-free languages. The main result of this chapter (Theorem 3.1.2) states that these
conditions are equivalent and provides an algebraic characterization: It is shown
that the conditions are satisfied if and only if Ry(N) is finite for every finitely
generated submonoid N of M. In the case of valence automata, the algebraic
characterization has been obtained independently by Render in her PhD the-
sis [123]. If the monoid at hand is a group, it is a simple consequence of an early
result of Anisimov [5] (see Theorem 3.3.1) and has been observed by Mitrana and
Stiebe [114].

While it is not hard to see that the monoids with finite sets R (N) cause no in-
crease of expressiveness in valence automata, this is non-trivial for valence gram-
mars. This is due to the fact that in order to arrive at the monoid identity, one
has to take into account the order of productions that are applied far apart in the
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derivation tree. To illustrate the difficulty, we remark that with a slight varia-
tion in the definition, finite monoids produce far more than the context-free lan-
guages: Allowing finite monoids and target sets in valence grammars, meaning
instead of the identity, one has to reach an element of a specified subset T C M,
yields the class of matrix languages [46]. Furthermore, it was an open question
by Fernau and Stiebe [45, p. 387] whether all languages generated by valence
grammars over finite monoids are context-free and our result settles this ques-
tion affirmatively.

In fact, it turns out that the conditions above are also equivalent to another
behavioral property of valence automata: They are satisfied if and only if ev-
ery valence automata over M has an equivalent that is deterministic in a strong
sense. Here, we call a valence automaton deterministic if each of its moves is de-
termined by the current state and input symbol. This again generalizes a result
of Mitrana and Stiebe [114], who have shown that valence automata over a group
cannot be determinized if the group contains at least one element of infinite or-
der. Finally, we also observe that the conditions above also characterize those
monoids over which valence transducers perform only rational transductions.
Before we state the main result formally, we define the relevant notions.

Valence grammars Let M be a monoid. A valence grammar over M is a tuple
G =(N,T,M,P,S), where

e N, T are disjoint alphabets, called the nonterminal and terminal alphabet, re-
spectively,

e Pisa finite subset of N x (NUT)* x M, called the set of productions, and
o S € N is the start symbol.

Instead of (A,w, m) € P, we also write (A — w; m). The derivation relation is a
binary relation on (N U T)* x M, for which

(w,a) =g (u,a’) ifu=rAs,u’ =rws,a’ =am
for some (A — w; m) € P.

The language generated by G is then
LIG)=weT*[(S,1) =5 (w, 1)}

The class of languages generated by valence grammars over M is denoted by
VG(M).

Valence grammars were introduced by Paun [119]. A thorough treatment, in-
cluding normal form results and a classification of the resulting language classes
for commutative monoids, has been carried out by Fernau and Stiebe [45].

Example 3.1.1. Letn € N and let G = (N, T,Z™, P, S) be the valence grammar with
N ={S}, T ={ay,ai | 1 < i< n}, and where P consist of the productions

(S—=5S; (1,...,1)),
(S — Sa;Sa;S; ©,...,0,—1,0,...,0)), for1<i<n,
(S—¢ 0,...,0)),
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where in the last production, the —1 is in the i-th component. Then the first production
allows adding (k,...,X) to the storage for k € IN. Whenever the second production is
applied, we decrement the i-th component. Hence, we arrive at (0,...,0) if and only
if the second production has been applied the same number of times for each i (and the
first production has also been applied this often). Moreover, the context-free productions
quarantee that every generated word is in Dy, the semi-Dyck language. Therefore,

L(G) ={w & Dn I Wlq, = |W|aj foralli,j €{1,...,n}}.

Deterministic valence automata A valence automaton A = (Q,X, M, E, qo,F)
is called deterministic if
ECQxXxMxQ,

(meaning that in each step, precisely one input symbol is read) and for each pair
(g,x) € Q x X, there is at most one edge (q,x,m,q’) € Eform € M and q’ € Q.
The class of languages accepted by deterministic valence automata over M is
denoted by detVA(M).

Note that sometimes, valence automata over M are equivalent (with respect
to accepted languages) to some automata model, but deterministic valence au-
tomata do not correspond to the usual deterministic variant of the model. This
is because in these deterministic variants, a step may depend on the storage con-
tent. In our case, each step must be determined by the current state and input,
necessitating in particular the requirement that every edge read input. For ex-
ample, while valence automata over B (2) are equivalent to pushdown automata,
deterministic valence automata over B(?) are less powerful than deterministic
pushdown automata: The language L = a*c U{a™b™ | n > 0} is determinis-
tic context-free (and even accepted by the weak variant that accepts with empty
stack and final state [6]). However, it is easy to see that L is not in detVA(B(2)):
After reading a™, a deterministic valence automaton would have to be in a con-
figuration from which c leads to a final configuration. Hence, if a™ and a™ lead
to the same state, they already lead to the same configuration, which is clearly a
contradiction.

Valence transducers Let M be a monoid. A wvalence transducer is an automaton
over X* x M x Y*, where X and Y are alphabets. As an automaton X* x M x Y*,
a valence transducer has a step relation —4 on Q x X* x M x Y*, which allows
us to define

TA) ={(w,v) € X* xY" | (qo,¢,1,¢) =4 (q,u,1,v) for some q € F}.

T(A) is called the transduction performed by A. Intuitively, a valence transducer
over M is a valence automaton over M where each edge also carries an output
word. The class of transductions performed by valence transducers over M is
denoted by VT(M).

We are now ready to state the main result of this chapter.

Theorem 3.1.2. Let M be a monoid. The following conditions are equivalent:
1. VA(M) contains only regular languages.

2. VG(M) contains only context-free languages.
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3. VT(M) contains only rational transductions.
4. detVA(M) = VA(M).
5. Ry (N) is finite for every finitely generated submonoid N of M.

The rest of this chapter devoted to the proof of Theorem 3.1.2. In Section 3.2,
we prove an algebraic dichotomy of monoids: It is shown that each monoid satis-
fies precisely one of two conditions that can be employed for language theoretic
arguments. In Section 3.3, we show the equivalence among conditions 1 and 3
to 5. Section 3.4 then completes the proof of Theorem 3.1.2 by establishing the
equivalence between condition 2 and condition 5.

The results of this chapter have appeared in [R4].

3.2 A dichotomy of monoids

In this section, we prove a dichotomy of monoids (Corollary 3.2.3). Its two cases
will be exploited in Sections 3.3 and 3.4 to deduce language theoretic properties.
After submission of [R4], the author learned that this dichotomy had been well
known to semigroup theorists (see Section 3.5 for details).

Lemma 3.2.1. Let v,s € M withrs = 1and sr # 1. Then (v, s) is isomorphic to the
bicyclic monoid.

Proof. First, we claim that 1% = r¢ implies k = €. Suppose r* = ¢ for k < €. Then

ST = rksksr = resksr = re_ksr = bkl ok o Tesk = rksk =1,

k

a contradiction proving the claim. Furthermore, s k=1 implies k = 0. Indeed,

if skrk = 1 with k > 0, then

st = sKrker = sk Tp = gk — 1,

Suppose s*rt = s™r™. Without losing generality, we assume k < m. Mul-
tiplying r™ from the left yields T™~%+¢ = 1™ and hence m —k + ¢ = n. This
means n —{ = m — k > 0. Therefore

Smfkrnf(’/ _ rk(smrn)sf _ Tk(SkT‘e)Sz =1
and thusm =kand n = {.

Let X = {x,x}. The morphism ¢: X* — (r,s) with ¢(x) = rand ¢(x) = s
satisfies @(xx) = 1 and can therefore be lifted to a morphism ¢: B — (r,s).

It is clearly surjective and and an equality OIRI*XIY = Q(RI™xI™) implies
skt = gmpm, meaning k = m and { = n as shown above. Thus, ¢ is also in-
jective. 0

The following proposition is a first dichotomy that we will use to derive
Corollary 3.2.3.

Proposition 3.2.2. For each monoid M, exactly one of the following holds:
1. J1(M) is a subgroup of M.
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2. M contains a copy of the bicyclic monoid as a submonoid.

Proof. If M contains a copy of the bicyclic monoid as a submonoid, this copy is
included in ] (M), meaning J; (M) contains elements x and y with xy = 1 and
yx # 1, which cannot happen in a group. Thus, the two conditions are mutually
exclusive.

Suppose M does not contain a copy of the bicyclic monoid. By Lemma 3.2.1,
this means whenever rs = 1, we also have st = 1. For a € J;(M), there are
x,y € M with xay = 1. Therefore, we also have ayx = 1 and yxa = 1. This
implies that yx is a two-sided inverse of a and lies in J; (M).

The subset J; (M) is also closed under composition. Indeed, let a,b € J;(M)
and let s be a two-sided inverse of a and t be a two-sided inverse of b. Then
sabt =1 and hence ab € J;(M). O

In order to formulate our dichotomy, we need to define some notation. For
each x € R;(M) and x’ € L; (M), we define

Th=fyeMixy=1, T =fy’ e My =1}

The elements in _I>(x) are called right inverses of x and the elements of <I_(x’ ) are
called left inverses of x’.

Corollary 3.2.3. For each monoid M, exactly one of the following holds:

1. The subsets R1(M), L1 (M), and ] (M) coincide and constitute a finite group.

2. There are infinite sets S<_§ R1 (M(_)and S’ C L1(M) such that _I>(s) N _I>(t) =
fors,te€S,s#tand 1 (s")N 1 (t')=0fors’,t' €S’ s" #t’.

Proof. If M contains a copy (r,s) of the bicyclic monoid as a submonoid, the
infinite sets {r' | i > 0} € Ry(M) and {s* | i > 0} C L;(M) satisfy our second
condition. Indeed, if x € I (r')N I' (1) fori < j, then V= = T~ Irix = vix =1
and hence i = j. Similarly, we can show that | (sHhyn 1 (s)) =0 fori#j.
Otherwise, by Proposition 3.2.2, J1(M) is a group, meaning that the three
subsets Ry (M), L1(M), and J; (M) coincide. If J;(M) is finite, M satisfies our
first condition. If J1 (M) is infinite, we can choose S = S’ = J; (M) as infinite sets
for our second condition. O

3.3 Valence automata vs. finite automata
In this section, we show that the following conditions are equivalent:
1. VA(M) contains only regular languages.
2. VT(M) contains only rational transductions.
3. detVA(M) = VA(M).
4. Ry(N) is finite for every finitely generated submonoid N of M.
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The equivalence of the first and the last condition has been obtained indepen-
dently by Render [123].

Note that VA(M) is included in the regular languages if and only if every
identity language of M is regular (see Theorem 2.3.3). The class of finitely gen-
erated groups for which each identity language is regular was understood early
on. The following is easy to see (and follows from Lemmas 3.3.3 and 3.3.4).

Theorem 3.3.1 (Anisimov [5]). Let G be a finitely generated group. Then every iden-
tity languages of G is regular if and only if G is finite.

Translated to our setting, this means that for a finitely generated group G,
VA(G) contains only regular languages if and only if G is finite. This has also
been observed by Mitrana and Stiebe [114].

Lemma 3.3.2. For each monoid M, the following conditions are equivalent:
1. VA(M) contains only reqular languages.
2. VT(M) contains only rational transductions.

Proof. Since VT (M) contains precisely those transductions that are homomorphic
images of languages in VA(M), the first condition clearly implies the second. On
the other hand, if VA(M) contains a non-regular language L, the transduction
{e} x L1is contained in VT(M) and is clearly not rational. O

The following is a simple consequence of Corollary 3.2.3.

Lemma 3.3.3. Let Ry (N) be finite for every finitely generated submonoid N of M. Then,
all languages in VA(M) are reqular.

Proof. Let A = (Q,X,M,E, qo,F) be a valence automaton over M. Since E is
finite, the set of m € M for which there is some edge (p, (w, m), q) in E is finite.
If N is the submonoid of M generated by these m € M, we can regard A as a
valence automaton over N. Thus, let A = (Q, X, N, E, qo, F).

Removing edges of the form (p, (w, m),q) such that m ¢ J;(N) will not
alter the accepted language, since such edges cannot be used in a successful
run. According to Corollary 3.2.3, J1(N) is a finite group and we may assume
A = (Q,X,J1(N),E qo,F). Since J;(N) is finite, a finite automaton accepting
L(A) can easily be constructed by incorporating the monoid elements into the
states. O

Mitrana and Stiebe [114, Theorem 12] have shown that valence automata over
groups with at least one element of infinite order cannot be determinized. We can
use a similar idea and the dichotomy of monoids to provide a characterization of
those monoids over which valence automata can be determinized.

Lemma 3.3.4. Let M contain a finitely generated submonoid N such that Ry(N) is
infinite. Then, detVA(M) is strictly included in VA(M). In particular, VA(M) contains
a non-regular language.

Proof. Let N be generated by the finite set {a,...,an}and let X = {x1,...,xn},
Y ={y1,...,yn} be disjoint alphabets. Let ¢: (XU Y)* — N be the epimorphism
defined by @(xi) = @(yi) = aj and K = X* U{w € X*Y* | ¢(w) = 1}. Then, K is
clearly contained in VA(M).
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Suppose K were accepted by a deterministic valence automaton A over M.
Let S C Ry (N) be the infinite set provided by Corollary 3.2.3. The infinity of S im-
plies that we can find an infinite set T C X* such that ¢(T) = S and @(u) # @(v)
for u,v € T with u # v. Since A is deterministicand T C L(A), eachwordw € T
causes A to enter a configuration (q(w), 1) where q(w) is a final state.

Choose u,v € T such that uw # v and q(u) = ¢(v). Find a word u’ € Y*
such that ¢(u)e(u’) = 1. This is possible since ¢(u) € Ry (N) and ¢ is surjective
when restricted to Y*. The word u’ causes A to go from (q(u),1) = (q(v), 1) to
(q,1) for some final state q, since uu’ € K. Thus, vu’ is also contained in K and
hence ¢ (v)p(u’) =1, but _I>N (p(u))N _I)N (@(v)) =0, a contradiction. Hence, K
is not contained in detVA(M). O

3.4 Valence grammars vs. context-free grammars

In this section, it is shown that the following conditions are equivalent:
1. VG(M) contains only context-free languages.
2. R1(N) is finite for every finitely generated submonoid N of M.

In one of the directions, we have to construct a context-free grammar for valence
grammars over monoids that fulfill the second condition. Because of the limited
means available in the context-free case, the constructed grammar can simulate
only a certain fragment of the derivations in the valence grammar. Thus, we
will have to make sure that every word generated by the valence grammar has
a derivation in the aforementioned fragment. These derivations are obtained by
considering the derivation tree of a given derivation and then choosing a suitable
linear extension of the tree order. The construction of these linear extensions can
already be described for a simpler kind of partial order, valence trees.

Valence trees and excursiveness Let X be an alphabet and U C X a subset.
Then, each word w € X* has a unique decomposition w = ypx1y7 - - - XnUn such
thatyo,yn € X\ W*,y; € (X\WTfor1 <i<n—T,andx; € Ut for1 <i<n.
This decomposition is called the U-decomposition of w and we define p(w, U) = n.

A treeis a finite partially ordered set (T, <) that has a least element and where,
foreach t € T, the set {t’ € T | t’ < t}is totally ordered by <. The least element
is called the root and the maximal elements are called leaves. A valence tree T over
M is a tuple (T, <, @), where (7,<) is a tree and ¢: T* — M is a rnorphism1
assigning a valence to each node. An evaluation defines an order in which the
nodes in a valence tree can be traversed that is compatible with the tree order.
Thus, an evaluation of 7 is a linear extension =< of (7, <). Let w € T* correspond
to <, ie,letT ={ty,...,tn}suchthatt; < --- < t, and w = t7 ---t,,. Then,
the value of < is defined to be @(w). An elementv € M is called a value of
T if there exists an evaluation of (7, <) with value v. Given a node t € 7, let
Uy ={t' e Tt <t} fw=1yox1ys - xnyn is the U¢-decomposition of w,
then @(x1),..., (xn) is called the valence sequence of t in w and n its length. By
the excursiveness of an evaluation, we refer to the maximal length of a valence
sequence. Hence, the excursiveness of an evaluation is the maximal number of

1We will often assume, without loss of generality, that T is an alphabet.
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times one has to enter any given subtree when traversing the nodes in the order
given by the evaluation.

The simulated fragment of the derivations of the valence grammar consists
of those derivations whose derivation tree admits an evaluation of bounded ex-
cursiveness. Hence, proving completeness of this fragment amounts to finding
evaluations of valence trees with small excursiveness.

Of course, for every valence tree, there are evaluations with excursiveness one
(take, for example, the order induced by a preorder traversal), but these might
not be able to exhaust all possible values. However, we will see in Lemma 3.4.3
that, in the case of a finite group, there exists a bound m such that every value
can be attained by an evaluation of excursiveness of at most m. Combining this
with the fact that a restriction to finite groups means no loss of generality will
then complete the proof.

In order to show Lemma 3.4.3, we need two combinatorial facts. The first one
will allow us to conclude that certain rearrangements of an evaluation do not
alter its value.

Lemma 3.4.1. For each finite group G, there is a constant m € IN with the following
property: For elements gi,hy € G, 1 =1,...,n, n > m, there are indices k,{ € N,
1 <k < €< n,such that

gkhkgk+1his1 - gehe = g1 -+ - gehkhier1 -+ hy.

Proof. Letm = 2(IGP +1)and D C{1,...,n}be the set of odd indices. Define the
map «: D — G3 by «(i) = (g1 ---9i, h1---hy, grhy---gihy) for i € D. Since
ID| > |G|? + 1, there are indices i,j € D, i < j, such that «(i) = «(j). This means
thatgi,1---g; =1, hiy1---hj =1,and giy1hi11 -+ gjhj = 1. Since 1, j are both
odd, letting k =i+ 1 and ¢ = j implies k < { and yields the desired equality. [

The next lemma guarantees that certain rearrangements nowhere increase the
length of valence sequences.

Lemma 3.4.2. Let X be an alphabet and U,V C X subsets such that either U C V,
V C U orUNV = (. Furthermore, let T € X*U, x € U™,y € (X\ W™, and
s € X*\ UX*. Then, we have p(rxys, V) < p(ryxs, V).

Proof. Suppose V C U. Since y does not contain any symbols in V, we have

p(ryxs, V) = p(r, V) +p(x, V) +p(s, V),
p(rxys, V) = p(rx, V) +p(s, V).

Thus,

p(rxys, V) = p(rx, V) + p(s, V)
<p(r, V) +p(x, V) +p(s, V)
= p(ryxs, V).

In the case UNV = ), x does not contain any symbol in V. Hence,
p(ryxs, V) = p(r, V) +p(y, V) +p(s, V),
p(rxys, V) = p(r, V) +p(ys, V),
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which implies

p(rxys, V) = p(r,V) +p(ys, V)
<p(rV)+ply, V) +oels, V)
= p(ryxs, V).

Now suppose U C V. Since the rightmost letter of v is in V and x lies in V*, we
have p(rxys, V) = p(rys, V). Thus, p(rxys, V) = p(rys, V) < p(ryxs, V). O

The following states that the simulated fragment of derivations, namely those
with bounded excursiveness, is in fact complete.

Lemma 3.4.3. For each finite group G, there is a constant m such that every value of a
valence tree over G has an evaluation of excursiveness of at most m.

Proof. To each evaluation w of (T,<), we assign the multiset p,, € T that is
defined by i, (t) = p(w, Uy) for every t € T. That is, p, (t) is the length of the
valence sequence of t in w.

Let m be the constant provided by Lemma 3.4.1 and let w € T be an evalu-
ation of (7T, <) such that p,, is minimal with respect to < among all evaluations
with the value v. If we can prove that p,,(t) < mfor all t € 7, the lemma fol-
lows. Therefore, suppose that thereis a t € T with n = p,,(t) > m. Specifically,
letw =yox1Y1 - - - XnYn be the U-decomposition of w. Use Lemma 3.4.1 to find
indices 1 < k < £ < nwith

exi)eyr) - exg)eye) = @(xx) - @(xe)@(yx) - @(ye). 3.1

Furthermore, let

w' = (Yox1y1 - Xk—1Yk—1) (XK - XeYi - Ye) (Xe41Ye1 - XnyYn). (3.2)

That is, we obtain w’ from w by replacing X1y - - - xgye with xi - - - X¢yk - - - Ye.
Then, (3.1) means that ¢(w’) = @(w). We shall prove that w’ is an evaluation of
(7, <) and obeys (s < pyw and s # Ly, which contradicts the choice of w.

First, we prove that w’ is an evaluation. Let uj,u,; € 7 be nodes with
u; < up. Ifuy < t, then uy appears in yop, and thus u; is on the right side of u4
inw’. If uy; > t, then each of the nodes u,u; appears in some x; and therefore
do not change their relative positions. If u; and t are incomparable, then u; and
t are also incomparable and each of 11, u; appears in some y;. Again, u; and u,
do not change their relative positions. Thus, w’ corresponds to a linear extension
of the order <.

We want to show that ,,s < . To this end, we consider the words

Wi = (YoX1Y1 - Xk 1Yk—1) (X - X 1Yk - Yk i) Xk i 1Ykrit1 - XnYn)

for 0 < 1 < £ — k. With these, we have w = wg and w’ = wy_y. Since (T,<) isa
tree, we have U, C U, U C Uy, or Uy, NU¢ = @ for every u € T. Therefore, we
can apply Lemma 3.4.2 to U = Uy, V = Uy, and

T=(YoX1Y1 - Xk—1Yk—1) (XK - Xk4i)y X = Xkqit1,

Y=Yk Yk+is S = Yktit1 (Xktit2Yktit2 - XnYn),
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which yields p(wit1,Uy) < p(wyi, Uy) for 0 < i < € —k. This implies the in-
equality .,/ (u) < pyw(u) and therefore s < yy.

It remains to be shown that w,,, # w,. In w’, the node t has the valence
sequence

(p(X] )/ ey (P(ka1 )/ (P(Xk o ‘XZ)/ (P(X€+1 )/ e (p(XTl)/
which has length p,,,/(t) =n— ({ —k) <n = py, (t). O

Our next step is to apply our knowledge on valence trees to derivation trees
of valence grammars.

Derivation trees of valence grammars A derivation tree for a valence grammar
G = (N!T/ Mr P/ S) iS a tuple (‘I/ <r ©, (gt)te‘rr A)/ Where

e (7,<, @) is a valence tree,
e for each t € T, <y is a total order on the set of successors of t,
e A: T — NUTU{e} defines a label for each node,

e if t € T is a node with the successors s1,...,sn such that s7 <t ... <t Sn,
then we either have A(t) € TU{e},n =0,and ¢(t) = 1 orwehave A(t) € N
and there is a production (A(t) = A(s1) --- A(sn); @(t)) in P.

The total orders <¢, t € T, induce a total order on the set of leaves, which in turn
defines a word w € T*. This word is called the yield of the derivation tree.

Each derivation tree can be regarded as a valence tree. An evaluation then
defines a derivation (A,1) =¢ (w,v), where A € N is the label of the root, w is
the yield, and v € M is the value of the evaluation. Conversely, every derivation
induces a derivation tree and an evaluation. Thus, a word w € T* is in L(G) if
and only if there exists a derivation tree for G with yield w, a root labeled S, and
an evaluation with value 1.

Lemma 3.4.4. Let Ry (N) be finite for every finitely generated submonoid N of M. Fur-
thermore, let G = (N, T, M, P, S) be a valence grammar over M. Then, L(G) is context-

free.

Proof. We can assume that M is finitely generated and thus has a finite Ry (M).
Since productions (A — w;m) with m ¢ J{(M) cannot be part of a success-
ful derivation, their removal does not change the generated language. Further-
more, by Corollary 3.2.3, J1(M) is a finite group. Thus, we can assume that
G = (N,T,H,P,S), where H = J; (M) is a finite group. By a simple construction,
we can further assume that in G, every production is of the form (A — w; h) with
w e N*or (A —w;1)withw e TU{e}.

We shall construct a context-free grammar G’ = (N/,T,P’,S’) for L(G). The
basic idea is that G’ simulates derivations of bounded excursiveness. This is
done by letting the nonterminals in G’ consist of a nonterminal A € N and a
finite sequence o of elements from H. G’ then simulates the generation of a
nonterminal A by generating a pair (A, o) and thereby guesses that the corre-
sponding node in the derivation tree of G will have o as its valence sequence.
Lemma 3.4.3 will then guarantee that this allows G’ to derive all words in L(G)
when the sequences o are of bounded length.
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3.4. Valence grammars vs. context-free grammars

Formally, we regard H as an alphabet and a sequence is a word over H. In
order to distinguish between the concatenation of words in H* and the group op-
eration in H, we will denote the concatenation in H* by [J. Let N/ = N x HS™,
in which m € IN is the constant provided by Lemma 3.4.3 for the group H. The
set of sequences that can be obtained from another sequence o by “joining” sub-
sequences is denoted by J(o):

J(hyOh,00) = J((h1hy)0o) U{hyOo’ | 0’ € J(h,00)}

for hy,h, € Hand 0 € H* and J(0) = {0} if |o] < 1. ] is defined for subsets
S C H by J(S) = Uges J(0):

For each production (A — w;h) € P, w=B;---Bn,B; € Nfor1 <i<n,we
include the production

(A/ G) - (B1/G1 ) e (BT'L/ O-T'L)/

for each 0 € HS™\ {¢} and 01, ...,0n € HS™ such that for 0 = hydo’, hy € H,
o’ € HS™~1 one of the following holds:

1. (h""hy)do’ € J(o7 W---Wop).
2. hy =hand ¢’ € J(o7 W---Won).

Furthermore, for every production (A — w; 1) with w € T U{e}, we include the
production (A, ¢) — w. Finally, the start symbol of G’ is (S, 1).

It remains to be shown that L(G’) = L(G). In order to prove L(G’) C L(G),
one can show by induction on n that forw € T*, (A, o) =&, w implies that there
is a derivation (A, 1) = (w, h) for some h € H using productions

(A1 = wi;h),. ., (A = Wi hy)

such that o0 € J(h1O---Ohy) (and of course h = hy - - - hy). This implies that for
(S,1) =& w,weT* wehavew € L(G). Thus, L(G’) € L(G).

Let w € L(G) with derivation tree (T, <, ¢, (<t)te7,/A). By Lemma 3.4.3,
there is an evaluation < of the tree with value 1 and of excursiveness < m. From
the tree and the evaluation, we construct a derivation tree (T, <, ¢/, (<t)te7, A')
forwin G’ as follows. The components 7, <, and <, t € T, remain unaltered, but
¢’ will assign 1 to each node and A’ is defined by A’(t) = A(t) if A(t) € TU{e}
and A’(t) = (A(t),hyO---Ohy) if A(t) € N, where hy,..., hy is the valence
sequence of t in <. Now, one can see that the new tree is a derivation tree for G’
that generates w. Hence, L(G) C L(G’). O

In order to complete the proof of Theorem 3.1.2, we need to exhibit a va-
lence grammar over M that generates a non-context-free language when given a
finitely generated monoid M with infinite Ry (M).

Lemma 3.4.5. Let Ry (M) be infinite for some finitely generated monoid M. Then, there
is a valence grammar over M that generates a language that is not context-free.

Proof. Let M be generated by ay,...,an and let X ={xy,...,Xn} be an alphabet.
Furthermore, let ¢: X* — M be the surjective morphism defined by ¢(x;) = a;.
The valence grammar G = (N, T, M, P, Sp) is defined as follows. Let N ={Sy, S1},
T = XU{c}, and let P consist of the productions

(So = xiSoxi; ai)  (So —cS1c; 1) (S —=xS1;, ai)  (S1—=¢ 1)

49
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for 1 <i < n.Then,clearly [(G) =K = {reserR | 1,5 € X*, @(rs) = 1}. It remains
to be shown that K is not context-free. Suppose K is context-free and let m be the
constant provided by Ogden’s Lemma (Theorem 2.1.1). By Corollary 3.2.3, we

can find an infinite subset S C L{M such that <I_(a) N 1(b) =0forabes,
a # b. Since ¢ is surjective, we can define £(a) for every a € S to be the minimal
length of a word w € X* such that @(w)a = 1. If {(a) < m for all a € S, the
finite set {@(w) | w € X*,|lw| < m} contains a left inverse for every a € S. This,
however, contradicts the fact that the infinitely many elements of S have disjoint
sets of left inverses. Thus, there exists an a € S with £{(a) > m. We choose words
1,5 € X* such that ¢(s) = a and 7 is of minimal length among those words
satisfying @(rs) = 1. Then, by the choice of a, we have [r| > m.

We apply Ogden’s Lemma to the word z = rcscrR € K, where we choose
the first |r| symbols to be marked. Let z = uvwxy be the decomposition from
the lemma. Condition 1 implies |[uv| < [r|. Because of condition 4, x cannot
contain a c. Furthermore, x cannot be a subword of r, since then pumping would
lead to words with mismatching first and third segments. In particular, from
condition 2, the first part holds and v is not empty. Thus, if x were a subword of
s, pumping would again lead to a mismatching first and third segment. Hence,
x is a subword of TR. If we now pump with i = 0, we obtain a word r’cscr” € K,
where |r’| < [r]. In particular, we have @(r’s) = 1, in contradiction to the choice
of r. O

Theorem 3.1.2 now follows from the foregoing lemmas.

Proof of Theorem 3.1.2. Condition 2 is equivalent to condition 5 by Lemmas 3.4.4
and 3.4.5. Lemmas 3.3.3 and 3.3.4 prove that conditions 1, 3, and 4 are each
equivalent to condition 5. O

3.5 Conclusion

Theorem 3.1.2 settles the question of which monoids increase the expressiveness
when used as a storage mechanism in automata and grammars, provided that ex-
pressiveness is measured by the produced languages. Furthermore, for a strong
notion of determinism, it describes those monoids over which valence automata
can be determinized.

The main results of this chapter have appeared in [R4].

Open problems

1. We have compared the possible behaviors of different storage mechanisms
in terms of their language classes. However, language equivalence is a
rather coarse notion of behavioral equivalence and there exist much more
fine-grained such notions, such as bisimulation [112]. Hence, it would be
interesting to understand which monoids increase the set of possible be-
haviors with respect to these finer notions. For example, which monoids
can yield automata that are not bisimilar to finite systems?

2. We have observed that the notion of determinism for valence automata is
rather strong and therefore sometimes fails to specialize to the usual notion
for concrete storage mechanisms. It would therefore be interesting to study
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the question of which monoids cause valence automata to have weakly de-
terministic equivalents. In order to permit actions that depend on the cur-
rent monoid element, one could allow, for each configuration, at most one
edge that leads to a right-invertible monoid element.

Related work The equivalence between condition 1 and condition 5 in The-
orem 3.1.2 has been obtained independently by Render [123]. In the case of
groups, it was shown by Mitrana and Stiebe [114] (and essentially the same fact
was observed by Anisimov [5]; see Theorem 3.3.1).

As the author learned after the submission of [R4], the dichotomy of mon-
oids in Proposition 3.2.2 and Corollary 3.2.3 had been well known to semigroup
theorists (see, for example, [123, Corollary 4.1.8]). While Corollary 3.2.3 has ap-
peared in [R4] with the author’s own proof, it is deduced here from the stronger
Proposition 3.2.2, whose proof uses an idea from [67, Exercise 6 in Chapter 1].

Valence grammars (although only for certain concrete monoids) were intro-
duced by Pdun [119]. A thorough treatment, including normal form results and
a classification of the resulting language classes for commutative monoids, has
been carried out by Fernau and Stiebe [45]. For an overview of results on valence
grammars, we refer the reader to the references therein.

Acknowledgements I would like to thank Reiner Hiichting and Klaus Madle-
ner for discussions and helpful comments which have improved the presentation
of [R4]. Furthermore, I am grateful to the anonymous referee for ICALP 2011
who made me aware that the equivalence of the second and last condition of
Theorem 3.1.2 had been obtained independently by Elaine Render and that the
dichotomy of monoids is well-known.
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Chapter 4

Decidability of the emptiness
problem

4.1 Introduction

In this chapter, we turn from questions of expressivity to those of analysis of va-
lence automata. One of the most important problems in the algorithmic analysis
of system models is the emptiness problem, which asks whether a given language
is empty: On the one hand, this is a very natural problem. On the other hand,
in most automata models, it is equivalent to the reachability problem (Given two
configurations, can the second be reached from the first one?) and in the case of
effective full trios, such as VA(M), it is equivalent to the membership problem
(Given a language L and a word w, does L contain w?).

Deciding the emptiness problem is also instrumental for verifying safety prop-
erties: These designate certain events as undesirable and stipulate that they never
occur (“something bad never happens”) [10]. Hence, when an undesirable event
consists in reaching a certain configuration, verifying the corresponding safety
property boils down to an invocation of the reachability problem. Furthermore,
if it is considered undesirable for an automaton A to perform a sequence of ac-
tions from a regular language R C X*, we can verify that L(A) NRX* = (), which is
possible when the automaton model exhibits effective closure under intersection
with regular sets.

We present several results concerning the decidability of the emptiness prob-
lem. In Section 4.2, we mention a connection between the emptiness problem of
valence automata and the membership problem for rational subsets of monoids.
Afterwards, in Section 4.3, we consider the decidability of the emptiness problem
for graph monoids.

The results of this chapter have appeared in [R6].

4.2 Groups
In this section, we mention a connection between the emptiness problem for va-
lence automata and the rational subset membership problem for groups, which

has attracted attention in recent years. This connection allows the transfer of de-
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cidability results between the emptiness problem for valence automata on the
one side and the membership problem for rational sets in groups on the other.

The rational subset membership problem Suppose M is a finitely generated
monoid and @: X* — M is a surjective morphism. Then the rational subset mem-
bership problem* for M is the following decision problem: The given input is a
rational subset R C X* and a word w € X* and the question is whether ¢(w)
contained in @(R). Note that the decidability of the problem does not depend on
the chosen morphism ¢.

The rational subset membership problem was subject to increased interest in
recent years; see [104] for a survey. Kambites, Silva, and Steinberg characterized
the decidability of the emptiness problem of valence automata over a group G in
terms of the group’s rational subset membership problem.

Theorem 4.2.1 (Kambites, Silva, and Steinberg [90]). For valence automata over a
group G, emptiness is decidable if and only if the rational subset membership problem for
G is decidable.

4.3 Graph monoids

In this section, we investigate for which graph monoids MT, the emptiness prob-
lem is decidable for valence automata over IMTI".

As a first step, we exhibit graphs I' for which VA(IMT') includes the recursively
enumerable languages.

Theorem 4.3.1. Let T be a graph such that T~ contains C4 or P4 as an induced sub-
graph. Then VA(IMT) is the class of recursively enumerable languages. In particular, the
emptiness problem is undecidable for valence automata over IMT'.

Unfortunately, it is not clear whether this describes all I" for which VA(IMT)
exhausts the recursively enumerable languages. For example, if I' contains no
loops and is just one edge short of being a clique, the monoid IMT represents a
pushdown Petri net storage. For these, it is an open problem whether the reach-
ability problem is decidable [121]. In Theorem 4.3.8, however, we will see that
if we forbid induced subgraphs corresponding to these devices, the converse of
Theorem 4.3.1 becomes true.

A result similar to Theorem 4.3.1 was shown by Lohrey and Steinberg [107]:
They proved that if every vertex in I is looped and I" contains C4 or P4 as an
induced subgraph, then the rational subset membership problem is undecidable
for MT. Their proof adapts a construction of Aalbersberg and Hoogeboom [1],
which shows that the disjointness problem for rational sets of traces is unde-
cidable when the independence relation has P4 or C4 as an induced subgraph.
An inspection of the proof presented here, together with its prerequisites (Theo-
rems 4.3.3 and 4.3.4), reveals that the employed ideas are very similar to the com-
bination of Lohrey and Steinberg’s and Aalbersberg and Hoogeboom’s proof.
Here, we use the following fact. We denote the recursively enumerable lan-
guages by RE.

1t should be noted that the rational subset membership problem is usually defined for groups
and then with respect to a group generating set (as opposed to a monoid generating set). However,
it is easy to see that the decidability of the problem is not affected by this slight deviation.
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Lemma 4.3.2. Let X ={ay, dy, by, az,ay, by} and let By C X* be defined as
Bz = ({afal In > 0}by)" w ({agay n > 0}bz)".
Then RE equals T(B;), the smallest full trio containing B;.

Lemma 4.3.2 is essentially due to Hartmanis and Hopcroft, who stated it in
slightly different terms:

Theorem 4.3.3 (Hartmanis and Hopcroft [75]). Let C be the smallest full AFL con-
taining {a™b™ | n > 0}. Every recursively enumerable language is the homomorphic
image of the intersection of two languages in C.

According to the following auxiliary result of Ginsburg and Greibach [52,
Theorem 3.2a], Lemma 4.3.2 will follow from Theorem 4.3.3.

Theorem 4.3.4 (Ginsburg and Greibach [52]). Let L C X* and ¢ ¢ X. The smallest
full AFL containing L equals T((Lc)™*).

As announced, Lemma 4.3.2 now follows.

Proof of Lemmua 4.3.2. Since clearly T(B,) C RE, it suffices to show RE C T(B,).
According to Theorem 4.3.3, this amounts to showing that Ly NL, € T(B;,) for
any Ly and L, in €, where C is the smallest full AFL containing the language
S={a™b™ |n > 0}. Hence, let L;,L, € C. By Theorem 4.3.4, L; and L, belong to
€ = T((Sc)*). This means we have L; = T;({al*al* | n > 0}b;)* for some rational
transduction T; for i = 1, 2. Using a product construction, it is now easy to obtain
a rational transduction T with Ly NL, = TB,. O

The proof of Theorem 4.3.1 will require one more auxiliary lemma.

Lemma 4.3.5. Let I' = (V,E) be a graph, W C V a subset, and Y C Xr be defined as
Y ={aw, aw | w € W} Then u =r v implies 7y (u) =r 7y (v) for u,v € Xf..

Proof. An inspection of the rules in the presentation Tr reveals that if (u,v) € R,
then either (my(u), 7y (v)) = (u,v) or my(u) = my(v). In any case, we have the
equivalence my (u) =r 7y (v). Since =r is a congruence and 7y a morphism, this
implies the lemma. O

Note that the foregoing lemma does not hold for arbitrary alphabets Y C Xr.
For example, if V = {1}, Xr = {ay,a1}, and Y = {a1}, then aja; =r ¢, but
ag 5_'5[‘ .

We are now ready to prove Theorem 4.3.1.

Proof of Theorem 4.3.1. The definition of IMTI" implies that the set of all w € X
with w =r ¢ is recursively enumerable. In particular, one can recursively enu-
merate runs of valence automata over VA(IMTI') and hence VA(IMTI') C RE. For
the other inclusion, recall that VA(M) is a full trio for any monoid M. Further-
more, if A is an induced subgraph of ', then MA embeds into IMI", meaning
VA(MA) C VA(MT). Hence, according to Lemma 4.3.2, it suffices to show that
B, € VA(MT) if '~ equals C4 or P4.

Let X = {ay,ay,by1,az,dz,btand I' = (V,E). If '™ equals C4 or P4, then
we have V = {1,2,3,4} with {3,1},{1,2},{2,4} € E and {1,4},{2,3} ¢ E. See
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Figure 4.1: Graphs I' where '™ is C4 or P4. Dotted lines represent edges that may
or may not exist in T".

Fig. 41. We construct a valence automaton A over MT for B, C X* as fol-
lows. First, A nondeterministically reads a word from the regular language
R = ((ajaj)bq)* w((a3a3)by)*. Here, when reading a; or aj, it multiplies [a;]
or [ai], respectively, to the storage monoid. When reading by or by, it multiplies
las] or [a3], respectively. After this, A switches to another state and nondeter-
ministically multiplies an element from {[d4], [@3]}*. Then it changes into an ac-
cepting state. We shall prove that A accepts By. Let h: X* — {ai,a; | 1 <1 <4}
be the morphism with h(a;) = a; and h(a;) = a; fori = 1,2 and h(by) = a4
and h(by) = a3.

Suppose w € L(A). Then w € R and there is a v € {a4, az}* that satis-
fies [h(w)vlp = [elp. Let wi = mq, 4,b,1(W). Observe that if we can show
wi € ({ai*al* | n > 0}*by)* for i = 1,2, then clearly w € B,. For symme-
try reasons, it suffices to prove this for i = 1. Let Y = {aj,dy, a4, ds}. Since
[h(w)vlr = [elr, we have in particular [y (h(w)v)]r = [e]lr by Lemma 4.3.5.
Moreover,

mty(h(w)v) = af” d?‘ aq--- a?kd?kaz;c‘l}l“

for some ny,...,ny,fiy,..., A, m € IN. Again, by projecting to {a4, d4}*, we
obtain [alj a*Ir = [elr and hence k = m. If ny # iy, then it is easy to see that
my (h(w)v) cannot be reduced to ¢, since there is no edge {1,4} in I". Therefore,
we have ny = fig. It follows inductively that n; = fi; forall 1 < 1 < k. Since
wi =aj'aj by aj*al*by, this implies w; € ({alral* [n = 0}by)*.

We shall now prove B, C L(A). Let g: X* — {as, ds} be the morphism
defined by g(a;) = g(ai) = ¢ and g(by) = a4 and g(by) = az. We show
by induction on |w| that w € B, implies [h(w)g(w)R}r = [e]r. Since for each
w € B, A clearly has a run that puts [h(w)g(w)R}r into the storage, this estab-
lishes B, C L(A). Suppose 7y, b, (W) ends in by. Then w = rsby for r € X*,
s € (atal)wtwithre X*,n € Nand t € {ay,d>, by}*. Note that then rt € B,.
Since there are edges {1,2},{2,4}in T, we have [h(s)]r = [h(ta]a})]lr. Moreover,
since g deletes a; and d;, we have g(s) = g(t). Therefore,

(h(w)g(w)"]r = [h(rsby)g(rsbi)¥Ir = [h(rta} aj'by)g(rtby)"Ir
= [h(rt)aTat asasg(rt)¥]r = ((rt)g(rt)¥r.
By induction, we have [h(rt)g(rt)R]r = [e]r and hence [h(w)g(w)R]r = [e]r.

If 7y, b,)(W) ends in by, then one can show [h(w)g(w)R]r = [e]r completely
analogously. This proves B, C L(A) and hence the theorem. O

Decidability We now establish the decidability of the emptiness problem for
valence automata over certain graph monoids. As already noted in Section 2.4,
if ' = (V,E) has no loops, is one edge short of being a clique, and |V| > 2,
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then MTI'" = B(2) x BIVI=2. This means valence automata over IMT" are equiva-
lent to Petri nets with |V| — 2 unbounded places and one pushdown. In particu-
lar, the emptiness problem for valence automata is equivalent to the reachability
problem for such Petri nets, for which decidability is a long-standing open prob-
lem [121]. Therefore, characterizing those I" with a decidable emptiness problem
for valence automata over MT" would very likely settle this open problem?.

However, if we steer clear of pushdown Petri nets, we can achieve a character-
ization. More precisely, we will present a set of graphs that allow the simulation
of a pushdown Petri net. Then, among those graphs that do not contain these
as induced subgraphs, we characterize those for which emptiness is decidable.
From Theorem 4.3.1, we already know that a P4 or C4 as an induced subgraph of
'~ causes the emptiness problem to be undecidable. We will see in Theorem 4.3.8
that, if we forbid subgraphs corresponding to pushdown Petri nets, the absence
of P4 and C4 already characterizes decidability. Let us define those subgraphs
that entail the behavior of pushdown Petri nets.

PPN-graphs The graph I is said to be a PPN-graph if it is isomorphic to one of
the following three graphs:

A graph T is called PPN-free is it has no PPN-graph as an induced subgraph.
Observe that a graph I" is PPN-free if and only if in the neighborhood of each
unlooped vertex, any two vertices are adjacent.

Of course, the abbreviation ‘PPN’ refers to ‘pushdown Petri nets’. This is
justified by the following fact.

Proposition 4.3.6. IfT" is a PPN-graph, then VA(MT) = VA(B(?) x B).

Proof. By definition, we have MI' = B x (Mo * M), where My = Bor M = Z
for i € {0,1}. We show that VA(My * M) = VA(B * B) in any case. According
to Theorem 2.3.6, this implies VA(MT) = VA(B(?) x B). If My = M; = B, the
equality VA(Mp * M) = VA(B x B) is trivial, so we may assume My = Z.

If My = Z, then My * M1 = Z x Z, meaning that VA(M * M) is the class of
context-free languages (Theorem 2.4.1) and thus VA(My * M1) = VA(B = B).

If M1 = B, then VA(Z «B) = Alg(VA(Z)) by Theorem 2.6.6. Since VA(Z) is
included in the context-free languages, we have Alg(VA(Z)) = VA(B = B). O

In order to exploit the absence of P4 and C4 as induced subgraphs, we will
employ a characterization of such graphs as transitive forests.

Transitive forests The comparability graph of a tree t is a simple graph with the
same vertices as t, but has an edge between two vertices whenever one is a de-
scendent of the other in t. A simple graph is a transitive forest if it is the disjoint
union of comparability graphs of trees. For an example of a transitive forest, see
Fig. 42.

Definition 4.3.7. By DEC, we denote the smallest isomorphism-closed class of monoids
such that

2Technically, itis conceivable that there is a decision procedure for each B() x B™, but no uniform
one that works for all n. However, this seems unlikely.
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Figure 4.2: Example of a transitive forest. The solid edges are part of the trees
whose comparability graphs make up the graph.

1. for eachn > 0, we have B™ € DEC and
2. for M, N € DEC, we also have M« N € DEC and M x Z € DEC.

Our result characterizes those PPN-free ' for which valence automata over
IMTI" have decidable emptiness problem.

Theorem 4.3.8. Let I be PPN-free. Then the following conditions are equivalent:
1. Emptiness is decidable for valence automata over IMT.
2. T~ contains neither C4 nor P4 as an induced subgraph.
3. T~ is a transitive forest.
4. MT € DEC.

Note that this generalizes the fact that emptiness is decidable for pushdown
automata (i.e. graphs with no edges) and partially blind multicounter automata
(i.e. cliques), or equivalently, reachability in Petri nets.

This theorem extends a result by Lohrey and Steinberg [107]. The latter char-
acterizes those graph groups for which the rational subset membership problem
is decidable.

Theorem 4.3.9 (Lohrey and Steinberg [107]). Let I be a graph in which every vertex
is looped. Then the rational subset membership problem for the group IMT is decidable if
and only if T~ is a transitive forest.

According to Theorem 4.2.1, this covers the cases of Theorem 4.3.8 where in
I every vertex is looped. Lohrey and Steinberg show decidability by essentially
proving that VA(IMT') is semilinear in their case. Here, we extend this argument
by showing that in the equivalent cases of Theorem 4.3.8, the Parikh images of
VA(IMT') are those of languages accepted by priority multicounter automata. The
latter were introduced and shown to have a decidable reachability problem by
Reinhardt [121].

Intuition for decidable cases In order to provide an intuition for those storage
mechanisms (not containing a pushdown Petri net) with a decidable emptiness
problem, we present an equally expressive class of monoids for which the cor-
responding storage mechanisms are easier to grasp. Let SC* be the smallest
isomorphism-closed class of monoids with
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1. for eachn € N, we have B™ € SC*,
2. for each M € SC*, we also have B* M € SCT and M x Z € SC*.

Hence, SCT realizes those storage mechanisms that can be constructed from a
finite set of partially blind counters (B™), building stacks (M. — B = M) and adding
blind counters (M — M x Z). Then, in fact, the monoids in SC* produce the same
languages as those in DEC.

Proposition 4.3.10. VA(DEC) = VA(SC*).

Proof. Since SC* C DEC, the inclusion “2” is immediate. We show by induction
with respect to the definition of DEC that for each M € DEC, thereisan M’ € SC*
with VA(M) C VA(M). This is trivial if M = B™, so suppose VA(M) C VA(M')
and VA(N) C VA(N’) for M,N € DEC and M’,N’ € SC*. Observe that b
induction on the definition of SC*, one can show that there is a common P € SC
with VA(M’) C VA(P) and VA(N’) C VA(P). Of course, we may assume that
R1(P) # {1}. Then we have

VA(M xN) C Alg(VA(M)UVA(N)) by Theorem 2.6.3
C Alg(VA(M/) UVA(N'))
C Alg(VA(P))
=VA(B *P) by Theorem 2.6.6

and B « P € SC*. Moreover, Corollary 2.3.7 implies VA(M x Z) C VA(M' x Z)
and we have M’ x Z e SC*. O

Intuition for open cases We also want to provide an intuition for the remain-
ing storage mechanisms, i.e. those defined by monoids MTI" about which Theo-
rem 4.3.1 and Theorem 4.3.8 make no statement. To this end, we describe a class
of monoids that are expressively equivalent to these remaining cases. The re-
maining cases are given by those graphs I' where '™ does not contain C4 or P4,
but I' contains a PPN-graph. Let REM denote the class of monoids MTI", where I
is such a graph. Let SC* be the smallest isomorphism-closed class of monoids
with

1. foreachn € N,n > 1, we have (B*B™) x B € SC* and
2. foreach M € SCt,we alsohave BxM € SCT and M x B € SCT.

Thus, SC* realizes those storage mechanisms that are obtained from a stack of
partially blind counters, together with one partially blind counter ((B «x B™) x B) by
building stacks (M. — B * M) and adding partially blind counters (M. — M x B).
Of course, SC* generalizes pushdown Petri nets, which correspond to monoids
(BxB) x B™ forn € IN.

Proposition 4.3.11. VA(REM) = VA(SC™).

Proving Proposition 4.3.11 requires some ingredients of the proof of Theo-
rem 4.3.8. We therefore postpone the proof until after Theorem 4.3.8 is shown.

The remainder of this section is devoted to the proof of Theorem 4.3.8 and
Proposition 4.3.11. Note that the implication “1 = 2” immediately follows from
Theorem 4.3.1. The implication “2 = 3” is an old graph-theoretic result of Wolk.
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Theorem 4.3.12 (Wolk [135]). A simple graph T is a transitive forest if and only if T
does not contain C4 or P4 as an induced subgraph.

The implication “3 = 4” is a simple combinatorial observation. An analogous
fact is part of Lohrey and Steinberg’s proof of Theorem 4.3.9.

Lemma 4.3.13. If T"is PPN-free and '~ is a transitive forest, then MTI" € DEC.

Proof. Let I' = (V,E). We proceed by induction on |V|. Observe that by The-
orem 4.3.12, every induced subgraph of a transitive forest is again a transitive
forest. Since furthermore every induced proper subgraph A of I is again PPN-
free, our induction hypothesis implies MA € DEC for such graphs. If I' is empty,
then MT" = 1 = B € DEC. Hence, we assume that I' is non-empty. If I" is not con-
nected, then T is the disjoint union of graphs I', I;, for which MI';, MT", € DEC
by induction. Hence, MI" = IMTI; « MTI; € DEC. We therefore assume that I is
connected.

Since '™ is a transitive forest, there is a vertex v € V that is adjacent to every
vertex in V' \ {v}. We distinguish two cases.

o If vis a looped vertex, then MI" = Z x M(I"\ v), and M(I"\ v) € DEC by
induction.

e If v is an unlooped vertex, then I" being PPN-free means that in (I'\ v)~,
any two distinct vertices are adjacent. Hence, MI" = B™ x Z™ for some
m,n € IN and thus MT € DEC.

O

In light of Theorem 4.3.1, Theorem 4.3.12, and Lemma 4.3.13, it remains to
be shown that emptiness is decidable for valence automata over monoids in
DEC. We prove this by reducing the problem to the reachability problem of pri-
ority multicounter machines, whose decidability has been established by Rein-
hardt [121]. Priority multicounter machines are an extension of Petri nets with
one inhibitor arc. Intuitively, a priority multicounter machine is a partially blind
multicounter machine with the additional capability of restricted zero tests: The
counters are numbered from 1 to k and for each £ € {1,...,k}, there is a zero
test instruction that checks whether counters 1 through { are zero. Let us define
priority multicounter machines formally.

Definition 4.3.14. A priority k-counter machine is a tuple A = (Q, X, E, qo,F),
where

o Q is afinite set of states,
o X s an alphabet,

E is a finite subset of Q x X* x{0,...,k} x AR Q, and its elements are called
edges or transitions,

qo € Q is the initial state, and

F C Q is the set of final states.
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Elements of Q x X* x IN¥ are called configurations. For configurations (q,u, i) and
(q/,u, 1) with q,q" € Q and p, u' € N¥, with w = (mq,..., my), we write

(qw,u) —a (q’,u, 1) ifforsome(q,%¢v,q') €E,
wW=ux, ' =p+v,andmy=0for1 <i<UL.

The language accepted by A is defined as
L(A) ={w e X" | (qo,¢,0) =4 (q,w,0) forsome q € F}.

A priority multicounter machine is a priority k-counter machine for some k € IN.
The class of languages accepted by priority multicounter machines is denoted by Prio.

Reinhardt has shown that the reachability problem for priority multicounter
machines is decidable [121], which can be reformulated as follows.

Theorem 4.3.15 (Reinhardt [121]). Emptiness is decidable for priority multicounter
machines.

The idea of the proof of “4 = 1” is, given a valence automaton over some
M e DEC, to construct a Parikh-equivalent priority multicounter machine. This
construction makes use of the following simple fact.

Lemma 4.3.16. Prio is a Presburger closed full semi-AFL and closed under substitu-
tions.

Proof. The fact that Prio is a full semi-AFL can be shown by standard automata
constructions. Given a priority multicounter machine A and a semilinear set
S C X%, we add [X| counters to A that ensure that the input is contained in
L(A) NW¥~1(S). This proves that Prio is Presburger closed.

Suppose 0: X* — P(Y*) is a Prio-substitution. Furthermore, let A be a priority
k-counter machine and let o(x) be given by a priority {-counter machine for each
x € X. We construct a priority (£ + k)-counter machine B from A by adding ¢
counters. B simulates A on counters £+ 1, ..., ¢+ k. Whenever A reads x, B uses
the first £ counters to simulate the priority {-counter machine for o(x). Using the
zero test on the first { counters, it makes sure that the machine for o(x) indeed
ends up in a final configuration. Then clearly L(B) = o(L(A)). O

In order to show that every L € VA(M) for M € DEC has a Parikh equivalent
in Prio, we use Proposition 2.5.3 and Theorem 2.6.3. By induction with respect to
the definition of DEC, it suffices to prove that

Y(VA(M)), Y(VA(N)) C¥(Prio) implies Y(VA(M x Z))

C
Y(VA(M xN)) C

Y(Prio) and
Y(Prio).
According to Proposition 2.5.3 and Theorem 2.6.3, this boils down to showing

that W(SLI(Prio)) € W(Prio) and W(Alg(Prio)) C W(Prio). The former is a conse-
quence of Lemma 4.3.16 and the latter is a special case of Theorem 2.6.8.

Lemma 4.3.17. We have the effective inclusion Y(VA(DEC)) C W(Prio). More pre-
cisely, given M € DEC and L € VA(M), one can construct an L’ € Prio with
V(L) =Y(L).
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Proof. We proceed by induction with respect to the definition of DEC. If M = B™,
then VA(M) C Prio, because priority multicounter machines generalize partially
blind multicounter machines.

Suppose M = N x Z and ¥(VA(N)) C ¥(Prio) and let L € VA(M). By Propo-
sition 2.5.3, we have L = h(KN'¥Y~1(S)) for some semilinear set S, a morphism
h, and K € VA(N). Hence, there is a K € Prio with W(K) = W(K). With this,
we have Y(L) = Y(h(KNWY~1(S))) and since Prio is Presburger closed, we have
h(KNY~1(S)) € Prio and thus ¥(L) € ¥(Prio).

Now assume M = Mg * M7 and Y(VA(M;)) C Y(Prio) for i = 0,1 and let
L € VA(M). According to Theorem 2.6.3, we have L € Alg(VA(Mo) UVA(My)).
Since W(VA(My) UVA(M1)) C Y(Prio), Lemma 2.6.9 allows us to construct a
Prio-grammar G with W(L(G)) = ¥(L). By Theorem 2.6.8 and Lemma 4.3.16, this
implies W(L) € W(Prio). O

The following lemma is a direct consequence of Lemma 4.3.17 and Theo-
rem 4.3.15: Given a valence automaton over M with M € DEC, we construct
a priority multicounter machine accepting a Parikh-equivalent language. The
latter can then be checked for emptiness.

Lemma 4.3.18. For each M € DEC, the emptiness problem for valence automata over
M is decidable.

Theorem 4.3.8 now follows easily.

Proof of Theorem 4.3.8. The foregoing lemmas establish the required implications
as follows:

1=2 by Theorem 4.3.1
=3 by Theorem 4.3.12
=4 by Lemma 4.3.13
=1 by Lemma 4.3.18

Let us now prove Proposition 4.3.11.

Proof of Proposition 4.3.11. By induction, it is easy to see that each M € SC* is
isomorphic to some IMTI", where I' contains a PPN-graph and I'"™ is a transitive
forest. By Theorem 4.3.12, this means '™ contains neither C4 nor P4. This proves
the inclusion “2”.

Because of Theorem 4.3.12, for the inclusion “C”, it suffices to show thatif '~
is a transitive forest, then there is some M € SCt with VA(IMTI') C VA(M). We
prove this by induction on the number of vertices in I' = (V, E). As in the proof
of Lemma 4.3.13, we may assume that for every induced proper subgraph A of
I', we find an M € SCt with VA(MT') C VA(M).

If T is empty, then MT" = 1 and VA(MTI) C VA(B(2) x B). Hence, we may
assume that I" is non-empty.

If ' is not connected, then I' = I'; W1, with graphs I'1, I'; such that there are
M1, M, € SCT with VA(MT}) C VA(M,;) for i = 1,2. By induction with respect
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to the definition of SC*, one can show that there is a common N € SC* with
VA(M;) C VA(N) fori =1,2. Since then N # {1}, we have

VA(IMTI) = VA(MTI « MTIy)
C Alg(VA(MTI7) UVA(IMT3,)) by Theorem 2.6.3
€ Alg(VA(M1) UVA(M;))
C Alg(VA(N))
=VA(B % N) by Theorem 2.6.6

and BxN € SC*.

Suppose I is connected. Since '™ is a transitive forest, there is a vertex v e V
that is adjacent to every vertex in V \ {v}. By induction, there is an M € SC*
with VA(M(T"\ v)) € VA(M). Depending on whether v is looped or not, we have
MT = M(T"'\v) x Z or MI"' = M(T"\ v) x B. Since VA(Z) C VA(BB x B) (one blind
counter can easily be simulated by two partially blind counters), Corollary 2.3.7
yields

VA(MT) C VA(M(T'\v) x B x B) C VA(M x B x B)

and the fact that M x B x B € SCT completes the proof. O

4.4 Conclusion

In this chapter, we identified induced subgraphs C4 and P4 as obstructions for
decidability of the emptiness problem for valence automata over graph monoids.
If the monoids corresponding to pushdown Petri nets do not occur as submon-
oids, we have seen that C4 and P4 are the only obstructions.

Furthermore, for those storage mechanisms that admit a decision procedure
and for those where the decidability status is open, we each provided a class
of storage mechanisms that is expressively equivalent and easy to grasp. In the
case where we showed decidability, these are the storage mechanisms obtained
from partially blind multicounters by building stacks and adding blind counters. For
those mechanisms where decidability is left open, these are the mechanisms ob-
tained by starting from a partially blind multicounter together with a pushdown,
and then applying the transformations of building stacks and adding partially blind
counters.

The results in this chapter have appeared in [Ré].

Related work Since in the case of groups, the emptiness problem for valence
automata is equivalent to the rational subset membership problem, the work that
has been carried out on the latter is closely related to the results here. In partic-
ular, and as mentioned above, Theorem 4.3.8 extends a result on this problem
for graph groups by Lohrey and Steinberg [107]. See [104] for a survey on the
rational subset membership problem.

Furthermore, Madhusudan and Parlato [110] propose a general model of au-
tomata with auxiliary storage. Similar in spirit to the results in Section 4.3, they
exhibit a class of storage mechanisms that, when used in automata, admit a deci-
sion procedure for the emptiness problem. This generalizes several other decid-
ability results.

63



Chapter 4. Decidability of the emptiness problem

However, they also show that the realized models always satisfy a Parikh’s
theorem. Since this is not the case already for partially blind multicounter stor-
ages (see Section 7.2), their result very likely does not easily subsume the ones
here. Note that proving that there is no encoding of our results into the other
framework is impossible, since there is always a trivial encoding (use our deci-
sion procedure and output one of two fixed instances of the other framework);
hence, the question is merely whether some encoding would simplify the proofs.

Open problems Section 4.3 leaves open whether the emptiness problem is de-
cidable for the monoids from SC*. Of course, determining the decidability status
for these remaining storage mechanisms is an interesting problem. As mentioned
above, this extends the open question of whether reachability is decidable for
pushdown Petri nets [121].

Observe that it is conceivable that the result of Lohrey and Steinberg (Theo-
rem 4.3.9), when phrased as decidability of the emptiness problem, holds in fact
for arbitrary graph monoids. The latter is equivalent to the decidability for the
whole class SC*.
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Boolean closure

5.1 Introduction

In the previous chapters, we have observed and exploited the closure of the lan-
guage classes VA(M) under rational transductions. In the case of regular lan-
guages, this closure property is accompanied by the closure under the Boolean
operations: union, intersection, and complementation.

This combination of closure properties is useful for several reasons. First, in
the case of regular languages, this particular collection is employed, for example,
in the theory of automatic structures [93], since it implies that in such structures,
every first-order definable relation can be represented by a regular language.
Since emptiness is decidable for regular languages, one can therefore decide the
first-order theory of these structures.

Second, together with the decidable emptiness problem, the effectiveness of
these closure properties permit the decision of the universality problem (given a
regular R C X*, does R equal X*?) and the inclusion problem (given regular R
and S, does R include S?).

It is therefore an interesting question for which monoids M, the class VA(M)
exhibits closure under the Boolean operations as this would give hope for find-
ing new structures with a decidable first-order theory and decision procedures
for valence automata. Unfortunately, this chapter answers this question in an
extremely negative way. It is shown here that for finitely generated monoids M,
the class VA(M) is not closed under the Boolean operations, unless VA(M) co-
incides with the regular languages. In fact, a much more general statement is
proven: Every Boolean closed full trio that contains any non-regular language
L, already includes the arithmetical hierarchy (in particular the recursively enu-
merable languages) relative to L. This means in a full trio beyond the regular
languages, virtually no decidability property can coexist with Boolean closure.

Similar results as the one presented here have been obtained, for example,
by Hartmanis and Hopcroft [75]: They showed that every intersection closed
full AFL that contains the language {a"b™ | n > 0} already includes the recur-
sively enumerable languages (see Theorem 4.3.3). Moreover, Book [14] proved
that the arithmetical languages constitute the smallest Boolean closed full trio
that is closed under what Book termed homomorphic replication (see [14] for a def-
inition). Hence, the result here means in Book’s result one can replace the ho-
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momorphic replication by containment of any non-regular language (which is a
significantly weaker condition).

In slightly enhanced form, the results in this section have appeared in [R2].
In the latter work, it was made explicit that in order to construct every language
in AH(L) from a given non-regular L, three fixed rational transductions suffice.
Moreover, the extended version of [R2] also considers analogous questions with
synchronized rational transductions instead of rational transductions [R7].

5.2 Boolean closed full trios

In order to state the main result of this chapter, we need to define the (relative)
arithmetical hierarchy. Recall that RE denotes the recursively enumerable lan-
guages. For any language class €, we write RE(C) for the class of languages
accepted by some Turing machine with an oracle L € €. We also write RE(L) for
RE({L}). Then the arithmetical hierarchy is defined as

X1 =RE, i1 =RE(Z,) forn >0, AH= ] Zn.
n>1

Languages in AH are called arithmetical. The arithmetical hierarchy relative to L is
defined as

51(L) =RE(L), Zni1(L) =RE(Za(L) forn >0, AH(L) = ] Zn(L).

n>l

For a more detailed introduction to the arithmetical hierarchy, see [97]. For a
language L C X*, let (L) C X denote the smallest subset Y C X with L C Y*.
Then, the complement of L is the language L = «(L)* \ L. A language class € is
Boolean closed if for each K,L € @, wehave KUL € Cand L € €.

We are now in a position to formulate the main result of this chapter.

Theorem 5.2.1. Let L be a non-reqular language. Then AH(L) is the smallest Boolean
closed full trio containing L.

Before we prove Theorem 5.2.1, we record some consequences. The first one
applies to a wide range of language classes. Although the author is not aware of
any particular full semi-AFL for which it is not known whether complementation
closure is available, the following fact is interesting because of its generality.

Corollary 5.2.2. Other than the reqular languages, no full semi-AFL € C RE is closed
under complementation.

Proof. Suppose C were a complementation closed full semi-AFL that contains a
non-regular language. According to Theorem 5.2.1, it would already include AH
and thus not be included in RE. O

Note that the next corollary is not a special case of Corollary 5.2.2 as it is not
restricted to language classes below RE.

Corollary 5.2.3. A principal full trio is closed under complementation if and only if it
coincides with the regular languages.
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Proof. Consider the principal full trio T(L). If L is regular, T(L) coincides with the
regular languages and is therefore closed under complementation.

Suppose L is not regular. T(L) consists of all languages of the form RL, where
R is a rational transduction. Hence, T(L) is contained in RE(L) and closed un-
der union. If J(L) were closed under complementation, it would be closed un-
der all Boolean operations and thus, by Theorem 5.2.1, include AH(L). Since
RE(L) € AH(L), this is a contradiction. O

For each finitely generated monoid M, the class VA(M) is a principal full trio
(Corollary 2.3.5). Therefore, together with Theorem 3.1.2, Corollary 5.2.3 implies
the following.

Corollary 5.2.4. For finitely generated monoids M, the following are equivalent:
1. VA(M) is closed under complementation.
2. VA(M) coincides with the reqular languages.
3. Ry (M) is finite.

We shall prove Theorem 5.2.1 by constructing every language in AH(L) from
L using rational transductions and the Boolean operations. In order to construct
the recursively enumerable languages, we rely on the well-known fact that each
of them is accepted by some two-counter machine [113].

Two-counter machines We define the alphabet A = {4+, —, z}, whose elements
will represent the operations increment, decrement, and zero test, respectively.

A two-counter machine is a tuple A = (Q, X, E, qo, F), where Q is a finite set of
states, X is its input alphabet, E C Q x X* x A x A x Q is a finite set of edges, o € Q
is its initial state, and F C Q is its set of final states. A configuration is an element of
Q x X* x IN x IN. For configurations (q,u,ng,n1) and (q’,u’,nj,ny), we write
(q,u,ng,nq) —a (q’,u/,n{,n}) if there is an edge (q,v, 80,81, q’) € E such that
u’ =uv and for each 1 € {0, 1}, we have

1. 8y =+andn{ =n;+1,

2. 6=—andn{=ny—1,0r

3. 8y =zand n/ =n; =0.
The language accepted by A is then

L(A) ={w € X" |(qo,¢,0,0) =74 (f,w,ng,ny)
for some f € Fand ng,ny; € N}

The definition here forces the machine to operate on both counters in each step,
whereas in the usual definition, these automata can also use only one counter at
a time. This is not a serious restriction: A two-counter machine that sometimes
accesses only one counter at a time can be simulated as follows. First, we change
it so that it always uses only one counter at a time. Then, instead of incrementing
counter i, we first increment both counters and then decrement counter 1 —1i and

increment counter i again. If we proceed analogously for decrement (decrement
i and increment 1 — 1, then decrement i and decrement 1 — i) and zero test (zero
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test on 1 and increment on 1 — 1, then zero test on i and decrement on 1 — i), we
represent the counter values (ng, ny) of the old machine by the values (2ng,2n)
and thus accept the same language.

In order to construct languages accepted by two-counter automata, we con-
struct the language C C A* of words that describe valid sequences of counter
operations.

Definition 5.2.5. Let C C A* be the set of words &1 -+ - 0, 01,...,0m € A, for which
there are numbers xo, . .., xm € N such that xo = 0and for 1 <i < m:

1. if &y =+, then xy =xi_1 +1,
2. 0fd; =—, thenxy =xi_1 — 1, and
3. ifd; =z thenxi =xi_1 =0.

The main difficulty in proving Theorem 5.2.1 is to construct C from a lan-
guage L, where the only information we have about L is that it is not regular. The
key idea of the construction is to use the characterization of regular languages as
those that have infinitely many Myhill-Nerode classes. Let X be an alphabet and
L C X*. For words u,v € X*, we write u = v if for each w € X*, we have

uw € L ifand only if vw € L.

The equivalence relation =y is called the Myhill-Nerode equivalence. The well-
known Myhill-Nerode Theorem [97] states that L is regular if and only if =1 hasa
finite index. Using the Myhill-Nerode equivalence, we define another language,
which can be thought of as encoding counter values as Myhill-Nerode classes.

Definition 5.2.6. Suppose the alphabets X, A, and {#} are pairwise disjoint. We define
(AfL C (AUXU{#)* to be the set of all words

vod1Vv1 - - dmVvmHue# - - un#

with &; € A, vi € X*, Wy € X*, such that wy. #1 W for k # €, vo = uo, and for each
1 <1< m, we have

1. lfél =4andvi_1 =L uj, then vi = Uj+1,
2. if &y = —and vi_1 = W, vi = uj_1, and
3. if & =z, then vi_1 =1 vi =L uo.

Hence, the words vy, ..., v describe the counter values as they are attained
over time (the class of v; represents the value at time i € {0,..., m}), and the
words uy, ..., un describe the counter values sorted by their magnitude (the
class u; represents the value j € {0, ..., n}).

It is not hard to see that HA(G L) contains valid sequences of counter oper-
ations, but only those whose counter values remain below the index of =;. In
particular, if L is not regular, C; describes all valid sequences of counter opera-
tions.

Lemma 5.2.7. If L is not regular, then nA(éL) =C.
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Proof. In order to prove the inclusion “2”, let x¢, ..., Xm € IN be numbers as in
the definition of C and suppose {x,...,xm} C {0,...,n}. Since L is not regular,
we can find words uy,...,un € X* such that u #; ug for k # {. Now for
each 0 < i < m, let vi = uy,. Then it can be checked straightforwardly that

vod1v1 - - dmvmHuo# - - un# € GL and hence 67 --- 6 € WA(GL).
For the inclusion “C”, suppose 81 ---dm € Ta(Cr). Then there are words
vo,---,Vm € X*, ug, ..., un € X* with

voO1V1 - - dmvmAuo# - - - un# € é]_.

Using the fact that the uy are pairwise incongruent w.r.t. = and by induction on
i, one can easily verify that for each 0 < i < m, there is a unique x; € {0,...,n}

such that vi =1 uy,. By the definition of ¢ L, this choice of xg, . .., xn, satisfies the
conditions 1 to 3 of Definition 5.2.5. O

The following lemma is the key ingredient in the proof of Theorem 5.2.1. It
will be convenient to denote the smallest Boolean closed full trio containing L by
BT(L).

Lemma 5.2.8. Let L C X* be non-regular. Then C is in BT(L).

Proof. By Lemma 5.2.7, it suffices to show that ¢ L isin BT(L). We will use the al-
phabet Y = X U {#} U A, where we assume that X, A, and {#} are pairwise disjoint.
In the following, when we say that a language K can be constructed, we mean
that K can be obtained from L using rational transductions and the Boolean op-
erations.

There are clearly rational transductions T; and T, with

Wi ={uthvitw |1, v,w € X*, uw € L} = TH L,
W, = {u#viw [ u,v,w € X*, vw € L} = ToL,

which means W7, W, € BT(L). Hence,

W ={usviw [u,v,w e X*, (uw e Lvw ¢ L) or (uw ¢ L,yw € L)}
=(W1 NW2) U (W1 nW,)
is in BT (L) as well. We can clearly find a rational transduction T3 with

W ={u#v | u,ve X", uz# v}
= {u#v | uiviw € W’ for some w € X*} = T; W',

This means P = {u#v | u =1 v} = X*#X* \ W = T4W, for some Ty, belongs to
BT(L). With suitable rational transductions Ts, Tg, we have

S ={uofwi#---un# | uy Zr u; foralli # j}
= (X*#)* \ {ru#tsvi#t | 1,5, t € (X*#)*, u#v € P} = T T5P,

meaning that S € BT(L). Let M (matching) be the set of all words vy dv#u#u,
where vi,v,,u1,us € X* with

1. if 5 = +, then vy =1 uj and vy =1 uy,
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2. if 6 = —, thenvy; =1 wy and vy =1 uq, and
3. if 6 =z, thenvy =1 v2 =1 ug.
Since

M = {vi+voftu#uy | vi#tug € P, vo#tu, € P}
U{vi—vo#tu#uy | vi#tuy, € P, vo#tug; € P}
U{vizvo#u#uy | vi#vy € P, vi#ug € P, uy € X*}
= (T7P NTgP)U (ToPNTioP) U (T] 1PNTy2P)
for suitable rational transductions T, ..., T;2, we have M € BT(L).

Let E (error) be the set of words vi6va#ue# - - - un# such that for every index
1 <j <n,wehave vidvo#u;_1#u; ¢ M or we have 6 =z and vy #[ up. Since

E/ = {vidvo#ruifuods | vidvokui#u, € M, 1, s € (X*#)*} = T13M
for some rational transduction T;3, we find E/ € BT(L). Furthermore, since

E = {vizvaffup#tr [ vi Z1 up, T € (X*#)%, v, € X FU [(XFAX #(X*#)* \ E']
=T 4ﬁ UTh 5?,
for some rational transductions Ty4, T15, we have E € BT(L).

Let N (no error) be the set of words vgd1vy - - - S vim#Hup# - - - un # such that for
every 1 <i<<m,thereisal <j < nwithv;_; divithy_1#uy; € M and if 6; = z,
then vi_1 =1 ugp. Since

N’ ={w € (X*A)*v1ova (AX* ) *#uo# - - - un# | vidvoHtug# - - -un# € E} = T6E,

N = (X*A)TX*#(X*#)* \ N’ = T;,N’

for some rational transductions Ty¢, T17, we find N € BT(L).

Finally, the language I (initial condition) is defined as the set of all words
vod1Vvy -+ dmVm#tug# - - - un# € N such that vo =1 ugp. Since

I = NN{vo(AX*)*#ug#(X*#)* | vo#tupg € P} =NNTi5P,

for some rational transduction T;g, we have I € BT(L).

Now we have C L =IN(X*A)*X*#S = NN Ty9S for some rational transduc-
tion T79, meaning éL € BT(L). By Lemma 5.2.7, we have C = Ty éL for some
rational transduction T,¢. This proves C € BT(L). O

Now that Lemma 5.2.8 is established, the remainder of the proof of Theo-
rem 5.2.1 requires only standard arguments.

Lemma 5.2.9. Let L be non-regular. Then RE C BT(L).

Proof. Suppose K C X* is recursively enumerable and let A = (Q, X, E, qo, F) be
a two-counter machine accepting K with Q ={0,...,k} and F = {k}. Let R be the
regular language of all words

n
oo T twits s omi

i=1
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with (miq,wi,égo),ég),mi) € Eforevery1 <i<n my=0 and mp =k.

Since R is regular, we have R € BT(L). Clearly, there are rational transductions
Ty and T, such that

n
U= {00 [T#wi#si®s 10 e R\ .51 € Cfork_0,1}
i=1

=RNTCNT,C,

meaning that U € BT(L). Finally, applying to U the transduction T3 that outputs
all occurrences of X after odd occurrences of # up to the next occurrence of #
clearly yields K, implying K € BT(L). O

We are now ready to prove Theorem 5.2.1.

Proof of Theorem 5.2.1. We shall prove that for any K C X*, we have the inclusion
RE(K) € BT({K,L}). This clearly implies £1(L) = RE(L) € BJ(L) and hence, by
induction on i, all of £; (L) € BT(L).

Let M € RE(K). Without losing generality, we may assume M C X* (if this
is not the case, enlarge X). This means there is an oracle Turing machine A with
access to a K-oracle such that M is accepted by A. We will use the extended
alphabet Y = X U{#;,#,}, in which XN {#;,#,} = 0. Let M’ C Y* be the set of
words

wi#y - unfFviHr - ovinfow

such that there is an accepting computation in A with input w € X* and inwhich

oracle queries about uy, ..., u, are made with a positive result and oracle queries

about vy, ..., vy are made with a negative result. Note that this does not mean

that u; € Kor v; ¢ K, we collect all computations that A could make and what

inputs would be accepted provided that an oracle answered as specified. Then

M is clearly recursively enumerable and contained in BT({L}) by Lemma 5.2.9.
Furthermore, since

(K#)* = (X*#)* Kt (X)) = ThK,  (K#a)" = (X*#)*K# (X*#,) = ToK

for suitable rational transductions Tq, T>, we have (K#7)*, (K#;)* € BT({K,L}).
Moreover, since

M ={uwi# - un#ivitr - vinbow e M jw € X*,
uy,...,un €K,
Vi,...,vm € K}
— M N (K# ) OC# )X N (X ) (K# )X
=M’ N T3(K#)* N T4 (K)*

for suitable rational transductions T3, T4, we have M € BT({K,L}). If we now
apply a transduction Ts that for an input from Y* outputs the longest suffix in
X*, we obtain M € BT({K, L}), completing the proof of AH(L) C BT(L).

The inclusion BT(L) € AH(L) follows by observing that AH(L) is a Boolean
closed full trio. O
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5.3 Conclusion

In this chapter, we have asked which storage mechanisms cause the induced lan-
guage class to be closed under Boolean operations. We have given an answer
that concerns significantly more language classes than those of valence autom-
ata. Specifically, we have shown that given an arbitrary non-regular language,
one can construct the whole arithmetical hierarchy using just rational transduc-
tions and Boolean operations. Since this hierarchy goes far beyond the recur-
sively enumerable languages, this tells us that the regular languages constitute
the only language class that is closed under rational transductions and Boolean
operations and exhibits any form of decidability. Our proof uses an encoding of
counter values as Myhill-Nerode classes.
The results of this chapter have appeared in [R2, R7].

Open problems

e One of the original motivations for studying Boolean closed full trios is
the following. The theory of automatic structures [93] employs closure
properties of the regular languages to show that in these structures, ev-
ery first-order definable relation can be represented by a regular language.
The employed closure properties are subsumed by the Boolean operations
and rational transductions, so that identifying language classes with this
combination of closure properties and decidable emptiness might lead to
new structures with decidable first-order theory.

While the result here proves this impossible, one can observe that not the
full power of rational transductions is required to obtain all first-order de-
finable relations. Therefore, the question arises whether a smaller set of
transductions allows the construction of all first-order definable relations
and admits a decision procedure.

A natural candidate for such a smaller set of transductions is that of syn-
chronized rational transductions. The work [R7] of the author, Markus
Lohrey, and Dietrich Kuske shows that then, both situations can occur:
Some non-regular languages make the emptiness problem undecidable,
but not every non-regular language. However, it is not clear which non-
regular languages precisely permit decidability.

o There are several ways in which one could attempt to generalize Theo-
rem 5.2.1 further. One consequence is that for each language L, for expres-
sions involving L, rational transductions, and Boolean operations, empti-
ness is undecidable. If one could show that this is also the case when us-
ing rational transductions first and then Boolean operations afterwards, a
disjunctive normal form transformation would yield that also the follow-
ing problem is undecidable: Given rational transductions Ty,..., T, and
Uy, ..., U, does the inclusion T{LN---NTRL C UL U--- U UL hold?

Or, even stronger, is the inclusion problem for T(L) undecidable for every
non-regular L? Precisely stated, the inclusion problem for T(L) is the follow-
ing: Given rational transductions T and U, does TL € UL? We suspect
that this is the case. A restriction of this question is whether the inclusion
problem for every class VA(M) is undecidable, unless VA(M) = Reg. In Sec-
tion 11.2 we will discuss a result of Render [123], which states that VA(M)
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always either contains VA(IB) or VA(Z) or it equals VA(G) for some torsion
group G. Since the inclusion problem is undecidable for VA(IB) and VA(Z),
the only remaining case is that of (infinite) torsion groups.

Related work Describing language classes by a set of contained generating lan-
guages and a collection of closure properties is one of the chief ideas of AFL
theory [50]. Jantzen [85], for example, obtained such characterizations of the
Petri net languages. Descriptions of this kind for the recursively enumerable
languages were presented by Haussler and Zeiger [76] and Hartmanis and Hop-
croft [75]. A survey of language classes that are principal trios has been prepared
by Reinhardt [122].

More specifically, there is another such characterization of the arithmetical
hierarchy. Book [14] has shown that it constitutes the smallest Boolean closed full
trio that is closed under an operation he calls "homomorphic replication’. Since
this operation is easily seen to produce non-regular languages, Theorem 5.2.1
subsumes Book’s result.

Acknowledgements I am grateful to Markus Lohrey for discussions on the
main result, which clarified parts of the construction and lead to other results
in [R2, R7].
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Chapter 6

Context-freeness

6.1 Introduction

In this chapter, we study which monoids M cause VA(M) to contain only context-
free languages. In the case of graph monoids, the situation is simple: It is easy
to see that VA(IMT') is included in CF if and only if is contains no edges aside
from loops. Therefore, we consider a much larger class of monoids, namely arbi-
trary graph products. We present a characterization of those graph products (of
monoids) whose corresponding valence automata accept only context-free lan-
guages. Graph products are a generalization of the free and the direct product
in the sense that for each pair of participating factors, it can be specified whether
they should commute in the product.

Valence automata over a group accept only context-free languages if and only
if the group’s word problem (and hence the group itself) can be described by a
context-free grammar. Thus, a characterization of the desired kind had already
been available for groups in a result by Lohrey and Sénizergues [106] (see The-
orem 6.3.2). Therefore, our characterization can be regarded as an extension of
Lohrey and Sénizergues’ to monoids.

The results of this chapter have appeared in [R1].

6.2 Graph products
Let ' = (V,E) be a simple graph and M, a monoid for each v € V such that
My N M, = 0 for u # v. Moreover, let P be the free product of all the M,, for
v € V. By =r, we denote the smallest congruence on M such that

XY AT YX forall x € My, y € M,,, where {u,v} € E.
Then the graph product M(T', (My )y cv) is defined as

IM(F, (MV)VGV) = P/’Ur-

In other words, M, and M,, commute in M(T’, (M, ),¢v) if and only if u and v

are adjacent (unless, of course, M, or M, is trivial). Clearly, if I' is an anti-clique,
M(T, (My)yev) is the free product of the M,. If I is a clique, then the graph
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product is the direct product of the M,,. Moreover, if each M, is either B or Z,
then M(T", (M )yev) is a graph monoid.

For the sake of simplicity, we say that a monoid M is context-free if VA(M)
contains only context-free languages. In order to establish context-freeness of a
graph product, we will express it as a free product with amalgamation and then
apply the fact that the latter product preserves context-freeness (Theorem 2.6.3).
The following lemma explains how to decompose graph products into such free
products with amalgamation.

Let I be a simple graph. If I' has induced subgraphs I, I'1, and S such that
lToNT7 =Sand ' =Ty UTy, we say that I' arises from Iy and 'y by pasting these
graphs together along S [34]. Suppose M = M(T", (M, )yev). In slight abuse of
notation, we then write M[4 for the graph product M(A, (My)ycv(a)), if A is
a subgraph of I'. The following lemma is a slight generalization of an insight of
Green [60], where the decomposition was proved in the case that all factors are
groups, Iy consists of one vertex, and § is its neighborhood.

Lemma 6.2.1. Let ' = (V,E) and M = M(T", (My))yev) be a graph product such that
I"arises by pasting To and T together along S. Then M = M[r, *m s MIT,.

Proof. Suppose that for each v € V, we have a presentation (A,, R, ) for M, such
that A, N A, = () for u # v. Moreover, for a subgraph A of T, let

Ca ={(ab,ba) |a e Ay, be A,,{uvieEA)}

Then M is presented by (A, R), where

A= ] Ay, R=[JRyUCr.
vevV vev

For each a € A, let @ be a new symbol and let X = {x | x € X} for each subset
XCA W=W ---Wn foreachw € A*, w = wy---wpy withwy,...,wyp € A
and T = {(¥,W) | (v,w) € T} for each relation T C A* x A*. Then the monoid
MIr, *mts M T, is presented by (A’,R’), where A’ = AUA and

R'= |J Ru |J RuCulCrhu | {laalacAy)
vEV(Ty) vev(m) VeV (S)

Let : A”* — A* be the morphism with ¢(a) = ¢(a) = afora € A. Itis
readily verified that u =g/ v if and only if @(u) =g @(v): The “only if” is clear
by definition of R and R’. For the “if” direction, note that every edge of I lies in
I or in I'y. Therefore, we can match any rule in Cr by applying a rule in Cr,, or
Cr, and (if necessary) some rules (a,a) with a € A,, v € V(S). Moreover, the
rules in R, can be matched by those in R,, v € V(I), or Ry, v € V(I7), and (if
necessary) some rules (a, @), a € A,, v € V(S). Hence, the monoids presented by
(A,R) and (A’,R’) are isomorphic, which proves M = M|, «mps MIT, . O

6.3 Context-freeness for groups
The class of finitely generated groups for which VA(G) contains only context-free

languages has been subject to intensive study for the following reason. Note that
VA(G) C CF is equivalent to the context-freeness of all identity languages of G
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(Theorem 2.3.3). In the case of a finitely generated group, each identity language
describes the group completely, since two elements g7 and g, of G are equal if
and only if the word representing g1g, ' belongs to the identity language. This
means, if G is a finitely generated group, then VA(G) C CF if and only if there
is a context-free grammar that describes an identity language of G and hence G
itself. Therefore, such groups have been called ‘context-free’ independently of
the study of valence automata and have received considerable attention; see [33]
for a survey. It should be noted that in the case of groups, an identity language
with respect to a generating set is also called word problem.

The structure of context-free groups is very well understood, as demonstrated
by the following result. A finite index subgroup is a subgroup H of a group G such
that the equivalence relation ~ with g ~ g; if and only if gy 951 € H has finitely
many equivalence classes. A group is free (of rank n) if it is isomorphic to a group
Z™). A finitely generated group is said to be virtually free if it has a finite index
subgroup that is free. The following is a very well-known result by Muller and
Schupp [115] and Dunwoody [37].

Theorem 6.3.1 (Muller, Schupp [115], Dunwoody [37]). A finitely generated group
is context-free if and only if it is virtually free.

Therefore, our question of when VA(M) C CF for graph products M extends
the question of when a graph product of groups is virtually free. The latter ques-
tion has been answered completely by Lohrey and Sénizergues [106]. A graph is
called chordal if it does not contain an induced cycle of length > 4.

Theorem 6.3.2 (Lohrey, Sénizergues [106]). Let G, be a finitely generated non-trivial
group foreachv € V. Then M(T', (Gy)yev) is virtually free if and only if

1. foreachv € V, Gy, is virtually free,
2. if Gy and G, are infinite and v # w, then {v,w} ¢ E,
3. if Gy is infinite, Gy, and G, are finite and {v, u},{v,w} € E, then {u,w} € E, and

4. the graph T is chordal.

6.4 Context-freeness for monoids

Our characterization of context-free monoids involves the equivalent conditions
of Theorem 3.1.2. It is therefore convenient to assign these conditions a name.

Definition 6.4.1. An FRI-monoid is a monoid that satisfies the equivalent conditions
of Theorem 3.1.2. In other words, M is an FRI-monoid if and only if Ry (N) is finite for
every finitely generated submonoid N of M.

The first step in our characterization of context-free graph products is a de-
scription of context-free direct products. The following lemma could also be de-
rived from a result of Latteux [99, Proposition IV.4], which states that if Ly, L;
are languages over disjoint alphabets and Ly Lu L7 is context-free, then one of the
languages Lo, L1 is regular.

Lemma 6.4.2. The direct product of monoids M and My is context-free if and only if
for some i € {0, 1}, M, is context-free and My _; is an FRI-monoid.
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Proof. Suppose M; is context-free and My_; is an FRI-monoid. Then each lan-
guage L € VA(M; x M_3) is contained in VA(M; x N) for some finitely gener-
ated submonoid N of M;_;. Since M_; is an FRI-monoid, N has finitely many
right-invertible elements and hence ] (N) is a finite group (Corollary 3.2.3). Since
no element outside of J1(N) can appear in a product yielding the identity, we
may assume that L € VA(M; x J1(N)). This means, however, that L can be ac-
cepted by a valence automaton over M; by keeping the right component of the
storage monoid in the state of the automaton. Hence, L € VA(M,) is context-free.

Suppose VA(Mp x M) C CF. Then certainly VA(M;) C CF for i € {0,1}.
This means we have to show that at least one of the monoids My and M is an
FRI-monoid and thus, toward a contradiction, assume that none of them is.

By Corollary 3.2.3, for each 1i, there is a finitely generated submonoid N; of
M; and infinite sets Sg C Ry (Ng) and S; C L;(Ny) such that the elements of
So have pairwise disjoint sets of right inverses in Ny and the elements of S,
have pairwise disjoint sets of left inverses in N7. Let X; be an alphabet large
enough that we can find a surjective morphism @;: X; — N; for each i € {0, 1}.
Furthermore, let # be a symbol with # ¢ Xo U X;. The language

L ={ro#tri#so#tsy [ ri,s1 € Xi, @i(risi) =1foreachie{0,1}}

is clearly contained in VA(My x Mj). We shall use Ogden’s Lemma (Theo-
rem 2.1.1) to show that L is not context-free. Suppose L is context-free and let
m be the constant provided by Theorem 2.1.1. For each a € R{(Ny), let {p(a)
be the minimal length of a word w € Xj with ago(w) = 1. Furthermore, for
a € L1(Ny), let {1 (a) be the minimal length of a word w € X7 with @q(w)a = 1.
The existence of the sets Sp and S; guarantees that there are ag € Rq(Nyp) and
ay € L1(Ny) such that {y(ap) > mand €1 (ay) > m. Choose g € X3 and s7 € X}
such that @o(ro) = ap and @1(s7) = a;. Furthermore, let 11 € X be a word
of minimal length among those with ¢@1(r7s7) = 1 and let so € X{ be a word
of minimal length among those with @o(rpsg) = 1. These choices guarantee
[r1] > m and [sp| > m. Moreover, the word z = ro#r#so#s; belongs to L.

Let z = uvwxy be the decomposition provided by the Ogden’s Lemma, where
we choose the positions in the subword r1#s( to be marked. In the following, we
call o, 71,580,871 the segments of the word z. Clearly, v and x cannot contain the
symbol #. Therefore, by condition 2, at least one of the words v and x lies in one
of the middle segments. By condition 3, they have to lie in the same segment or
in neighboring segments. Hence, we have two cases:

o If v or x lies in the segment 11, none of them lies in s7. Thus, by pump-
ing with i = 0, we obtain a word r(#ri#si#s; € L with [r{| < |ri] and
@1(r1s1) =1, contradicting the choice of 7.

o If v or x lies in the segment s(, none of them lies in 79. Thus, by pump-
ing with i = 0, we obtain a word ro#r#s(#s] € L with [sj| < [so| and
@1(rosy) = 1, contradicting the choice of so.

This proves that L is not context-free and hence the lemma. O

In order to prove the main result of this chapter, we need a standard combi-
natorial fact about chordal graphs. A proof can be found, for example, in [34].
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Proposition 6.4.3. A simple graph is chordal if and only if it can be constructed re-
cursively by pasting together graphs along complete subgraphs, starting with complete
graphs.

We are now ready to prove our main result on context-freeness. Note that
Theorem 6.4.4 assumes that J;(M,) # {1} for each v € V. Let us explain why
this is not a serious restriction. Since for a graph product M = IM(T, (M, ), ev),
there is a morphism ¢@,: M — M, for each v € V that restricts to the identity
on M,, we have J;(M)N M, = J;(M,): While the inclusion “2” is true for
any submonoid, given b € J;(M)N M, with abc =1, a,c € M, we also have
@v(a)bey(c) = @y(abc) = 1 and hence b € J;1(M,). This means no element
of M, \ J1(M,) can appear in a product yielding the identity. In particular, re-
moving a vertex v with J;(M,) = {1} will not change VA(M). Therefore, the
requirement that J; (M, ) # {1} loses no explanatory power.

Theorem 6.4.4. Let I' = (V,E) and let J1(M,,) # {1} for each v € V. The monoid
M = M(T, (M,)yev) is context-free if and only if

1. foreachv € V, M,, is context-free,
2. if M, and M., are not FRI-monoids and v # w, then {v,w} ¢ E,

3. if M, is not an FRI-monoid, My, and M.,,, are FRI-monoids and {v, u},{v,w} € E,
then {u,w} € E, and

4. the graph T is chordal.

Proof. First, we show that conditions 1-4 are necessary. For 1, this is immedi-
ate and for 2, this is a consequence of Lemma 6.4.2. If 3 is violated, then for
some u,v,w € V, M, x (My * M, ) is a submonoid of M such that M, and M,,,
are FRI-monoids and M, is not. Since M., and M,, contain non-trivial (finite)
subgroups, My, * M., contains an infinite group and is thus not an FRI-monoid,
meaning M,, x (My * M,, ) is not context-free by Lemma 6.4.2.

Suppose 4 is violated for context-free M. By 2 and 3, any induced cycle of
length at least four involves only vertices with FRI-monoids. Each of these, how-
ever, contains a non-trivial finite subgroup. This means M contains an induced
cycle graph product of non-trivial finite groups, which is not virtually free by
Theorem 6.3.2 and hence has a non-context-free identity language.

In order to prove the other direction, we note that VA(M) C CF follows if
VA(M') C CF for every finitely generated submonoid M’ C M. Since every
such submonoid is contained in a graph product N = M(T, (N, ),ev) where
each N, is a finitely generated submonoid of M,, it suffices to show that for
such graph products, we have VA(N) C CF. This means whenever M,, is an
FRI-monoid, Ny has finitely many right-invertible elements. Moreover, since
N, NJ1(N) = J;1(Ny), no element of Ny, \ J1(N,) can appear in a product yield-
ing the identity. Hence, if N, is generated by S C N,, replacing N,, by the sub-
monoid generated by SN Jq(N,) does not change the identity languages of the
graph product. Thus, we assume that each N, is generated by a finite subset of
J1(Ny). Therefore, whenever M,, is an FRI-monoid, N,, is a finite group.

If ' is not connected, then N is the free product of the M(A, (Ny),cv(a)),
where A ranges over the connected components of I'. Since the connected com-
ponents inherit conditions 1-4 and the free product preserves context-freeness
(Theorem 2.6.3) we may assume that I' is connected.

79



Chapter 6. Context-freeness

We observe furthermore that if S is a complete subgraph of I' with |[V(S)| > 2,
then N[ is a finite group: By condition 2 each N,, with v € V(S) has to be a finite
group and N is their direct product.

Since I' is chordal, we can prove context-freeness of VA(N) by induction on the
number of steps it takes to construct I' by pasting together graphs along complete
subgraphs (Proposition 6.4.3). In the induction base, we assume I is a complete
graph. This means either [V| = 1 and N is context-free by condition 1 or [V| > 2
and N is a finite group and, in particular, context-free.

Now suppose that I' is obtained by pasting together Iy and 'y along the com-
plete subgraph S. We can clearly assume Iy # S and I'1 # S, because otherwise,
I" would coincide with Iy or I';. Since N[, and N[, are context-free by induc-
tionand N = NJp, #nps NI, (Lemma 6.2.1), context-freeness of N follows from
Theorem 2.6.3 if we can show that N[ is a finite group.

If [V(S)| > 2, we have observed this above. If [V(S)| = 1, say V(S) = {v},
the vertex v has neighbors vo € V(Ip) and vi € V(I'7), because otherwise, I
would not be connected. By condition 3 and 2, this means N,, = NJg is a finite
group. O

Obstructions to context-freeness What does Theorem 6.4.4 tell us about fea-
tures of storage mechanisms that obstruct context-freeness? As the proof demon-
strates, conditions 2 and 3 forbid direct products of non-FRI-monoids. Further-
more, if conditions 2 and 3 are satisfied, condition 4 serves to rule out an induced
cycle graph product of finite groups.

Direct products of non-FRI-monoids have an obvious interpretation as stor-
age mechanisms: These are two independent non-trivial (in the sense that they
admit non-regular languages) storage mechanisms. However, it appears to be
hard to interpret induced cycle graph products of finite groups as storage mech-
anisms. In fact, it even seems difficult to find a language theoretic proof of non-
context-freeness in this case. The proof given here relies on Lohrey and Sénizer-
gues’s result. They provide two proofs of non-context-freeness, one of them uses
virtual cohomology dimension and one uses Bass-Serre theory. Unfortunately,
none of the two proofs yields an intuition why the resulting languages are not
context-free.

As an example, consider the case that the graph is an induced cycle of length
1 and the factor groups are all isomorphic to Z/2Z and each generated by some
a; fori =1,...,n. Then, the resulting identity language is the set of all words
obtained from ¢ by (i) inserting a;a; at some position and (ii) commuting a; and
ait+1 for 1 <i<n—1orcommuting a; and an.

Reformulation We close this chapter by reformulating Theorem 6.4.4 in terms
of expressive power of the factor monoids. Recall that VA(M) = Reg if and only
if M is an FRI-monoid (Theorem 3.1.2).

Corollary 6.4.5. Let ' = (V, E). Then VA(M(T, (My)vev)) C CF ifand only if
1. foreachv € V, VA(M,)) C CF,
2. if VA(M,) # Reg and VA(M,,,) # Reg and v # w, then {v,w} ¢ E,
3. if VA(M,) # Reg, VA(My) = VA(M,,) = Regand {v,u} € Eand {v,w} € E,

then {u,w} € E, and
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4. the graph T is chordal.

6.5 Conclusion

In this chapter, we have studied which monoids M cause VA(M) to contain only
context-free languages. Specifically, we have characterized those graph products
of monoids that guarantee context-freeness.

The result identifies two obstructions for context-freeness. The first one con-
sists of a direct product of two monoids that can each accept non-regular lan-
guages. In other words, two independently usable infinite storage mechanisms
cause the languages to be non-context-free. The second obstruction is an induced
cycle graph product (of length > 4) of finite groups. In this case, unfortunately,
an intuition for the resulting storage mechanism seems difficult to obtain. In fact,
for proving non-context-freeness, we relied on the result of Lohrey and Sénizer-
gues [106], who provided two proofs that are both group-theoretic.

Open problem We have seen in Lemma 6.4.2 that the context-free languages
can only accommodate two independent storage mechanisms (i.e. include a class
VA(Mg x My)) if one of them is useless with respect to expressiveness (i.e. one of
the monoids My, M1 merely effects regular languages). This raises the question
whether building stacks has this property in general: Is it true that if B + B« M can
accommodate the languages of My x M, then these are already accepted with
M or one of the factors My, M is useless? We conjecture that this is the case.

Conjecture 6.5.1. Let M, My, and My be monoids. Then
VA(My x M) CVA(Bx*Bx*M)

if and only if we have VA(Moy x M) C VA(M) or for some i € {0,1}, we have
VA(M;) C VA(B * B * M) and VA(M;_;) = VA(1).

Note that the “if” direction holds trivially and that Lemma 6.4.2 is precisely
the case M = 1. Observe also that VA(My x M) C VA(B B * M) does not in
general imply VA(M;) C VA(1) for some i € {0,1}, as in the case of M = 1.
For example, if M = Z x Z, then VA(Z x Z) C VA(B =B« M), but VA(Z)
contains non-regular languages. Therefore, we need to permit the case that
VA(Mgo x M7) C VA(M).

Related work As mentioned above, the question of which groups cause va-
lence automata to accept only context-free languages is settled in a well-known
result of Muller and Schupp [115] and Dunwoody [37].

Our characterization of graph products that guarantee context-freeness ex-
tends a result of Lohrey and Sénizergues [106]. In the positive branch, where
context-freeness is shown, we provide an elementary language theoretic proof
(employing Theorem 2.6.3), where Lohrey and Sénizergues rely on classic results
on virtually free groups and thereby indirectly on the theorem of Muller, Schupp,
and Dunwoody. In the negative branch, we use Lemma 6.4.2 in the case of direct
products of non-FRI-monoids and we rely on Lohrey and Sénizergues’s proof in
the case of induced cycle finite groups of length > 4.
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Chapter 6. Context-freeness

The chapter also characterizes direct products that guarantee context-freeness
(Lemma 6.4.2). Here, the non-context-freeness can alternatively be deduced from
aresult of Latteux [99]. The latter states that for languages Lo and L; over disjoint
alphabets, if Lo LuLy is context-free, then at least one of the languages Lo, L1 is
regular.

Acknowledgements I would like to thank Phoebe Buckheister for many dis-
cussions on valence automata.
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Chapter 7

Semilinearity

7.1 Introduction

Parikh’s theorem states that the Parikh image of every context-free language is
effectively semilinear. This result is an extraordinarily useful tool, both for prov-
ing non-expressibility result and in the algorithmic analysis of formal languages.
It has been extended to so many other language classes that the term ‘a Parikh
theorem’ has come to mean a result guaranteeing effective semilinearity. This
type of results has countless applications. Especially in cooperation with Pres-
burger arithmetic, it facilitates a number of decision procedures.

Let us mention just a few examples from different areas. An early instance
is Ibarra’s decision procedure for the emptiness problem of reversal bounded
counter machines [82]. Harju, Ibarra, Karhuméki, and Salomaa [74] have used
semilinearity to decide variants of Post’s Correspondence Problem. A Parikh the-
orem has found application in in group theory, where Lohrey and Steinberg [107]
used it in a decision procedure for the rational subset membership problem (see
also Theorem 4.3.9). Seidl, Schwentick, and Muscholl [128] obtained algorithms
for querying XML trees. Moreover, an application to timed automata has been
proposed by Dang, Ibarra, Bultan, Kemmerer, and Su [28]. Furthermore, Bjork-
lund and Bojariczyk [12] have used a Parikh theorem for deciding a fragment of
first-order logic on words with nested data. For further applications, see [96].

Therefore, understanding what storage mechanisms admit a Parikh theorem
is useful for clarifying expressiveness, but especially in order to analyze autom-
ata. Hence, in this chapter, we study which monoids guarantee semilinearity of
the accepted language class.

Our first result is a characterization of those graphs I' for which VA(IMTI) is
semilinear. Since our characterization addresses all graph monoids, it generalizes
Parikh’s original theorem on context-free languages [118] and the semilinearity
of blind multicounter automata [62, 82]. Here, we present several equivalent
conditions that capture different perspectives.

Our second result is that for each torsion group G, the class VA(G) contains
only semilinear languages. While our first result provides effective semilinear-
ity, the second cannot be effective in general, since there are torsion groups for
which already the word problem is undecidable [4] and therefore, in particular,
emptiness of valence automata. We therefore also present a characterization of
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those torsion groups for which semilinear representations of Parikh images are
computable.

Graph monoids One of the conditions in our desired characterization places
those monoids with semilinearity in an inductively defined class. It is defined
as follows. By SL, we denote the smallest isomorphism-closed class of monoids
such that

1. 1€ SLand B € SL and
2. For each M, N € SL, we also have M * N € SLand M x Z € SL.

Another notion that will appear is that of a transitive forest. We have already
used it in Section 4.3 (Page 57), so that a definition can be found there. Our
characterization for arbitrary graph monoids is the following.

Theorem 7.1.1. For graphs T, the following conditions are equivalent:
1. VA(IMT') is semilinear.
2. VA(B x B) is not included in VA(IMT).

3. (a) T~ contains neither C4 nor P4 as an induced subgraph and

(b) T contains neither «—— nor ®————= as an induced subgraph.

4. (a) T~ is a transitive forest and

(b) the neighborhood of every unlooped vertex in T is a looped cligue.
5. MT € SL.
6. VA(MT) C F.

Note that the condition 3b (and hence 4b) is similar to conditions 2 and 3
in Theorem 6.4.4 and Theorem 6.3.2: Instead of FRI-monoids (finite groups) we
have looped vertices and instead of non-FRI-monoids (infinite groups), we have
unlooped vertices.

A few comments on the equivalent conditions are in order. First, note that
condition 2 describes the languages in VA(B x IB) as obstructions to semilinear-
ity. Hence, this explains precisely what property of the storage mechanism is
responsible for non-semilinearity: its ability to simulate two partially blind counters.
Second, condition 6 describes a common class containing all languages accepted
by storage mechanisms with semilinearity. We will see in Proposition 7.1.2 that
the semilinear storage mechanisms actually exhaust all of F.

Intuition on semilinear cases We also want to provide an automata-theoretic
intuition of those storage mechanisms that guarantee semilinear Parikh images.
As in Section 4.3, we do this by presenting a class of monoids that is equally
expressive as SL. Let SC™ be the smallest isomorphism-closed class of monoids
such that

1. 1€ SC and
2. foreach M € SC—,wealsohave BxM € SC and M x Z € SC.
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Hence, the monoids in SC™ correspond to those storage mechanisms obtained
from the trivial storage (1) by building stacks (M — B « M) and adding blind coun-
ters (M — M x Z). Therefore, valence automata over monoids M € SC™ are
called stacked counter automata. For information on how to model recursive pro-
grams with numeric data types, see Chapter 12. In fact, we will not only show
that stacked counter automata are as expressive as the monoids in SL, but also
that the resulting languages are precisely those in F, yielding an explicit descrip-
tion of these languages:

Proposition 7.1.2. VA(SL) =VA(SC™) =F.

We will prove Theorem 7.1.1 and Proposition 7.1.2 in Section 7.2.

Torsion groups Our second result in this chapter concerns torsion groups. A
group G is said to be a torsion group if for each element g € G, thereisa k € IN\ {0}
with g* = 1. Our result also makes reference to the rational subset membership
problem, which is defined in Section 4.2.

Theorem 7.1.3. Let G be a torsion group. Then every language in VA(G) is semilinear.
Moreover, the Parikh images are computable for valence automata over G if and only if
there is a uniform algorithm for the rational subset membership problem for all groups
GxZ™,neNN.

One might wonder if a finitely generated torsion group is necessarily finite
—which would make Theorem 7.1.3 quite boring. In fact, whether this is true
was a long-standing open question in group theory, known as the Burnside prob-
lem. However, this is not the case: Golod and Shafarevich [57, 58] have shown
that infinite such groups exist. Simple examples have been constructed by Grig-
orchuk [65] and by Gupta and Sidki [70].

Furthermore, there even exist finitely generated torsion groups with an un-
decidable word problem [4] and hence with an undecidable emptiness problem
for valence automata. In particular, Parikh images of languages in VA(G) are
not computable for every infinite torsion group G. Therefore, Theorem 7.1.3 pro-
vides a description—in terms of the rational subset membership problem—for
which torsion groups the semilinearity is effective.

What makes torsion groups interesting to us is a result of Render [123]. It
implies that every language class VA(M) includes VA(IB) or VA(Z), unless it is of
the form VA(G) for a torsion group G. The latter case gives us little information
about the language class. Therefore, Theorem 7.1.3 provides us with a language-
theoretic condition in the otherwise somewhat unclear case of a torsion group.
See Section 11.2 for details on Render’s result.

As another application of Theorem 7.1.3, we show that the semi-Dyck lan-
guage over one pair of parentheses is not accepted by any valence automaton
over G x Z", where G is a torsion group and n € IN. Note that D] ¢ VA(G) can
be shown using a simple pumping argument that fails for the group G x Z™.

Corollary 7.1.4. For torsion groups G and n € IN, we have D] ¢ VA(G x Z™).

Proof. First, observe that VA(B x B) is not contained in VA(G x Z™), since the
former contains a non-semilinear language by Lemma 7.2.3 and the latter is semi-
linear by Theorem 7.1.3 and Proposition 2.5.3.
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If D} were contained in VA(G x Z™), then VA(B) C VA(G x Z™), since D/ is
an identity language of B. This implies

VA(B x B) C VA((G x Z™) x (G x Z™)) = VA(G? x Z*™),
contradicting our observation above, since G2 is a torsion group as well. O

We will establish Theorem 7.1.3 in Section 7.3.
The results of this chapter have appeared in [R1].

7.2 Graph monoids

This section is devoted to the proof of Theorem 7.1.1 and Proposition 7.1.2. We
begin with the latter.

Proof of Proposition 7.1.2. Since SC™ C SL, it suffices to prove the inclusions
VA(SL) C F C VA(SC™). (7.1)

We begin with the left inclusion. We prove by induction with respect to the
definition of SL that for each M € SL, we have VA(M) C F; for some i € IN.
The classes VA(1) and VA(B) are included in CF = Gy C F;. Moreover, if
VA(M),VA(N) C F, then

VA(M xN) C Alg(VA(M) UVA(N)) C Alg(Fi) = Gi € Fiiq

by Theorem 2.6.3 and VA(M x Z) C SLI(VA(M)) C SLI(F;) = F;. This proves the
left inclusion of Eq. (7.1).

We prove the right inclusion of Eq. (7.1) by induction on i € IN: We show that
Fi € VA(SC™) for each i € N. For i =0, we have Fy C VA(1), so suppose i > 1.

Recall that Fi_1 € Gij_7 C F;. We start with the inclusion G;_; C VA(SC™).
For L € Gj_q, there is an F;_j-grammar G with L = L(G). Let Ly,...,Ly be
the right-hand sides in G. By induction, for each right-hand side L;, there is an
M; € SC™ with [ € VA(M;). By induction on the definition of SC™, it is easy
to see that for M, N € SC—, there isa P € SC™ such that VA(M) C VA(P) and
VA(N) C VA(P). Hence, there is a P € SC~ with VA(M;) C VA(P) for each j. Of
course, we can choose P so that P # {1}. Then we have

L e Alg(VA(M7)U---UVA(Mn)) C Alg(VA(P)) C Alg(B P),

in which the last inclusion is due to Theorem 2.6.6. Since B+ P € SC™, this proves
L € VA(SC™).

Now suppose L € F;. Then thereisan L’ € G;_7, L C X*, a homomorphism
h: X* — Y* and a semilinear set S C X® such that L = h(L’NY~1(S)). We
have already established Gi_; € VA(SC™ ), meaning there is an M € SC~ with
L’ € VA(M). The equation L = h(L’ "W~ '(S)) and Proposition 2.5.3 imply

LeSLI(VAM)) = (] VAM x Z™),
nelN
so that for some n € IN, we have L € VA(M x Z™). Since M x Z™ € SC—, this
proves the right inclusion of Eq. (7.1). O
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We continue with the proof of Theorem 7.1.1, specifically with the implication
“1 = 2”. The non-semilinear language we will exhibit can be traced back to
the work of Greibach [62] and Jantzen [85]. It is closely related to Ly;,, which
they used (independently) to show that in partially blind multicounter automata,
silent transitions cannot be removed. Ly, will be used again in Section 8.5 to
show that the same is true of automata with at least two partially blind counters
and a number of blind counters.

Definition 7.2.1. For w € {0, 1}*, let bin(w) denote the number obtained by interpret-
ing w as a base 2 representation:

bin(e) =0, bin(w0) = 2 - bin(w), bin(w1) = 2 -bin(w) + 1.
The language Ly, € {0,1, c}* is defined as
Lpin = {wc™ |w € {0, 1}*, n < bin(w)}.
Greibach [62] and Jantzen [85] have shown the following.

Theorem 7.2.2 (Greibach [62] / Jantzen [85]). Ly, is accepted by an automaton with
two partially blind counters. Hence, Ly, € VA(B x B).

This implies that the language Ly, N{1H0,c}* = {10™"c™ | m < 2™} also
belongs to VA(B x B). The latter is clearly not semilinear. Indeed, if the set
S={(n,m) € N2 | m < 2"} were Presburger definable, then so would be

{maxim e N | (m,n) € S} ne N} ={2" |n € N}
This proves the next lemma.
Lemma 7.2.3. VA(B x B) is not semilinear.

The following lemma establishes the implication “2 = 3”.

Lemma 7.2.4. Suppose

1. T~ contains Cy4 or P4 as an induced subgraph or

2. T contains e——s or ®———= gs an induced subgraph.
Then VA(B x IB) C VA(IMT).

Proof. According to Theorem 4.3.1, if '™ contains C4 or P4 as an induced sub-
graph, then VA(IMT') contains all recursively enumerable languages and in par-
ticular VA(B x B).

If T contains *——= as an induced subgraph, then VA(B x B) C VA(IMT) is
trivial. If I' contains ®———=% as an induced subgraph, then MT contains a copy
of B x (Z « Z) as a submonoid. By Theorem 2.4.1, we have VA(B) C VA(Z x« Z)
and hence Corollary 2.3.7 implies VA(B x B) C VA(B x (Z x Z)). O

If I'™ contains C4 as an induced subgraph, there is another way to see that
VA(B x B) C VA(IMT): Since we have already shown that the presence of ~——
or ——=% as an induced subgraph guarantees VA(B x B) C VA(IMT'), we may
assume that all four participating vertices of I' are looped. Hence, MTI" contains a
copy of (Z *Z) x (Z x Z). By Theorem 2.4.1, we have VA(B) C VA(Z x Z) and
by Corollary 2.3.7, this implies VA(B x B) C VA(IMT).

The next lemma permits almost the same proof as Lemma 4.3.13 and yields the
implication “4 = 5”.
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Lemma 7.2.5. Suppose that

1. T~ is a transitive forest and

2. the neighborhood of every unlooped vertex in T is a looped clique.
Then MT € SL.

Proof. Let I' = (V,E). We proceed by induction on [V|. Observe that by The-
orem 4.3.12, every induced subgraph of a transitive forest is again a transitive
forest. Therefore, every induced proper subgraph A of I satisfies 1 and 2 and
our induction hypothesis implies MA € SL. If T is not connected, then T is the
disjoint union of graphs I', I, for which IMI';, MT; € SL by induction. Hence,
IMT = MTIy « MT, € SL. Therefore, we assume that I' is connected.

Since I'” is a transitive forest, there is a vertex v € V that is adjacent to every
vertex other than itself. We distinguish two cases.

e If v is a looped vertex, then MI' = Z x M(T"\ v), and M(I"\ {v}) € SL by
induction.

e Ifvis an unlooped vertex, then by 2, V'\ {v} induces a looped clique. Thus,
MrP =B x ZVI=1 e sL.

O
We are now ready to prove Theorem 7.1.1.

Proof of Theorem 7.1.1. Observe that condition 3b is equivalent to condition 4b.
Therefore, Theorem 4.3.12 proves “3 = 4” and we have

1=2 by Lemma 7.2.3
=3 by Lemma 7.2.4
=4 by Theorem 4.3.12
=5 by Lemma 7.2.5
=6 by Proposition 7.1.2
=1 by Proposition 2.7.3

7.3 Torsion groups

This section is devoted to the proof of Theorem 7.1.3. The key ingredient is to
show that a certain set of multisets is upward closed with respect to a well-
quasi-ordering. Given multisets o, 3 € X% and k € N, we write o = B if k
divides (x) — B (x) for each x € X. Furthermore, we write o <y B if « < 3 and
o =k B. Clearly, <y is a well-quasi-ordering on X®: Since =y has finite index
in X®, we find in any infinite sequence oy, ¢z, ... € X® an infinite subsequence
«f, b, ... € X¥ of =¢-equivalent multisets. Since < is a well-quasi-ordering,
there are indices i < j with o] < oc]-' and hence «f <y ocj’ .

If S C X® is upward closed with respect to <y, we also say S is k-upward-
closed. The finite basis property of k-upward-closed sets then means that every
k-upward-closed set is semilinear.
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We begin with the proof of Theorem 7.1.3. Let G be a torsion group and K
be accepted by the valence automaton A = (Q, X, G, E, qo,F). We may clearly
assume that F = {f} and qo # f. We regard the finite set E as an alphabet and
define the automaton A = (Q,E,G, ﬁ, qo, F), where

E={(p,(p,w,9,9),949) | (p,wgq)€E.

Let K = L(A). Since K is a homomorphic image of K, it suffices to show semilin-
earity (and computability) of K. Since qo # f, we have ¢ ¢ K.

Foraword w € E*, w = (p1,%1,91,91) - - (Pn, Xn, 9n, n ), we write o(w)
for the set {pi, qi | 1 < i< n}. Anon-empty word w is called a p, q-computation
ifp1 =p, qn = g, and g = pi41 for 1 <i < n. A q, g-computation is also called
a g-loop. Moreover, a g-loop w is called simple if q; # q; for i # j.

For each subset S C Q, let Fs be the set of all qo, f-computations w € E* with
o(w) =Sand w| < |Q]- (2!Q1 4+ 1). Furthermore, let Ls C E* consistof allw € E*
such that w is a simple g-loop for some q € S and o(w) C S. Note that Lg is
finite, which allows us to define the alphabet Ys so as to be in bijection with Lg.
Let ¢: Ys — Lg be this bijection and let ¢: Y§e — E® be the morphism satisfying
?(y) =Y¥Y(o(y)) fory € Ys. For each v € Fg, we define

Uy ={neYd|3wek:ow) =o(v), ¥(w) =¥(©) + (n)}

(note that there is only one S C Q with v € Fg) and claim that

YR = |J U Y0 +aUy). (72)

SCQ veFs
Lemma 7.3.1. Equation (7.2) holds.

Proof. The inclusion “2” holds by definition. For the other direction, we show
by induction on n that for each qg, f-computation w € E*, j[w| = n, there is a
veEFgforS =o(w)andap € YgB with o(w) = o(v) and ¥Y(w) = ¥Y(v) + ¢(u).
If w| < Q|- (2IQ1+ 1), this is satisfied by v = wand p = 0. Therefore, assume
w| > Q|- (Z‘Q‘ + 1) and write w = (p1,%1,91,91) - (Pn,Xn, gn,qn). Since
n=wl>|Q| (2IQ1 4+ 1), there is a q € Q that appears more than 21Q1 1 1 times
in the sequence q7, ..., qn. Hence, we can write

w=wo(p1,x7,97, AW1 -+ (Phs X1, Gms ) Wim

with m > 2/Ql 4 1. Observe that the word wi(pi1,%{11,91,1,9) is a q-loop for

1
eachl <i<m.Sincem—1> Z‘Q‘, there are indices 1 <1 < j < m with

O'(Wi(P{+1/X{+1,9{+1, q)) = o(wj (pj/+]/Xj/+1/ 9j/+1r q)).

Now the word wi(p{, 1,%{ 1,9{,,q) has as a factor a simple p-loop { for some
p € Q. This means the word w’ € E*, which is obtained from w by removing ¢,
satisfies o(w’) = o(w). Moreover, with S = o(w) and @(y) = ¢, y € Ys, we have
Y(w) =¥ (w')+ (y). Finally, since [w’| < [w|, the induction hypothesis yields a
veFsandape Yge with o(w’) = o(v) and ¥(w’) = ¥(v) + @(u). Then we have
o(w) = o(v) and ¥(w) =V¥(v) + (1 +y) and the induction is complete.

In order to prove “C” of (7.2), suppose w € K. Since ¢ ¢ 12, w is a qo, f-
computation and we can find the above v € Fs, S = o(w), and p € Yge with
o(w) = o(v) and ¥(w) =¥ (v) + @(u). This means p € U,, and ¥(w) is contained
in the right-hand side of (7.2). This proves (7.2). O
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By (7.2) and since Fs is finite for each S C Q, for the semilinearity of ‘1’(]2), it
suffices to show that U, is semilinear for eachv € Fsand S C Q. Lety: E* —» G
be the morphism with v((p,x,g,q)) = g for (p,x,g,q) € E. Since G is a torsion
group, the finiteness of Ls permits us to choose a k € IN such that y(¢)* = 1 for
any ¢ € Jgc g Ls. We shall prove that U, is k-upward-closed.

Lemma 7.3.2. For each v € Fg, the set U, is k-upward-closed. In particular, ‘1/(12) is
semilinear.

Proof. 1t suffices to show that for p € U,, we also have u+k-y € U, for
any y € Ys. Hence, let p € U, withw € K such that o(w) = o(v) and
Y(w) =¥YWv)+@(p) and let p’ = p+k-y. Let £ = ¢(y) € Ls be a simple g-
loop. Then q € S and since o(w) = o(v) = S, we can write w = r(q1,%1, 91, q)s,
r,s € E*. The fact that w € K means in particular y(w) = 1. Therefore, the
word w’ =1(q1,%x1,91,9) s isa qo, f-computation and satisfies y(w’) = 1 since
v(0)% = 1. This means w’ € Kand ¥(w’) = ¥(w) + k- ¥Y(€) = ¥(v) + d(n+k-y).
We also have o({) C S and hence o(w’) = o(w) = o(v). Therefore, the multiset
n' = p+k-y belongs to U,,. This proves U, to be k-upward-closed. O

We have thus proved the first statement of the theorem. The second statement
requires two lemmas.

Lemma 7.3.3. If Parikh images are computable for VA(G), then there is a uniform algo-
rithm for the rational subset membership problem for all groups G x Z™, n € N.

Proof. Given a rational subset R € G x Z™ and g € G x Z™, one can con-
struct a valence automaton A over G x Z™ such that L(A) # 0 if and only if
g € R. According to Proposition 2.5.3, this allows us to compute a valence au-
tomaton A’ over G, L(A’) C X*, a semilinear set S C X%, and a morphism h
with L(A) = h(L(A’) N¥Y~1(S)). Since we can compute Y(L(A')), we can decide
whether Y(L(A')) N'S # 0, which is equivalent to L(A) # (. O

Lemma 7.3.4. Given v € E*, one can construct a valence automaton A,, over G x Z™
such that Y(L(Ay)) = U,,.

Proof. Consider the set
W, = ¥(w) —¥Y() [we K, ¥v) <¥w), ow) = o(v)}

and observe that U, = (ff] (W,). Moreover, one can clearly construct a valence
automaton A}, over G with W(L(A])) = W,,.

We now pick a linear order on E, which induces an embedding E® - z"
for n = [E|, by way of which we regard E® as a subset of Z™. The new valence
automaton A, over G x Z™ works as follows. First, it simulates A!,. However,
A, does not read any input during this simulation, but instead adds ¥(z) to the
Z™-component of the storage group, where z is the input read by AJ. After-
wards, A,, nondeterministically reads an input word u € Y§, subtracts @(¥(u))
from the Z™-component, and goes into an accepting state. This means A, ac-
cepts u if and only if for some z € L(A}), we have ¢(¥(u)) = ¥(z). Hence,
Y(L(AV)) = ¢~ (Wa) = U, m

It remains to be shown that W(K) is computable if there is a uniform algorithm
for the rational subset problem for all groups G x Z™, n € IN.
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Lemma 7.3.5. Suppose that there is a uniform algorithm for the rational subset mem-
bership problem for groups G x Z™, n € IN. Then one can compute a semilinear repre-
sentation of‘i’(l/i).

Proof. First, observe that since the rational subset membership problem is decid-
able for G, membership in the identity language is decidable as well. This means
we can compute k. Moreover, by Theorem 4.2.1, given v € E*, we can decide
whether KN {v} = 0 and thus compute Fs for each S. Hence, by (7.2), it suffices
to compute a semilinear representation of U,,.

Let A, be the automaton from Lemma 7.3.4. We will construct an ascend-
ing chain Vo C V7 C ... of k-upward-closed subsets of U,. If U, \V; = 0,
we stop; otherwise, we add new elements to obtain Vi ;. Since <y is a well-
quasi-ordering, there is no infinite strictly ascending chain of k-upward-closed
sets and the algorithm has to terminate. We initialize with V; = . In order
to check whether U, \ V; = (), we can similar to Corollary 2.8.3, construct a
valence automaton A; over G x Z™ with L(A;) = L(A,)NY~! (Yg9 \ Vi) (note
that y—! (Yge \ V;) is effectively regular). Then clearly, L(A;) = 0 if and only if
U, \ V; = 0. Using the algorithm for the rational subset membership problem,
we can decide whether L(A;) = 0 and hence whether U,, C V;.

Should the inclusion V; C U, still turn out to be strict, we enumerate all
pne Y;e \ Vi until we find a p € U,. The latter can again be checked by testing
whether L(A,) "W~ (1) # 0. After finding p, we set Vi1 = (Vi U{u})Ty. O

We have thus completed the proof of Theorem 7.1.3.

7.4 Conclusion

We have studied which storage mechanisms cause the accepted languages to be
semilinear. In the first result, we have characterized those graph monoids that
guarantee semilinearity.

The characterization provides several equivalent conditions from different
perspectives. One condition tells us that the ability to simulate two partially
blind counters is responsible for non-semilinearity; thus, the condition character-
izes semilinearity in terms of the capabilities of the storage mechanism. Another
condition states that a particular set of induced subgraphs may no occur, mean-
ing that these are obstructions to semilinearity as induced subgraphs. Further-
more, we have seen that the languages accepted with storage mechanisms that
guarantee semilinearity are precisely those in the class F. Finally, we have identi-
fied a set of storage mechanisms that is expressively complete for F and therefore
gives us an automata theoretic characterization of the languages in semilinear
classes.

Our second result states that valence automata over torsion groups accept
only semilinear languages. According to a result of Render [123], this implies that
every language class VA(M) contains VA(IB) or VA(Z) or contains only semilinear
languages. Furthermore, we have characterized those torsion groups for which
semilinear representations of Parikh images are effectively computable.

Directions for future research Our first result completely explains semilinear-
ity in the case of graph monoids. It seems prudent to try to understand better
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which groups have this property. It has been used by Lohrey and Steinberg [107]
to solve the rational subset membership problem of graph groups (whenever it
is decidable). In general, whenever we have effective semilinearity of VA(G),
we can decide the rational subset membership problem, making semilinearity
an interesting property of groups. We know so far that effective semilinearity is
preserved by direct products with Z (Propositions 2.5.2 and 2.5.3) and by free
products with amalgamation over a finite identified subgroup (Theorem 2.6.3).
Furthermore, Theorem 7.1.3 tells us that torsion groups always enjoy this prop-
erty and explains to some extent in what cases they do so effectively.

Related work In the case that all vertices of I" are looped, IMT is a graph group.
Since Lohrey and Steinberg [107] characterized those graph groups that guaran-
tee semilinearity, our result generalizes theirs. Our result also generalizes the fact
that pushdowns and blind multicounter storages guarantee semilinearity.

As mentioned in Section 4.4, Madhusudan and Parlato [110] propose a gen-
eral model of automata with auxiliary storage. Here, each storage mechanism is
given by a class of graphs definable in monadic second order logic. They show
that if this class of graphs has bounded tree-width, then the emptiness problem
is decidable for automata with this type of storage mechanism. They also show
that the multisets of vertex labels occurring in runs are semilinear in the case
of bounded tree-width. Of course, the question arises whether Theorem 7.1.1 is
subsumed by Madhusudan and Parlato’s.

Since the storage mechanisms in Section 7.2 almost always involve at least
two counters, their configuration graphs (even when restricted to those from
which a final configuration is reachable) can contain arbitrarily large grids. More-
over, the absence of arbitrarily large grids (as minors) is a characterizing property
of bounded tree-width graph classes [34]. It therefore seems unlikely that Theo-
rem 7.1.1 is a special case of the framework of Madhusudan and Parlato [110].

Acknowledgements I would like to thank Phoebe Buckheister for many dis-
cussions on semilinearity and valence automata.

92



Chapter 8

Silent transitions

8.1 Introduction

In the previous chapters, we measured the expressive power of various storage
mechanisms with respect to what languages can be accepted by them in general
valence automata. In this chapter, we study how this expressive power is affected
by restricting the way in which the automata operate.

Specifically, we ask when silent transitions (which also called e-transitions),
i.e. those that read no input but may operate on the storage, are required to
achieve the full expressive power.

This is an interesting problem for two reasons. First, it has consequences
for the time and space complexity of the membership problem for these autom-
ata. For automata with silent transitions, it is in general not clear whether the
membership problem is decidable. If, however, an automaton has no silent tran-
sitions, we only have to consider paths that are at most as long as the word at
hand. In particular, if we can decide whether a sequence of storage operations
is valid using linear space, we can also solve the membership problem (nonde-
terministically) with a linear space bound. Similarly, if we can decide validity of
such a sequence in polynomial time, we can solve the membership problem in
(nondeterministic) polynomial time. In fact, those storage mechanisms for which
our results permit e-removal always admit a linear space and an NP-algorithm
for the membership problem.

Silent transitions Let A = (Q,X, M, E, qo, F) be a valence automaton over M.
A transition (p,w, m, q) € E is called silent transition or e-transition if w = ¢, i.e.
if it reads no input. The automaton A is said to be e-free if it contains no e-transi-
tions. The class of languages accepted by e-free valence automata is denoted by
VAT (M).

Note that we impose no restriction on the monoid elements that occur in
an ¢-free valence automaton. This means, if valence automata over M realize
a concrete storage mechanism, then ¢-free valence automata correspond to those
where each input-reading transition is entitled to a bounded number of opera-
tions on the storage. This restriction is usually called quasi-realtime [15].

As customary in this work, we want to present a class of monoids among
which we characterize those that permit the removal of silent transitions. Clas-
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@) (b)
Figure 8.1: Examples of pseudo-bipartite graphs.

sical examples of storage mechanisms for which e-transitions can be avoided
are pushdown automata and blind multicounter automata, as shown by Grei-
bach [62, 63]. Our class of monoids that generalizes these two types is the class
of MT where I' is pseudo-bipartite.

Pseudo-bipartite graphs A graph is called pseudo-bipartite if
1. any two looped vertices are adjacent and
2. no two unlooped vertices are adjacent.

The term “pseudo-bipartite’ reflects the fact that in such graphs, the only
choice we can make is which looped vertices are adjacent to which unlooped
ones—the distribution of edges between looped vertices and between unlooped
vertices is completely prescribed. In graph theory, a simple graph is called bipar-
tite if its vertices can be divided into two disjoint sets A and B such that every
edge connects a vertex from A with one in B [34]. Hence, pseudo-bipartite graphs
are obtained by choosing a number of looped vertices, a number of unlooped
vertices, and a bipartite graph between the two sets of vertices.

Observe that looped cliques (which correspond to Z™) as well as graphs
without any edges (which correspond to B(™)) are examples of pseudo-bipartite
graphs. Hence, the class of pseudo-bipartite graphs generalizes pushdown stor-
ages and sets of blind counters. See Fig. 8.1 for further examples of pseudo-
bipartite graphs.

Our first main result is the following. As usual, NP denotes the class of prob-
lems solvable by a nondeterministic algorithm in polynomial time [97].

Theorem 8.1.1. For pseudo-bipartite graphs T, the following conditions are equivalent:
1. VAT (IMT) = VA(MT).
2. Every language in VA(IMT') is context-sensitive.
3. The membership problem of each language in VA(IMT) is in NP.
4. Every language in VA(IMT') is decidable.
5. T does not contain «—%—9—— gs an induced subgraph.

6. MTI" € SC™.
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Since it is easy to see that each M € SC™ can be written as MT for a pseudo-
bipartite I', this implies that VA* (M) = VA(M) for each M € SC~. Note also that
together with Theorems 4.3.1 and 7.1.1, Theorem 8.1.1 implies that semilinearity
of VA(IMT) is also equivalent to the condition of Theorem 8.1.1. Furthermore,
since every language in F is accepted by stacked counter automaton (Proposi-
tion 7.1.2), the following is a consequence of Theorem 8.1.1.

Corollary 8.1.2. Each language in F admits an NP-algorithm as well as a linear space
algorithm for its membership problem.

Theorem 8.1.1 generalizes several known results:

¢ An application of the Greibach normal form [63] for context-free grammars
is that e-transitions can be avoided in pushdown automata.

e Greibach has also shown that e-transitions can be eliminated in blind multi-
counter automata [62]. While Greibach’s construction triples the number
of blind counters, an improved result by Latteux [99, Proposition IL.11] im-
plies that this is not necessary. Put in terms of valence automata, this means
VAT (Z™) = VA(Z™) forn € IN. Since Z™ € SC—, this is subsumed by The-
orem 8.1.1.

e Employing Latteux’s result, Hoogeboom [78] has shown that e-transitions
are avoidable in pushdown automata equipped with a set of blind coun-
ters. In other words, VAT (B(2) x Z") = VA(B(2) x Z™) for n € N. This is
a special case of Theorem 8.1.1 since B(?) x Z™ € SC~. See Section 8.6 for a
more detailed comparison of the proofs of Theorem 8.1.1 and Hoogeboom’s
result.

The author of this work learned of Latteux’s and Hoogeboom's results after pub-
lication of [R5].

Extending the model of Parikh automata by Klaedtke and Ruef3 [94] (see also
Section 9.3.2), Karianto [92] studied Parikh pushdown automata. These are easily
seen to be equivalent to automata with a pushdown and a set of blind counters.
Since Theorem 8.1.1 implies VAT (B(2) x Zz™) = VA(B(2) x Z"), we know in
particular that Parikh pushdown automata also permit the removal of e-transi-
tions.

The simplest example of a storage mechanism in SC™ beyond the mentioned
known examples with available e-elimination is that consisting of one partially
blind counter and a number of blind counters. This corresponds to the mon-
oids B x Z™. (Note, however, that avoidability of e-transitions does not become
a weaker statement for simpler monoids.) Our second main result states that
this the best we can do in mechanisms that combine a number of partially blind
counters and a number of blind counters.

Theorem 8.1.3. We have VAT (B" x Z8) = VA(B" x Z8) if and only if r < 1.

In other words, when one has r partially blind counters and s blind counters,
e-transitions can be eliminated if and only if r < 1. In fact, our proof will im-
ply that the language in VA(B" x Z%) \ VAT (B x Z?®) is not contained in any

IStrictly speaking and as mentioned before, our result only yields a quasi-realtime pushdown
automaton. Syntactically, this is not quite the same as an e-free pushdown automaton, since the
latter can only pop one symbol at a time. However, by enlarging the stack alphabet, one can easily
turn a quasi-realtime pushdown automaton into an an e-free one.
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VAT (BP x Z9) for p,q € N. Therefore, we generalize Greibach’s and Jantzen’s
result that in partially blind multicounter automata, e-transitions are indispens-
able. As mentioned above, since B x Z* € SC~, the positive branch of Theo-
rem 8.1.3 follows from Theorem 8.1.1. In order to prove the negative branch, we
will extend the technique that both Greibach [62] and Jantzen [85] used to show
VAT (B x B) C VA(B x B). See Section 8.5.

Outline of the proofs The rest of this chapter is devoted to the proofs of Theo-
rems 8.1.1 and 8.1.3. Let us give an outline and describe the main ingredients.

o In Section 8.2, we devote ourselves to decidability and complexity of the
membership problem for e-free valence automata. Here, we obtain a lin-
ear time and a (nondeterministic) polynomial time algorithm for the mem-
bership of each languages in VAT (IMT'), which establishes the implications
“1=2" and “1 = 3” of Theorem 8.1.1. The algorithms are simple applica-
tions of convergent reduction systems.

o In Section 8.3, we develop a normal form result for rational subsets of
monoids in SC™. The underlying idea can be traced back to the work of
Benois [9], who developed it to prove various results on rational sets of
free groups.

Such normal form results have been available for monoids described by
monadic rewriting systems (see, for example, [16]) and we applied by Ren-
der and Kambites [124] to monoids representing pushdown storages. Un-
der different terms, this normal form trick has been used by Bouajjani, Es-
parza, and Maler [17] and by Caucal [20] to describe rational sets of push-
down operations.

However, since the monoids in SC™ allow commutation of non-trivial el-
ements, an adaptation of this technique was necessary here. In the case
of monadic rewriting systems, one transforms a finite automaton accord-
ing to rewriting rules by gluing in new edges. Here, we glue in automata
accepting languages that are Parikh equivalent to languages in VA(M) for
M e SC.

It should be mentioned that in [R5] a slight variant of Proposition 8.3.1 was
shown that subsumes the aforementioned normal form for pushdown au-
tomata. The one presented here is somewhat weaker but was used because
it is simpler and makes the proofs more readable.

e We will see that those pseudo-bipartite graphs I' without «—9—¢——
as an induced subgraph define precisely the monoids in SC~. Therefore,
in Section 8.4, we prove e-removal by induction on the construction of
M € SC~. This requires a stronger induction hypothesis: We show that it is
not only possible to remove e-transitions from valence automata, but even
from valence transducers with output in a commutative monoid. Here,
however, the constructed valence transducer is allowed to output a semi-
linear set in each step. Monoids that admit such a transformation will be
called strongly e-independent.

e Section 8.4 proceeds to show strong e-independence of monoids in SC™
using three techniques.
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First, we show that B is strongly e-independent (Section 8.4.1). Here, we
use a construction that allows the postponement of increment operations
and the early execution of decrement operations (Lemma 8.4.5). This is
used to show that one can restrict oneself to computations in which a se-
quence of increments, followed by a sequence of decrements, will in the
end change the counter only by a bounded amount.

Second, we need one technique to show that if M € SC™ is strongly e-
independent, then M x Z is as well (Section 8.4.2). This uses semilinear-
ity of VA(M) and an auxiliary lemma to provide small preimages for mor-
phisms from the multisets to the integers (Lemma 8.4.6).

The third technique is to show that building stacks preserves strong e-
independence, that is, if M € SC™ is strongly e-independent, where M
is non-trivial, then M x B is as well (Section 8.4.3). The construction en-
codes rational sets over M = BB as elements on the stack. We have to use the
semilinearity of VA(M) again in order to be able to compute the set of all
possible outputs when elements from two given rational sets cancel each
other out.

e In Section 8.5, we prove Theorem 8.1.3. As mentioned above, since The-
orem 8.1.1 already allows e-removal for B x Z", it remains to show that
this is not possible for B" x Z* with r > 2. Here, we adapt a technique
by Greibach [62] and Jantzen [85] for showing that e-transitions are indis-
pensable in partially blind multicounter automata. Specifically, we use a
concept from state complexity to reformulate and extend their argument.

The results of this chapter have appeared in [R5].

8.2 The membership problem

In this section, we study decidability and complexity of the membership problem
for valence automata over IMI" without silent transitions. Specifically, we show
that for every I', membership for languages in VA" (IMT) is (uniformly) decidable.
We present two nondeterministic algorithms, one of them uses linear space and
one runs in polynomial time (Proposition 8.2.4).

These results will serve two purposes. First, for those graphs I' for which
there are undecidable languages in VA(IMT) (see Theorem 4.3.1), it follows that
silent transitions are indispensable. Second, if we can show that silent transitions
can be removed from valence automata over IMT, the algorithms also apply to
languages in VA(IMT').

8.2.1 A convergent reduction system

The algorithms in this section rely on the convergence property of certain reduc-
tion systems. For more information on reduction systems, see [16, 81].

A reduction system is a pair (S, —) in which S is a set and — is a binary relation
on S. (S, —) is said to be noetherian if there is no infinite sequence s, s1, ... with
si — sit1 for each i € IN. We write VRN (i>) for the reflexive, transitive, sym-
metric (reflexive, transitive) closure of —. (S, —) has the Church-Rosser property
if for any s,t € S with s +— t, thereisau € S with s > wand t > u. We say
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that (S, —) is confluent, if for any s, t,u € S with s 5 tand s = u, thereisav e S

with t 5 vand u = v. A noetherian and confluent reduction system is called
convergent. Furthermore, (S, —) is called locally confluent, if for any s,t,u € S

with s — tand s — u, thereisav € Switht = vand u = v. Anelement s € S is
irreducible if there isno t € S with s — t. We say t € S is a normal form of s € S if

s - tand t is irreducible. It is well-known that a reduction system is confluent if
and only if it has the Church-Rosser property. Furthermore, a noetherian locally
confluent reduction system is already confluent.

One of the steps in our algorithms will be to check, given a word w € X7,
whether w =r e. Unfortunately, turning the presentation Tr (see Section 2.4)
into a reduction system on words will not yield a convergent reduction system
as the length-preserving rules allow for infinite reduction sequences. Therefore,
we will use reduction systems on traces instead. For more information on traces,
see [32].

Let X be an alphabet. An irreflexive symmetric relation I C X x X is called
an independence relation. To each such relation, the corresponding presentation
Tr = (X,Ry) is given as Ry = {(ab,ba) | (a,b) € I}. If = denotes the congru-
ence generated by Ty, then the monoid T(X,I) = X*/=; is called trace monoid,
its elements traces. The equivalence class of u € X* is denoted as [u]; and since
the words in an equivalence class all have the same length, |[ul| = [u| is well-
defined.

In order to efficiently compute using traces, we represent them using de-
pendence graphs. Let X be an alphabet and I € X x X an independence rela-
tion. To each word w € X* we assign a loop-free directed acyclic vertex-labeled
graph, its dependence graph dep(w). If w = x71---xpn, x4 € X, 1 < 1 < n, then
dep(w) = (V, E, {),inwhichE CV xV, has vertexsetV ={1,...,n}and (i,j) € E
if and only if i < j and (xi,%;) ¢ 1. Furthermore, each vertex i is labeled with
(i) = x; € X. It is well-known that for words u,v € X*, we have u = v if
and only if dep(u) and dep(v) are isomorphic. Thus, we will also write dep(s) for
dep(u) if s = [uly.

Each (undirected, potentially looped) graph I' = (V, E) gives rise to an inde-
pendence relation on Xr, namely

I={(xy)Ixefay,av} y € {aw, an}, x#y, {v,w} € E}. 8.1)

If Tis given by T" in this way, we also write =p for =1 and [u] -y instead of [u];.
In the following, let I be given by I' = (V, E) as in (8.1). We will now define a
reduction relation — on T(Xr, I) such that for u,v € X}

[Wr =DM ifand onlyif [ulpy +— M. (8.2)

For s,t € T(Xr,I), let s — t if there are uj,u; € Xy and v € V such that
s = [ujayayuzlpr and t = [uyuz]ppr. This definition immediately yields (8.2).
Since our algorithms will represent traces as dependence graphs, we have to re-
state this relation in terms of the latter. It is not hard to see that for s, t € T(Xy, 1),
s — t if and only if there are vertices x,y in dep(s), labeled a, and a,, respec-
tively, such that

1. there is no path from y to x and

2. there is no vertex lying on a path from x to y
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Figure 8.2: Possible fragments of the dependence graph of s.

and dep(t) is obtained from dep(s) by deleting x and y. We will refer to conditions
1 and 2 as the subtrace conditions.

Lemma 8.2.1. The reduction system (T(Xr, 1), =) is convergent.

Proof. Since the system is clearly noetherian, it remains to be shown that the re-
duction system (T (Xr, I), —) is locally confluent. Hence, let x,y, x’,y’ be vertices
in dep(s) labeled a,, dy, aw, dw, respectively, satisfying the subtrace conditions
such that dep(t) is obtained by deleting x,y and dep(t’) is obtained by deleting
x',y’. If {x,y} = {x’,y’}, we are done. Furthermore, if {x,y}N{x’,y’} = 0, delet-
ing x,y from dep(t’) (or x’,y’ from dep(t)) yields a u € T(Xr,I) with t — u and
t’ — u. Therefore, we assume x = x’ and y # y’ (the case x # x/,y =y’ can be
done analogously). This means in particular that v = w. Since (d,, av) ¢ I, we
can also assume that there is an edge from y to y’.

If (ay,ay) ¢ I, there are edges (x,y) and (x,y’) in dep(s) and y violates the
second subtrace condition of x,y’ (see Fig. 8.2a). Hence, we have (a, a,) € L
We claim that flipping y and y’ constitutes an automorphism of dep(s), mean-
ing dep(t) and dep(t’) are isomorphic and thus t = t’. The former amounts to
showing that each vertex z in dep(s) has an edge from (to) y iff z has one from
(to)y'.

If there is an edge from y to z, then by the definition of I, we also have an
edge between x and z. Obeying the first subtrace condition, it has to be directed
from x to z: Otherwise, there would be a path from y to x (see Fig. 8.2b). Since
y and y’ share the same label, we also have an edge between y’ and z. If this
were an edge from z to y’, z would lie on a path from x = x" to y’ (see Fig. 8.2¢c),
violating the second subtrace condition. Hence, there is an edge from y’ to z.

If there is an edge from z to y, then by the definition of I, we also have an
edge between x and z. By the second subtrace condition, it has to be directed
from z to x: Otherwise, z would lie on a path from x to y (see Fig. 8.2d). Since y
and y’ share the same label, we also have an edge between y’ and z. If this were
directed from y’ to z, then there would be a path from y’ to x = x’ (see Fig. 8.2¢),
violating the first subtrace condition. Hence, there is an edge from z toy’.

If there is no edge between y and z, there is also no edge between y’ and z,
since y and y’ have the same label. O

By (8.2) and since (T (Xr, I), =) is convergent, we have
wir = [elr if and only if [Wlrg = [elpyr. (8.3)
This equivalence is the basis of our algorithms to check for the former condition.
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8.2.2 Decidability and complexity

The following lemmas provide algorithms for the identity problem of MI", which
asks, given w € X}, whether w =r ¢. One of the algorithms requires polynomial
time and the other one linear space. In fact, there are classes of graphs I' that
admit more efficient algorithms.

e Suppose every vertex in I" is looped. Then IMI belongs to the class of graph
groups, which are linear over R [29, 80] (that is, they embed into some
GL(n,R) with n € IN). Since Lipton and Zalcstein [102] have shown that
the word problem of groups that are linear over a field of characteristic zero
is decidable in deterministic logarithmic space, we know the same for IMT.

Moreover, the word problem for graph groups can be solved in linear time,
which as proved by Wrathall [136].

o If I' contains no edges at all, then MI' = B for n = || and the set of
words w with w =r ¢ is a semi-Dyck language over n pairs of parentheses,
which can be recognized in deterministic logspace as shown by Ritchie and
Springsteel [126].

o If I' contains no loops, but any two distinct vertices are adjacent in I', then
MI' = B™ for n = |I'| and we can decide whether w = ¢ by using n
partially blind counters, which take up only logarithmic space.

Therefore, it seems likely that the following algorithms for the identity problem
can be improved. However, their purpose here is to facilitate a linear space and
an NP algorithm for the membership problem for languages in VA™ (IMT’) (Propo-
sition 8.2.4). Our solution for the latter problem, however, still involves guessing
a run of an automaton, meaning that the algorithms for the membership prob-
lem would not profit from improvements on the identity problem. In fact, the
membership problem is in some cases NP-complete, so that at least the NP upper
bound would certainly not be affected (see Proposition 8.2.4).

Lemma 8.2.2. There is a deterministic polynomial-time algorithm that, given a word
w € X}, determines whether [w)r = [e]r.

Proof. By (8.3), the condition [w]r = [e]r is equivalent to [e]r being the normal
form of (W] . Therefore, our algorithm computes the normal form of [W]pr. It
does so by computing the dependence graph of w and successively deleting pairs
of nodes that satisfy the subtrace conditions. Finding such a pair can be done in
polynomial time and since at most |[w|/2 deletions are possible, the normal form
is computed in polynomial time. In the end, the algorithm checks whether the
calculated dependence graph representing the normal form is empty. O

Lemma 8.2.3. There is a nondeterministic linear-space algorithm that, given a word
w € X%, determines whether [w]r = [e]r.

Proof. LetT" = (V, E). By (8.3), we have W] = [¢]r if and only if w can be reduced
to the empty word by commuting a, and a,, for v, w € E, commuting a, and a,,
for {v} € E and deleting a, d, for v € V. This can be done by a nondeterministic
linear-space algorithm. O
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The following proposition uses the algorithms for the identity problem of MTI"
to devise a procedure for the membership problem of languages in VA (IMT").
The NP-hardness follows easily from a result of Book and Greibach [15, Theo-
rem 4.1] stating that every language accepted by a linear time nondeterministic
Turing machine is a length-preserving homomorphic image of the intersection of
three context-free languages.

Proposition 8.2.4. For each L € VA™ (IMT), the membership problem can be decided by
o a nondeterministic polynomial-time algorithm as well as
o a nondeterministic linear-space algorithm.

In particular, the languages in VAT (IMT) are context-sensitive. Moreover, there is a
graph T and a language L € VAT (IMT') such that membership in L is NP-complete.

Proof. In order to decide the membership problem for a word w for a language
in VAT (IMT'), we can guess a run reading w. Since there are no silent transitions
in the automaton, such a run has length linear in [w|. For this run, we have to
check whether the product of the monoid elements on the edges is the identity
element of MTI". By Lemmas 8.2.2 and 8.2.3, this can be done in polynomial time
or using linear space.

We now construct I'and L € VAT (IMT) such that L has an NP-complete mem-
bership problem. Pick a nondeterministic linear time Turing machine that ac-
cepts an NP-complete language L (the linear time bound can be achieved by a
suitable padding of the input). According to [15, Theorem 4.1], each language
accepted by such a Turing machine can be written as a length-preserving homo-
morphic image of the intersection of three context-free languages. If we choose I
such that MI" = (B % B)3, then VAT (IMT") contains L. O

8.3 Rational sets

In this section and the next, we use some new notation. If A = (Q, M, E, qo, F) is
an automaton over M, then we write

Lp,q(A) :{m eM | (P/” H*A (q/m)}

In other words, Lp q(A) contains those elements of M that labels paths from p
to . In the following proofs, we will construct automata by gluing in some
automaton between two states of another. Let us define this formally. Suppose
that A = (Q, M, E, qo,F) is an automaton over M and B = (Q’, M, E’,q/,{q{})
is an automaton over M with only one final state. Suppose furthermore that
QN Q’ = (. Then the automaton obtained by gluing in B between p,q € Q is
defined as C = (QUQ’,M,E”, qo, F), where

E/ =EUE U{(p,1,95),(q,1,9})).

The following normal form result is in the spirit of a well-known fact about
monadic string rewriting systems [16]. The latter states that for each rational
subset of a monoid described by such a rewriting system, one can construct a
regular language that consists solely of normal forms of elements, but represents
every member of the rational subset.
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Chapter 8. Silent transitions

The construction goes back to an idea of Benois [9] and works by successively
adding edges to obtain more representatives for the rational set. Here, conver-
gence is guaranteed because only edges are added, not new states. Since in our
monoids, non-trivial elements can commute, we are not in the situation of a mo-
nadic rewriting system, meaning that adding edges does not suffice. Therefore,
we glue in automata instead of edges and show that termination is still guaran-
teed because we only have to glue in one automaton between each pair of states.

Recall that a and a denote the positive and the negative generator, respec-
tively, of the bicyclic monoid B (see Section 2.2, Page 14).

Proposition 8.3.1. Let M € SC™ and C be a commutative monoid. Furthermore, let
S C (M B) x C be a rational set. Then there is an alphabet X = {x,X}UY U Z and
a morphism @: X* — (M *B) x C such that ¢(x) = a, (%) = @, @(Y) C M,
©(Z) C C, and reqular languages

Ui € ((YuZ)*'x)", Vi € (YuZz),, Wi C (x(YuZ)")™.

such that

SN(JiMxB) x C) = () ¢(UiViWi) N (J1 (M« B) x C).

=

i=1
Proof. Let S C (M % B) x C be rational. Then there is an alphabet X, a rational
language L C X*, and a morphism ¢: X* — (M xB) x C with @(L) = S. Without
loss of generality, we assume that X = {x,X}UY U Z with ¢(x) = a, ¢(X) = q,
@(Y) €M, ¢(Z) C C, where a and a are the two generators of B. Let A be an
automaton accepting L such that every edge carries exactly one letter.

As a first step, we will construct an automaton A’ that also satisfies the equa-
tion @(L(A’)) = S, but which represents every element of SN (J; (M % B) x C) by
a word in X* \ X*xX*xX*. Let A = (Q, X, E, qo, F). For p, q € Q, the language

Kp,q ={mz(w) [w € Lp q(A), 9(w) €{1} x C}

is clearly contained in VA(M % B) and is therefore semilinear (Theorem 7.1.1
and Proposition 7.1.2). Thus, we can find a finite automaton AJ, ; such that
‘P(L(A{j,q )) = ¥(Kp,q). Since C is commutative and ¢(Z) C C, this also means
@(L(A} 4)) = ©(Kp,q). The automaton A’ is now obtained from A by gluing
Aj, 4 into A between p and q, for each p,q € Q. Since in A’ for each path from
the initial to the final state, we can find another path that encodes the same el-
ement of (M %« B) x C and is present in A, we have ¢(L(A’)) = @(L(A)) = S.
However, the glued in automata allow us to encode elements of the intersection
SN (J1(M*B) x C) by words of a certain form: We claim that

SN (J1(M*B) x C) C @(L(A’)\ X*xX*xX*) C S. (8.4)

The right inclusion is clear because @(L(A’)) = S. For the left inclusion, let
seSN(J1(M*B) x C)andw € L(A’) be chosen such that ¢(w) = s and wlx\ z
is minimal. Toward a contradiction, suppose w € X*xX*%X*. Then w = fxgxh
with f,h € X*, g € (YUZ)*. Since ama ¢ J;(M * B) for any m € M\ {1}, our
assumption s € J1 (M % B) x C implies ¢(g) € {1} x C and thus ¢(xgx) € {1} x C.
By the construction of A’, however, this means that there is a word v € Z* such
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x@—eou

Yoe———o Vv
Figure 8.3: Induced subgraph in the proof of Lemma 8.4.1.

that fvh € L(A’) and @(fvh) = @(w). Since [fvhix\z = Ifhlx\z < Wlx\ z, this
contradicts the choice of w, proving Eq. (8.4).
Since the language K = L(A’) \ X*xX*xX* satisfies

K< ((Yuz)=)"(YuZ)" (x(Yu 2)")%,
we can find regular languages
Ui € ((Yuz)™x)7, Vic(Yuz), Wi € (x(Yuz)")”*
for 1 < i< nwithK=Ji; U;V;W;. Since Eq. (8.4) implies the equality
e(K)N (J1(M+B) x C) =Sn (J1(MxB) x C),

this is the desired decomposition. O

8.4 Stacked blind counters

In this section, we prove the implications “5 = 6” and “6 = 1” of Theorem 8.1.1.
We begin with the former.

Lemma 8.4.1. Let I" be a pseudo-bipartite graph that does not contain e—9—9——s
as an induced subgraph. Then, MI" € SC™.

Proof. We proceed by induction on the number of vertices. Note that induced
subgraphs of T are also pseudo-bipartite and do not contain e—¢—%— .
Therefore, we may assume that M(I"\ x) € SC™ for any vertex x. Let ' = (V, E)
and write V = LU U, where L is the set of looped vertices and U is the set of
unlooped vertices. For every x € L, let o(x) = N(x) N U be the set of unlooped
neighbors of x. We write x < y forx,y € Lif o(x) C o(y). Clearly, < is a reflexive,
transitive order on L.

If there were x,y € L such that o(x) and o(y) are incomparable, there would
be vertices u,v € Uwithu € o(x)\ o(y) and v € o(y) \ o(x). Thus, the vertices
u,x,y,v induce the subgraph «—9—9—- (see Fig. 8.3), contradicting our
premise. Hence, < is a total order and has a greatest element g € L, that is, such
that x < g for each x € L (note that g may not be unique as < is not necessarily
antisymmetric).

o If o(g) = U, then g is adjacent to every vertex in ' and thus we have
MTI"=M(T'\ g) x Z.

e If o(g) € U, then there is an isolated vertex u € U\ o(g). Hence, we have
MTI" = M(T'\ u) *B.

O
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As an example for the previous lemma, consider the graphs I'; and T in
Figs. 8.1a and 8.1b. Then, we have

Ml = (((1xZ)+«B)*B) x Z) x Z,
MTIy, = (((BxZ) xZ)*B) x Z.

The core of Theorem 8.1.1 is the fact that VA (M) = VA(M) for every monoid
M € SC~. We prove this using an induction with respect to the definition of
SC™. In order for this induction to work, we need to strengthen the induction
hypothesis. This stronger hypothesis will state that we can not only eliminate
e-transitions, but we can do this while preserving the output in a commutative
monoid. More precisely, for any M € SC™ and any commutative monoid C, we
can transform a valence transducer over M with output in C into another one
that has no e-transitions but is allowed to output a semilinear set of elements in
each step. Formally, we will show that each M € SC™ is strongly e-independent.

Valence transducers with commutative output In the following, we extend the
definition of valence transducers (Section 3.1) so as to allow outputs in arbitrary
monoids (as opposed to words). It will therefore be useful to make the output
monoid of a transduction T C X* x M explicit by called it an M-transduction.
Let M and N be monoids. A valence transducer over M with output in N is an
automaton over X* x M x N. Instead of (Q,X* x M x N, E, qo, F), we also write
A=(Q,X,M,N,E, qo, F). Such devices perform N-transductions, namely

T(A) ={(w,v) e X* x N [3q € F: (qo,&,1,1) =4 (q,1u,1,v)}.

The class of N-transductions performed by valence transducers over M is de-
noted by VT(M, N). An edge of the form (¢, m,n) withn € N, m € M is called
e-transition and A is e-free if such transitions are absent. By confining ourselves
to e-free transducers, we obtain the class VT (M, N) of N-transductions.

As mentioned above, we want to show that we can remove e-transitions
while preserving the output in a commutative monoid C. Note that we can-
not hope to prove VTH(M,C) = VT(M, C), since valence transducers without
e-transitions and with output in C can only output finitely many elements per
input word. However, we will show that if we grant the e-free transducers the
ability to output a semilinear set in one step, they are expressively complete (with
respect to C-transductions). Let us formalize this property.

Let C be a commutative monoid and T C X* x SL(C) be an SL(C)-transduc-
tion. Then ®(T) C X* x C is defined as

O(T)={w,c) eX*xC|3Iw,S)eT:ceS}

For a class € of SL(C)-transductions, ®(C) is the class of all ®(T) with T € C. A
monoid M is called strongly e-independent if for every commutative monoid C,

we have
VT(M,C) = ¢(VTH(M,SL(C))).

By choosing the trivial monoid for C, we can see that for every strongly -
independent monoid M, we have VAT (M) = VA(M). Indeed, given a valence
automaton A over M, add an output of 1 to each edge and transform the result-
ing valence transducer into an e-free one with output in SL(1). The latter can
then clearly be turned into a valence automaton for the language accepted by A.
Hence, we have the following.
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Lemma 8.4.2. If M is strongly e-independent, then VA™ (M) = VA(M).

Rationally labeled transducers When we eliminate e-transitions, we take the
perspective that a valence transducer with e-transitions performs big steps con-
sisting of one transition with input and a sequence of e-transitions. Then, the set
of all elements added to the storage and the output during such a big step in a
valence transducer over M with output in C is a rational subset of M x C. In
other words, we will consider rationally labeled transducers.

We give a formal definition. A rationally labeled valence transducer over M
with output in C is an automaton over X* x Rat(M x C). For the automaton
A = (Q,X* x Rat(M x C), E, qo, F), we also write A = (Q, X, M, C,E, qo,F). The
transduction performed by A is

T(A) ={(w,c) e X* x C[3q € F: (qo, (¢,{1})) = (q,(W,S)), (1,¢) € S}.

We call A spelling if E C Q x X x Rat(M x C) x Q, that is, if it reads exactly one
letter in each transition.

The definition of T(A) for rationally labeled valence transducers A means
that A behaves as if instead of an edge (p, (w,S),q), S € Rat(M x C), it had an
edge (p,w, m, ¢, q) for each (m,c) € S. Therefore, in slight abuse of terminology,
we will also say that

(x1,m7,c1) (Xn,Mn,Cn)
qo—q1 7 =2 qn1 — 7 (Qn
is a computation in A when there are edges (qi_1, (xi,Si),qi) € E such that
(my,cq) € S; for 1 < i< n. Asimilar custom applies for steps.

The following explains why it suffices to consider rationally labeled valence
transducers.

Lemma 8.4.3. For each valence transducer A over M with output in C, there is a
spelling rationally labeled valence transducer A’ with T(A') = T(A).

Proof. Let A = (Q, X, M, C,E, qo,F). We obtain the e-free rationally labeled va-
lence transducer A’ = (Q,X, M, C,E’, qo, F) as follows. We introduce one edge
(p, (x,S), q) for every triple (p,x, q) € Q x X x Q such that S C M x C is the ra-
tional set of elements spelled by paths in A that start in p, go along a number of
e-edges, then pass through an edge labeled x and then again go along a number
of e-edges and stop in q. Then clearly T(A’) = T(A). O

In Sections 8.4.1 to 8.4.3, we will show that every monoid in SC™ is strongly
e-independent.

8.4.1 One partially blind counter

This section is devoted to the proof of the following lemma.
Lemma 8.4.4. B is strongly e-independent.

In order to prove it, we need an auxiliary lemma.
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Lemma 8.4.5. For each valence transducer over B with output in C, there is an equiv-
alent rationally labeled valence transducer A= (Q,X,M, C,E, qo,F) such that every
edge in A is of the form (p,x,R®(m,c)L®,q) with p,q € Q, R € Rat({a}® x C),
(m,c) € B x C, L € Rat({a}® x C), and such that in every computation

(X]rR%(mer])L?) (Xn/RgE(mn,Cn)L%B)

qo q1 - qn—1 qn,

we have
RiCR;C---CRpyand L1 DL, D--- DLy (8.5)

Proof. Let T € VT(IB, C). We may assume that T = T(A) for a rationally labeled
valence transducer A = (Q, X, B, C, E, q¢, F) over B with output in C. By Propo-
sition 8.3.1, we may also assume that every edge in A has the form (p, x, LR, q),
with L € Rat({a}® x C) and R € Rat({a}?® x C).

We may further assume that edges starting in the initial state q¢ are of the
form (qo, x, R, p) and, analogously, edges ending in a final state q € F are of the
form (p,x,L,q), p € Q, L € Rat({a}¥ x C) and R € Rat({a}¥ x C). Thus, we
can construct an equivalent transducer A’ = (Q’,X,B, C,E’, qo, F’) each edge
of which simulates the R-part of one edge of A and then the L-part of another
edge of A. Hence, in A’, every edge is of the form (p,x,RL, q) with p,q € Q’,
R € Rat({a}® x C),and L € Rat({a}® x C).

Since {a}® x C and {a}® x C are commutative, all such R and L are semilinear
sets and we can even assume that every edge is of the form

(p,x,R®(m,c)L?, q),

in which (m,c) € B x C and where R C {a}® x Cand L C {a}® x C are finite
subsets.

The crucial observation of this lemma is that if we allow the transducer to
apply elements of {a}¥ x C that, in anedge (p, x, R®(m, c)L®, q) traversed earlier,
were contained in R, we do not increase the set of accepted pairs in X* x C. This
is due to the fact that if the counter realized by B does not go below zero in
this new computation, it will certainly not go below zero if we add the value
at hand in an earlier step. Thus, any computation in the new transducer can be
transformed into one in the old transducer. Furthermore, the commutativity of C
guarantees that the output is invariant under this transformation. Analogously,
if we allow the transducer to apply elements from {a}® x C, as long as it ensures
that in some edge (p,x, R¥(m, c)L?, q) traversed later, they are contained in L,
we do not change the accepted set of pairs either.

Therefore, we construct a rationally labeled transducer A from A’. Inits state,
A stores a state of A’ and two sets: a finite set R C {a}® x C and a finite set
L C {a}?® x C. Ralways contains all those elements of {a}¥ x C that have occurred
in sets R so far, and T are elements of {@}® x C that still have to be encountered
in sets L in the future. Then for every edge (p,x, R®(m,c)L?, q) in A/, we have
an edge labeled (x, (RUR)®(m,c)(LUT)®). A will then add the elements of R to
its set R and nondeterministically remove some elements of L from L (they can
only be removed if this is their last occurrence; otherwise, we might need them
in [ later). The final state will then make sure that L is empty and A has thus
only applied elements early that would later appear. In the initial state, both sets
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R and T are empty and then T is filled nondeterministically. By construction, A
satisfies Eq. {8.5). O

We are now ready to show that B is strongly e-independent.

Proof of Lemmun 8.4.4. Let T € VT(BB,C). By Lemma 8.45, we have T = T(A)
for some rationally labeled valence transducer over M with output in C with
the property stated there. The essential idea of the proof is to simulate a certain
fragment of all computations of A, namely those where in every edge the element
in the R®-part and the element in the L®-part differ in size (as measured by the
number of a and @) only by a bounded amount. We will see that every pair in
X* x C can be produced through such a computation by showing that if in some
edge the R®-part and the L®-part differ by more than the bound, either some
part of the R¥-part can be postponed or some part of the L?-part can be applied
earlier. Note that the property of Lemma 8.4.5 allows us to postpone elements of
R®-parts and apply elements of L? earlier.

Simulating the computations in this fragment is then simple: Since for each
occurring difference (between the sizes), the set of possible outputs is semilinear,
we only have to output the semilinear set and add the difference.

Let us define the new transducer A that will simulate the fragment. It is
obtained from A as follows. Let e = (p,x,R®(aka™,c)L?, q) be an edge in
A. Let Y and Z be alphabets in bijection with R and L, respectively, and de-
fine ¢: (YU Z)® — B x C to be the morphism extending these bijections. In
the following, we write 7t and 7, for the projection on the left and right com-
ponent, respectively. Then, if k: B — Z is the morphism with k(a) = 1 and
k(@) = —1, let Y: (YU Z)® — Z be defined by P(n) = «k(m1(@(w))). The
set C; = m(e(p~'(1))) € C now contains all outputs cjc; € C such that
there are (at,c;) € R® and (a%,c;) € L® with t —u = i. Moreover, since
P TA) C(YuzZ)®is clearly Presburger definable, the set C; is semilinear. Let

b=min{—1,¥(z)+n—k|z € Z},
B =max{1,P(y)+n—klyeY}L

A has the same set of states as A. To simulate the edge e, we introduce for each
i e N withb <1< B the edge

(p,x, a¥*ta™, cCy, q) ifi>o0, (8.6)
(p,x,a®a™ %, cCy, q) if i < 0. (8.7)
Initial state and final states remain unaltered. We claim that @(T(ﬁ)) =T(A).

The transducer A is constructed so as to simulate all computations in A where
the difference between the element in the R®-part and the element in the L®-part
is between b and B. Therefore, we have (I)(T(//Z\\)) CT(A).

It remains to be shown that every computation in A has an equivalent com-
putation in our fragment and hence in A. Here, the idea is that if we transform
a computation in A by postponing elements of R®-parts and applying elements
of L®-parts early as much as possible, we end up with a computation in our
fragment. Consider a computation in A containing a step

kgn
PMq foranedge (p,x,R¥(a*a™,¢)L?,q).
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Define Y, Z, ¢, k, \, b, B as above. Then there are p € Y® and v € Z® with
o(p) =rand @(v) =L

Let us identify the situations in which we can postpone elements in p or apply
elements of v earlier. Suppose there is a y in p such that

Yp—y)+k—m+YP(v) 20, (8.8)

that is, the counter stays above zero until the end of the step, even if we do not
add y. Then the counter will also stay above zero if we postpone the application
of @(y) until the beginning of the next step. By construction, A allows us to do
so. Note that we cannot be in the last step of the computation, since this would
leave a positive value on the counter. Analogously, suppose there is a z in v such
that

—b(v—z)+n—k—b(u) >0, (8.9)

that is, when starting from the right (and interpreting a as increment and a as
decrement), the counter does not drop below zero until the beginning of the step,
even if we donot apply ¢(z). Then we can apply ¢(z) earlier in the computation.
Again, note that this cannot happen in the first step, since this would mean the
computation starts by subtracting from the counter.

We transform the computation in the following way. Whenever in some step,
Eq. (8.8) is satisfied, we move ¢(y) to the right (i.e., we postpone the application
of ¢(y)). Symmetrically, whenever in some step, Eq. (8.9) is fulfilled, we move
@(z) to the left (i.e., we apply ¢(z) earlier). We repeat this and since the compu-
tation is finite, this process will terminate and we are left with a valid equivalent
computation in which Eqgs. (8.8) and (8.9) do not occur. We will show that this
means we arrived at a computation in our fragment. Note that we are in the
fragment if in each step, we have b < P (p) +P(v) < B.

Equations (8.8) and (8.9) are equivalent to

P(z) +n—k.

V() +(v)

2
V() +(v) <

Since these are not satisfied forany y € Y and z € Z, we have

Yw) +b(v) <by)+n—k for each y in y, (8.10)
V(w) +P(v) >Ppz)+n—k foreachzinv (8.11)

and thus
b < () +¥(v) <B.

Indeed, the left inequality follows from Eq. (8.11) if v # 0. If v = 0, then we
have b < 0 < YP(p) +P(v). Symmetrically, the right inequality follows from
Eq. (8.10) if pu # 0. If u = 0, then Y (n) +(v) < 0 < B. This means, the resulting
computation is in our fragment and each step has a counterpart in the edges (8.6)
and (8.7). Therefore, ®(T(A)) = T(A). O

8.4.2 Blind counters

Our next step is to show that adding a blind counter preserves the property of
strong e-independence. Let us sketch the idea for showing VAT (Z) = VA(Z).
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This boils down to simulating the addition of a semilinear subset of Z by adding
single elements of Z. Here, our strategy is to add the constant element of a linear
set and then a bounded number of period elements. This means we have to show
that if the sum of period elements (added throughout the whole computation)
allows to arrive at 0, then a bounded number in each step already suffices. The
following lemma provides such a bound.

Lemma 8.4.6. Let @: X® — Z be a morphism. Then for any n € Z, the set @' (n)
is semilinear. In particular, ker ¢ is finitely generated. Furthermore, there is a con-
stant k € IN such that for any w € X9, thereisa v < pwith u € v +ker ¢ and
VI < k- fo(u)l

Proof. Since e 'T(n) C X% is clearly Presburger definable, it is semilinear. This
implies that ker ¢ is finitely generated: If ker @ = |JI'_; ui + F{, then for each
u € Fi, we have ¢(pni) = 0 and @(pi + 1) = 0 and hence ¢(u) = 0. This means
Fi C ker ¢ and thus ker ¢ = ({p1,..., un}UULL, Fi)@.

In order to prove the second claim, we present an algorithm to obtain v from
u, from which it will be clear that the size of v is linear in the absolute value of
@(p). Without loss of generality, let (i) > 0. The algorithm operates in two
phases.

In the first phase, we construct a v < p with @(v) > @(u) — m such that |v|
is linear in |@(n)|, where m = max{|¢(x)| | x € X}. In this phase, we start with
v = 0 and successively add elements from p to v until ¢(v) > ¢@(p) —m. As
long as we still have @(v) < @(u) —m, it is guaranteed that we find an x € X
such that v+x < pand @(x) > 0. Thus, after at most @(p) — m steps, we
have ¢(v) > @(n) —mand |v| < @(u1) — m. Since we stopped after we first had
@(v) = @o(n) —m, we also have ¢(p) —m < @(v) < @(p) +m.

In the second phase, we successively extend v such that ¢(v) always stays
within the interval [@(pn) — m, (1) + m]: If @(v) < @(n), we can find an x € X
with v+x < pand ¢(x) > 0 and if @(v) > @(u), we can find an x € X with
v+x < pand @(x) < 0. At some point, we have to arrive at ¢(v) = @(p). Our
procedure is nondeterministic and we consider a computation with a minimal
number of additions to v. Then, no value ¢(v) occurs more than once: Other-
wise, we could have left out the summands between the two occurrences.

Hence, the values ¢(v) obtained in the course of the second phase are pair-
wise distinct numbers in [@ () —m, @(p) + ml. Therefore, the second phase adds
at most 2m + 1 elements to v. This means |v| < @(pn) —m+2m+ 1. O

Lemma 8.4.7. Suppose M € SC™ is strongly e-independent. Then M x Z is strongly
e-independent as well.

Proof. We denote the operation of C by +. Let T € VT(M x Z, C) and suppose
A=(Q,X,MxZ,C,E, qo,F) is a transducer for T. By letting

E'={(p,x,m, (z,¢),9) | (p,x (m,z),¢cq) € E},

we get a valence transducer A’ = (Q,X, M, Z x C,E/, qo, F) over M with output
in Z x C. Then we have (w, ¢) € T if and only if the pair (w, (0, ¢)) is contained in
T(A'). Since M is strongly e-independent, there is an e-free valence transducer
A" over M with output in SL(Z x C) such that ®(T(A")) = T(A’).

In A", every edge is of the form (p,x,m,S, q), where S C Z x C is semilin-
ear. Thus, we may assume that every edge is of the form (p,x,m, ({,c) +S%, q),
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where S C Z x C is finite. Since Z x C is commutative, we do not change the
transduction if we output elements s € Z x C that occur in some S in a step any-
where else in the computation. Therefore, we can transform A"’ so as to make it
guess the set S of all s € Z x C that will occur in an S somewhere in the computa-
tion. It uses its finite control to guarantee that the computation is only accepting
if all elements of S actually occur. In every step, it allows the application of every
element of S®. Thus, in the resulting transducer A’”, we have that in any com-

. . m,(£,c)+S®
putation, the set S in steps p M

computation.

q does not change throughout the

The construction of the new e-free valence transducer A over M x Z relies
on the following idea. In order to simulate an edge (p,x,m, ({,c) + S, q), we
add (¢ to the storage, output ¢, and output a bounded number of elements of
S. In addition, each step outputs the semilinear set of all those elements of S
that leave the Z-component unchanged (whose output hence complies with the
behavior of A’").

The transducer A has the same set of states as A’ and the edges are defined
as follows. For the edge e = (p,x,m, ({,c) + S¥, q) in A””, let Y be an alphabet in
bijection with S and let ¢ : Y® — Z x C be the morphism extending this bijection.
Moreover, define the maps

wY® 7, B:Y® —C,
w—s 71 (@(p), w— 1o (@(u),

where m1: Z x C — Z and mp: Z x C — C are the projection onto the left
and right component, respectively. Hence, for p € Y®, «(u) is p's Z-effect
and 3(p) is the output created by p. Let k € IN be the constant provided by
Lemma 8.4.6 for the map « and let B be the maximum over all values [¢'| for

edges (p/,x’,m’, (t/,¢') +S%,q")in A" Inlieuofe,wegiveﬁanedge
(p, x, (M, L+a(v)), c+B(v+kera)), q)

for each v € Y® with |v| < k- B. Initial and final states remain unaltered. Note
that by Lemma 8.4.6, the set ¢ + (v + kery) C C is semilinear. Coming back
to our description above, this edge adds ¢ to the storage, outputs c, applies
the (bounded number of) elements in @(v) € Z x C, and outputs the semilin-
ear set B(ker ). Observe that each of these edges simulates an step in A": It
chooses an element of S¥, namely @(un) for some p € v+kera C Y®, adds
€+ «(v) = £+ a(n) to the Z-component of the storage and outputs c + 3(p)).
Therefore, if (w,c) € ®(T(A)), then (w, (0,¢)) € O(T(A”")) and thus (w,c) € T.

It remains to be shown that (w, (0,¢)) € ®(T(A"”)) implies (w,c) € O(T(A)).
Therefore, Let

qo (x1,mq,(&y,c1)+s7) Q1 Gno (xn,Mn,(€n,cn)+sn) dn (8.12)

be a computation in A’ that witnesses (w, (0,¢)) € ®(T(A"”)). By construction
of A’ there is a finite set S such that s; € S® for 1 <i < n. Define Y, ¢, «, 3, %, B
as above. We claim that we can choose vi € Y&, |vi| < kB, and &; € ker a such
that the computation with

i i & i)), ci it&q
Gia (xi, (Mmy, Gi+o(vi)), ci+B(vi+&i)) % (8.13)

110



8.4. Stacked blind counters

has the same output as (8.12) (of course, it reads the same input w = x7 - - - xp).
Intuitively, this means we have to decompose the effect s7 + - - - + s, € S¥ inton
multisets v1,...,vn € Y® of bounded size and n multisets &1, ..., & € YO that
reside in ker o, i.e. act neutrally on the counter.

By definition of Y, is a p; € Y® with ¢(ni) = s;. Since the computation
(8.12) accepts (w, (0,c)), we have a(py + -+ pn) + € +---+ €y = 0 and for
p=u +---+ pun we have thus

lo(p)] = le(pg +- -+ pupn)l =1 +- -+ Llu| <1 - B.

Lemma 8.4.6 now yields a v < p with u € v+ker o and |v| < knB. This means
that we can decompose v = vy + - - - + vy, such that |vi| < kB for 1 < 1 < n. Since
i € v+ ker o, we have

G+oavi)+- -+l +alvn) =0+ -+l +a(pn) =0.

This means the computation {(8.13) leaves the counter at zero in the end. The
relation © € v + ker « also means that u — v € kerx. We can therefore sim-
ply choose &7 = pn—vand & = 0 fori > 1. With these settings, we have
Y B(vi+ &) = B(p) = X i B(wi), so that the computation (8.13) has out-
put

ZC1+5(V1+51) = ZCH-B(LH) =c.
iz1

i=1

Hence, we have (w, ¢) € CD(T(//K)). O

8.4.3 Stacks

The following is the last step in proving Theorem 8.1.1.

Lemma 8.4.8. Suppose M € SC™ is strongly e-independent. Then, M x B is strongly
e-independent as well.

Proof. If M = 1, then M + B = BB and this case has been treated in Lemma 8.4.4.
Hence, we have M # {1}.

By Lemma 8.4.3, in order to show T € ®(VT (M x B,SL(C))) for any given
T e VT(M B, C), we may assume that T = T(A) for a rationally labeled valence
transducer A over M x B with output in C. Without loss of generality, the set of
edges E in A satisfy E C Q x X x Rat((M *B) x C) x Q.

Since M € SC~ and M # {1}, we have R{(M) # {1}. Hence, we have
M« B(™) <5 M « B (Lemma 2.6.5), which means an ¢-free valence transducer
over M+ B(™ can easily be transformed into one over M x IB. Hence, it suffices
to show

T(A) € ®(VT(M «BM)SL(C))

for some n € IN. Intuitively, this means we construct a valence transducer that
has access to a stack of elements of M that are separated by symbols from an
arbitrarily large stack alphabet.

By Proposition 8.3.1, we may assume that for every edge (p, (x,S),q) € E,
there is an alphabet X’ = {x, %} UY U Z, a morphism ¢: X"* — (M *B) x C with
e(x)=a,@(X) =a e(Y) CM, ¢(Z) C C, and rational languages

LC((YUZ)*R)*, VC(YUZ)*, RC (x(YUZ)*)* (8.14)
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such that S = @(LVR). Indeed, replacing a rational set S by another one S’ with
SN(JiiMxB) x C) = S'N(J1(M *B) x C) does not affect the transduction,
since elements outside of J; (M x B) cannot occur in a product that results in 1.
Hence, for each of the sets in the union provided by Proposition 8.3.1, we can
introduce an edge (p, (x, 9(LVR)), q) that satisfies Eq. (8.14). Moreover, it means
no loss of generality to assume that the alphabets X', Y, Z are the same for all
edges (p, (x,S), q).

Denotation of rational sets In order to be able to denote several appearing
rational sets using a pair of states, we construct finite automata

= (Q X/ E .90/ @),
BO - (QO/YU Z F—O/ qo0, @)/
B+ - (Q+rX E+r qo, @)
such that for each edge (p, (x, 9(LVR)),q) € E, we find the sets L, V, and R as
L =Lrs(B-)and V = Ly,(Bp) and R = L, 1, (B4 ) for some states r,s € Q_,
t,u € Qp,v,w € Q4. Because of (8.14), we may assume that the edges in B_, By,

and B, have labels in X U{e} and there are subsets Q_ € Q_, Q, C Q. such
that

1. in B_, an edge is labeled x if and only if it enters a state in Q_,
2. an edge in B is labeled x if and only if it leaves a state in Q+, and
3. there are no loops on states in Q_, Q.
Foreachr,s € Q_,t,uec Qo,v,we Q, let
Lrs = @(Lrs(B-)), Viu=e(LeulBo)), Ruw =@(Lyw(By)). (8.15)
The conditions on Q_, Q. guarantee that
Lys C (Ma)* x C, Vi € Rat(M x C), Ryw C (aM)* x C

forany r,s € Q_,t,ue Qo and v,w € Q. Moreover, every edge in A is of the
form (p, (x, Ly s Vi,uRv,w), q).

Note that although L, s and R, ,, are rational subsets of (M x B) x C and
are included in (Ma)* x C and (aM)* x C, they may not be rational subsets of
(Ma)* x C and (aM)* x C. For example, observe that (Ma)* is a rational subset
of M x B, but it is not finitely generated and can thus not be a rational subset of
itself. We will therefore speak of rational sets in (Ma)* x C and (aM)* x C.

Outputs of cancelations The essential idea of the construction is to maintain on
the stack a representation of a set of possibly reached configurations. Roughly
speaking, we represent a sequence of rational sets in (aM)* x C by elements of
M * B(™), In order to simulate the multiplication of a set L, s C (Ma)* x C, we
have to output a set of elements of C that appear as output while canceling out
elements on the stack with those in L, s. Therefore, we will output sets of the
form
Cowrs = {ceCl(l,c)e Rv,er,s}-

Each of these sets is a homomorphic image of a language in VA(M * B) and
since M x B € SC, these languages are semilinear (Theorem 7.1.1 and Propo-
sition 7.1.2). Hence, each Cy w1 s is semilinear.
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Construction of D In the course of a computation, we will have to simulate the
multiplication of rational subsets of M x C. Their denotation follows the same
principal as L; s, Vi, and Ry 4. Let

]:r,s ={pw) [we (YUZ)*, wk e Ly,s(B-)},
Ruw ={@W) [we (YUZ)*, xw € Ly (B )}

forr,s € Q_ and v,w € Q+. To simulate their multiplication, we use the hy-
pothesis of M being strongly e-independent in the following way. We consider

W =Q-xQ- U QxQo U Qs xQy

as an alphabet. Let D = ({q}, W, M, C, E’, q,{q}) be the rationally labeled valence
transducer over M with output in C with the following edges:

e foreachr,s € Q_, one loop on q with input (1, s) € W and label I:T,s,
e foreach t,u € Qop, one loop on q with input (t,u) € W and label V{ ,,, and
e foreachv,w ¢ Q+, one loop on q with input (v, w) € W and label ﬁv,w.

Since M is strongly e-independent, we can transform D into an e-free valence
transducer D = (Q, X, M,SL(C), ﬁ, qo,/F\) over M with output in SL(C) such that
©(T(D)) =T(D).

Encoding of rational sets on the stack As mentioned above, we will encode
rational sets in (aM)* x C by elements of M x B(™). The monoid structure of
M« B(™) allows us to use the positive generators of the n instances of B as stack
symbols. In the simplest case, we represent the set Ry, by a symbol?> OV,
which is available for eachv,w € Q..

Split By construction, composing an element of R, ,, with one of L, s always
yields one that, in the M * B-component, agrees with an element of R, .
for some z € Q, or resides outside of J1(M % B) x C. Therefore, in order
to simulate a computation where an element of L, s cancels out part of an
element of R, ,,, we have a split operation, which removes a symbol OV*
from the top and puts OY*(O*" in its place, so that we can later simulate
canceling an element of R;,, by an element of L, ;.

Merge and cancel In order to simulate an element of L, s that cancels out an el-
ement in the composition of more than one rational set, we need a way to
merge two representations of rational sets. However, if we would merge
two representations of rational sets in (aM)* x C into one, the resulting
representation would not be of the form O)Y"": The elements in R, ;R
are only those in Ry, ,», where the state z was visited on the way. Hence, such
a representation would need to keep track of such intermediate states. Fur-
thermore, the more representations we would merge, the more information
we would have to maintain.

%In this encoding, we deviate from our custom to put state pairs in the subscript (as in Ly s (-)),
because these new symbols are often followed by commas, which would put the latter at risk of being
confused with primes.
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Therefore, we will not merge representations of the form (OV*. Instead,
we have another kind of symbols: The symbol (J"* stands for an element
of (aM)* x C that can be canceled out by one of L, . Furthermore, the
occurrence of such a symbol also implies that the corresponding output of
the canceling process has already been performed. This means, the symbol
("% is produced by an operation cancel that removes OV, places (J"*
on top and outputs Cy . Since C is commutative, this early output
does not change the result. The merge operation then consists of removing
"t 5tS and putting (J™° on top. Since we will make sure that we can
always assume that a symbol (O¥"" has already been turned into a ("%,
the simulation of L, s amounts to a mere deletion of (j"*.

Note that this way, keeping track of intermediate states is not necessary:
Since we already performed the necessary output, the only information we
need is that (/J""* represents an element that can be canceled out by one in
L.

Convert-to and convert-from Finally, we have to simulate the application of sets
Vi, To this end, we hand over control to the transducer D. This, in turn, is
done by storing the state information of Din symbols [IP on the stack. Ap-
plying Vi . then means simulating D as it uses an edge (p, (t,u),m,S,q).
Thus, we apply V., by removing [IP from the stack, using S as output, and
adding mO9 on the stack.

In order to let elements of M that are factors of elements in R 1, i.e., el-
ements of R\,,W , interact with sets Vs, we have two further operations:
convert-to and convert-from. Convert-to-M removes an element OV* from
the stack and instead adds COm9 on the stack and outputs S, provided
that (qo, (v,w), m, S, q) is an edge in D. That is, the element represented by
OV™ can be thought of as being handed over to D. Here, [ represents the
a that was part of R, ,, , but not of Ry w. Thus, convert-from-M initiates a
subsequence of stack elements that simulate a computation of D. On the
other hand, convert-from-M will terminate such a subsequence by simu-
lating the multiplication of a set of the form L, s. It removes (09, adds m,
removes [J, adds (J™°, and outputs S, where (q, (,s), m, S, f) is an edge in
D and f is a final state of D. We leave (™ on the stack to signify that the
simulation of [, s has been carried out (before A warranted it), including
the corresponding output.

Operations formally Let O be the alphabet

©={O"",@",090/vweQy, 1,s€Q_, qe Q)

and let n = |0|. We let each of the symbols x € O, together with its counterpart
%, be the generators of one of the instances of B in M x B(M™). Sometimes, it is
necessary to apply one of the aforementioned operations not on top of the stack,
but one symbol below the top. Therefore, for the operations split, merge, and
cancel, we have a deep variant, which nondeterministically removes some x € ©,
then performs the original operation and then puts x back on top. In some cases,
the deep variant itself has a deep version, which goes down one level further.
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Formally, an operation is a (finite) set of elements of (M x B(M™)) x SL(C). In
accordance with the explanation above, we have the following operations:

(i) split = {(OV O O™, {1 [ v,v/,w € Q4
(ii) deep-split ={(xsx,S) |x € ©, (s,S) € split}
(iii) cancel = {(OV¥ ™, Cyprs) |v,w € Qi 1,5 € Q)
(iv) deep-cancel ={(xsx,S)|x €O, (s,S) € cancel}
(v) deep-deep-cancel ={(xsx,S) |x € O, (s,S) € deep-cancel}
(vi) merge = ("', (1)) v, 1,5 € Q)
(vii) deep-merge ={(%Xsx,S)|x € O, (s,S) € merge}
(viii) deep-deep-merge = {(xsx,S)|x € O, (s,S) € deep-merge}
(ix) convert-to = {(OV»OmO49,S) [v,w € Q, (qo, (v,w),m,S,q) € ﬁ}
(x) convert-from = {(O9mO"™*,S) |r,s € Q_, (q,(r,s),m,S,f) € £ feh
(xi) deep-convert-from ={(xsx,S)|x € ©, (s,S) € convert-from}

Let us describe the transducer A in detail. Although A has ¢-transitions, we
will argue later that every element of T(A) is accepted by A by a computation
with only a bounded number of e-transitions before and after every non-e-tran-
sition. This clearly permits the removal of e-transitions from A

A is obtained from A by first removing all edges and then for each edge
(P, %, LrsViuRyw,q) in A and each edge (y, (t,u),m,S,z) in 15, gluing in the
automaton

el(@™s, (1)) /\XK@mDZ,S) ™ el(OYV™,{1})
—(1) \2) 3 (4)— (8.16)

between p and q. Of course, the three edges from 1 to 4 simulate L, s, Vi,.,, and
Ry, respectively. Furthermore, on every state of A (including those in the glued
in automata), we add loops labeled with the operations (i) to {xi) and reading «.
Finally, we add a loop labeled (¢, (J™",{1}) for each r € Q_ on the initial state
and a loop labeled (¢, OV+V,{1}) for each v € Q. on all final states.

It is clear that @(T(A)) C T(A). It remains to be shown that A can accept
every pair (w,c) € T(A) with an unbounded number of steps before and after
each non-¢-transition. Let us begin by describing how (w, ¢) can be accepted at
all. First we bring a symbol (J"'" on the stack to represent an empty storage. The
first simulated edge (p,x, L s Vi uRvw, q), which has s = r, will thus be able to
take the edge from state 1 to 2 in (8.16). We assume that on the stack, there are no
symbols of the form (/j"* except for one representing the empty stack. Thus, the
monoid element in the configuration belongs to

{Ov™, OmOY [vywe Qy, meM,yecQf U (" |reQ ).

For each edge (p, x, L+,s Vi,uRv,w, q) in the computation in A, we execute the fol-
lowing phases:
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(a) Apply a sequence of cancel /deep cancel, convert-from/deep convert-from,
merge, and split/deep-split loops in state 1 to obtain the symbol (j™* on
top of the stack. Note that for this, we need to use a split or deep split loop
at most once, namely for the lowest used occurrence of a Q"/'W/, which
might be canceled only partially.

(b) Use an edge (¢, (J™*,{1}) in (8.16).

(c) If necessary, use a split loop in state 2.

(d) If necessary, use a convert-to loop in state 2.
(e) Choose an edge (x, JYm#,S) in (8.16).

(f) Use an edge (e, OV™,{1}) in (8.16).

By ‘necessary’ in phases (c) and (d), we mean that phase (e) might require that a
symbol OV be converted and perhaps split beforehand.

Note that phase (a) is the only phase that might use an unbounded number
of operations. Therefore, we move these operations to an earlier moment (so
that they are distributed more equally among the non-¢-transitions). Thereby,
we guarantee that before the application of (e, ™5,{1}) (and during the overall
simulation of an edge from A) we only need a bounded number of operations.
This is done as follows. In each of the phases (a) to (f):

(I) After each introduction of a OV (by a split/deep split or by adding OV*
directly): If this occurrence is eventually canceled after the current phase
(without being split), cancel it now (and drop the later cancel). For this, we
can use a cancel, deep cancel, or deep deep cancel loop®.

(I) After each application of a (JYm[J?: If the resulting subsequence Om'[J* is

eventually converted (without adding another J7m”/[0%), convert it now
(and drop the later convert). This can be done using a convert-from loop.

(IIT) Whenever a symbol (J™* produced by (I) or (I) is eventually merged with
the symbol underneath, merge them now (and drop the later merge). This
can be done using a merge, deep merge, or deep deep merge loop.

Then, in phase (a), any OY" or m*-subsequence that was canceled or con-
verted and then merged with a symbol underneath in the old computation, is
now already merged. Therefore, phase (a) has to do only a bounded number
of operations to obtain (J™° on top of the stack: It might still need to (deep)
split (the lowest symbol of those turned into (§"* in the old computation, which
is only partially canceled), cancel and (deep) merge the resulting symbols, but
nothing else. Note that the number of operations introduced by rules (I) through
(IIT) into phase {a) is bounded: In phase (a), only the split or deep split calls for
additional operations, but phase (a) executes split or deep split at most once in
the old computation.

In the end, the stack contains a symbol """ for some v € Q. to represent the
empty storage. This can then be removed by the loop labeled (e, OV, {1}) on the
final state.

3Deep cancel and deep deep cancel are used to cancel the lower result of a split and a deep split,
respectively.

116



8.5. Blind and partially blind counters

Thus, any (w,c) € T(A) can be produced by a computation in A using only
a bounded number of e-transitions before and after any input symbol. Hence, A
can be easily transformed into an equivalent valence transducer with no e-tran-
sitions. m

The foregoing lemmas establish now establish Theorem 8.1.1.

Proof of Theorem 8.1.1. According to Proposition 8.2.4, we have the implications
“1 = 2” and “1 = 3”. By Theorem 4.3.1, if ' contains «—%—%—= asan
induced subgraph, VA(IMT') is the class of recursively enumerable languages.
This proves “4 = 57, “2 = 5”, and “3 = 5”. Moreover, by Lemma 8.4.1, if
—@ @+ does not occur, we have MI" € SC~. Hence, each of the con-
ditions 1 to 5 implies condition 6.

Finally, Lemmas 8.4.4, 8.4.7, and 8.4.8 mean that every monoid in SC™ is
strongly e-independent and hence that we have the implication “6 = 1”. O

8.5 Blind and partially blind counters

In this section, we prove Theorem 8.1.3. By Theorem 8.1.1, we already know that
when r < 1, we have VAT (B™ x Z%) = VA(B" x Z*). Hence, we only have to
show that VAT (BT x Z%) C VA(B™ x Z3) ifr > 2.

Recall the language Ly, from Section 7.2 (Definition 7.2.1):

Lpin = {fwe™ |w € {0, 1}, n < bin(w)}.

Greibach [62] and, independently, Jantzen [85] have shown that Ly, can be ac-
cepted by a partially blind counter automaton with two counters, but not with-
out e-transitions. Since we have to show VAT (B™ x Z%) C VA(B" x Z¢) and
we know Ly;, € VA(B" x Z3), it suffices to prove Ly, ¢ VAT (B" x Z%). We do
this by transforming Greibach’s and Jantzen’s proof into a general property of
languages in VA(B" x Z*) (Lemma 8.5.2). We will then apply this to show that
Lpin € VAT(BT x Z8).

Growth functions and fooling sets Let M be a monoid and S C M a finite sub-
set. The growth function for M and S is defined as gm s(n) = ISS™| forn € N.
From the perspective of valence automata, gm s (1) is the number of storage con-
tents that a valence automaton can produce after at most n steps if its edges are
labeled by S.

It should be mentioned that if S ranges over the generating sets of M (i.e.
those for which M = (§)), then whether ga1 s has a polynomial upper bound
(or an exponential lower bound) does not depend on the choice of S. It therefore
makes sense to speak of finitely generated monoids with polynomial growth or
exponential growth. These notions have been subject to intensive study in group
and semigroup theory [66].

Letn € N and L C X*. An n-fooling set for L C X* isaset F C XS™ % X* such
that the following holds:

1. for each (u,v) € F, we haveuv € L, and

2. for pairs (uy,vy), (uz,v2) € Fwith (u,v1) # (uz,v2), wehaveuivy ¢ L
oruvy ¢ L.
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We define the function f; : N — IN as
fr.(n) = max{|F| | F is an n-fooling set for L}.

The notion of fooling sets is often used to prove lower bounds for the number
of states in nondeterministic finite automata [56]. We use it here to prove lower
bounds for growth functions. Our first lemma allows us to derive a lower bound
for gn,s under the assumption that L is accepted by an e-free valence automaton.

Lemma 8.5.1. Let M be a monoid and L € VAT (M). Then, there is a constant k € N
and a finite set S C M such that fy (n) < k-gm,s(n) foralln € N.

Proof. Let k be the number of states in the automaton for L and let S consist of
the elements appearing on edges. Suppose fi (n) > k- gpm,s(n) for some n and
let F = {(uy,v1),..., (Wm,vm )} be an n-fooling set for L, with m > k- gy, s(n).
Since ujvy € Lfor 1 < i < m, we have an accepting computation for each of
these words. Let (qi,xi) be the configuration reached in one of these computa-
tions after reading u;, 1 < i < m. Since the automaton has no e-transitions and
has thus passed at most n edges, we have x; € SS™ for every 1 < i< m. Fur-
thermore, since m > k- gpm,s(n), there are indices i # j with q; = g; and x; = x;.
This means however, that ujv; € L and u;v; € L, contradicting the fooling set
condition. O

Together with Lemma 8.5.1, the polynomial growth of B" x Z* yields the
property of languages in VAT (B" x Z*).

Lemma 8.5.2. Let M = B" x Z for r,s € N and S C M a finite set. Then, gnm,s is
bounded by a polynomial. In particular, for each L € VAT (B™ x Z$), fL is bounded by
a polynomial.

Proof. We only prove the first statement, since by Lemma 8.5.1, it implies the
second. Every x € BB can be written uniquely as x = a*a‘. We define [x| = k + {.
For y € Z, we have the usual absolute value |y|. Thus, for z € B" x Z% and
z=(X1,.-+,%Xr, Y1 ...,Ys) we can define

|zl = max{[xil, ly;| [T <i<r, 1<) <sh

Let m = max{|x| | x € S}. Then, for z € SS™, we have |z| < m - n. There are k + 1
elements x € B with |x| = k, meaning that there are

T+ +(k+2)=(k+3)-(k+2)/2

elements x € B with |x| < k. Furthermore, there are 2k + 1 numbers y € Z with
ly| < k. Therefore, we have

gm,s(m) < ((m-n+3)(m-n+2)/2)"-(2-m-n+1)°%,
which is a polynomial in n. O

The following means that if L = Ly, f is not bounded by a polynomial and
hence Ly, ¢ VAT (B" x Z%) by Lemma 8.5.2.

Lemma 8.5.3. For L = Ly, we have 1 (n) > 2™ for every n € IN.
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Proof. Letn € N, and let F be the set of all pairs (u,v) such that u € {0, 1" and
v = PN Then, F is an n-fooling set for L with |F| > 2™: We have uv € L for
any (u,v) € F. Furthermore, for distinct pairs (u,v) # (u/,v’), we have u # u’
and we may assume bin(u) < bin(u’). Then w’ ¢ L. O

The foregoing lemmas imply Theorem 8.1.3 immediately.

Proof of Theorem 8.1.3. If r < 1, Theorem 8.1.1 already establishes the equation
VAT (BT x Z%) = VA(B" x Z%). If r > 2, we have L, € VA(B" x Z%), but
Lemmas 8.5.2 and 8.5.3 together imply that Ly, ¢ VAT (B" x Z*3). O

8.6 Conclusion

We have shown that e-transitions can be avoided in stacked counter automata
and, slightly stronger, within each monoid M € SC™. This implies NP- and linear
time algorithms for the membership problem of each language in F, the class
containing all languages of graph-defined storage mechanisms that guarantee
semilinearity. Furthermore, we have completely described those combinations
of a number of partially blind counters and a number of blind counters for which
e-transitions are avoidable.
The results of this chapter have appeared in [R5].

Related work As mentioned above, the fact that e-transition can be eliminated
for Z™ and for B(2) x Z™ has also been shown by Latteux [99] and Hooge-
boom [78], respectively. These are special cases of Theorem 8.1.1, but were un-
known to the author at the time of publishing [R5]. It should be noted that the
proof of Theorem 8.1.1 is by no means a mere iteration of Hoogeboom’s construc-
tion. The result here requires showing semilinearity of all involved language
classes, adapting the technique of Benois in Proposition 8.3.1 for higher types
of storage mechanisms, and preservation of strong e-independence by building
stacks (Lemma 8.4.8), which is the most involved ingredient. The latter has no
counterpart in Hoogeboom'’s proof, which relies on the Greibach normal form
of context-free grammars. Finally, Theorem 8.1.1 also shows ¢-elimination for
monoids B x Z™.

As was also mentioned before, Theorem 8.1.1 also generalizes Greibach's re-
sult that e-transitions can be avoided in pushdown automata.

Directions for future research The first question one might ask is whether this
result extends to all graph monoids, say, where the emptiness problem is de-
cidable (otherwise, we cannot expect an effective procedure). However, at this
point, this question seems to be of limited interest: Stacked counter automata
are already expressively complete for storages with semilinearity (SL). Hence,
e-elimination is available since we can always do this in an equivalent stacked
counter automaton.

On the other hand, with those storage mechanisms outside of SL, we can ac-
cept the languages in VA(BB x BB) or even more (Theorem 7.1.1). It seems unlikely
that e-transitions can be eliminated in such powerful models since this would
imply NP-algorithms for all their languages. It therefore seems prudent to fol-
low one of the following directions.
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1. The most pressing task seems to be to try to simplify the proof of Theorem 8.1.1,
especially Lemma 8.4.8. A possible approach is to develop a Greibach nor-
mal form [63] for Fi-grammars. However, given the involved nature of the
grammar constructions in Section 9.2, it is not clear whether this really sim-
plifies things. A simplification would be of interest because it might lead
to new complexity bounds, which brings us to the second direction.

2. Can the elimination be made more efficient? This would have direct con-
sequences on the complexity of the rational subset membership problem
for graph groups as studied by Lohrey and Steinberg [107] (see also Theo-
rem 4.3.9). Suppose a graph group with a decidable rational subset prob-
lem is given. Via Theorem 4.3.9 and Proposition 7.1.2, it is not hard to see
that for each rational subset, one can construct a stacked counter automa-
ton to whose membership problem one can then reduce the rational subset
membership problem. Hence, Theorem 8.1.1 implies that the rational sub-
set membership problem for each fixed subset belongs to NP. An efficient
elimination of e-transitions would therefore entail uniform bounds on this
complexity.

Acknowledgements I would like to thank Markus Lohrey for discussions on
graph groups.
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Chapter 9

Computing downward
closures

9.1 Introduction

As mentioned in Section 2.8, Higman [77] in 1952 and Haines [73] in 1969 discov-
ered independently that the subword ordering is a well-quasi-ordering. While
regular languages had not been invented at the time of Higman’s work, Haines
presented the regularity of upward and downward closed sets as the chief ap-
plication. He also posed as an open problem which languages admit an effective
computation of these closures.

In the case of the upward closure, this question was settled for a large range of
language classes by van Leeuwen [133], who proved that when intersection with
regular languages is available, upward closures can be computed if and only if
emptiness is decidable.

Applications of downward closures The more difficult task, the computation
of downward closures, has attracted attention in recent decades. This is due to
the fact that downward closures appear to be a promising abstraction. By an ab-
straction, we mean a simpler object that reflects certain aspects of the abstracted
language. Suppose a formal language describes the possible action sequences of
a system that is observed through a lossy channel. This means, on the way to
the observer, arbitrary actions can get lost. Then, L| is the set of words received
by the observer [71]. Hence, given the downward closure as a finite automaton,
we can decide whether two systems are equivalent under such observations, and
even whether the behavior of one system includes the other. This is in contrast to
the fact that behavioral inclusion for system models themselves is almost always
undecidable.

Furthermore, it is well-known that the set of reachable channel contents in
lossy channel systems is always downward closed and thus regular. While these
reachability sets are not computable in general [111], methods for computing
downward closures can be used to compute reachability sets at least for sub-
classes of lossy channel systems [2].

In addition, compared to other abstractions such as the Parikh image, the
downward closure has the advantage of simplifying every language: Most ap-
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plications of Parikh images require the semilinearity of the image, which is, of
course, not the case for every language. See [7, 109] for more applications of
downward closures.

Computing downward closures However, while there always exists a finite au-
tomaton for the downward closure, it seems difficult to compute them. In fact,
there are few types of systems for which computability has been established and
in some cases, they are not computable.

Let us quickly survey the available results on downward closures. Early re-
sults are the computability for algebraic extensions and, in particular, context-
free languages. The former was shown by van Leeuwen [133] (see also The-
orem 9.1.2) and the latter, using a different approach again by Courcelle [25].
Furthermore, they have been shown to be computable for OL-systems and con-
text-free FIFO rewriting systems by Abdulla, Boasson, and Bouajjani [2]. Finally,
Habermehl, Meyer, and Wimmel [71] have obtained a method for computing
downward closures of Petri net languages.

By a reduction of the finiteness problem for Church-Rosser languages, Gru-
ber, Holzer, and Kutrib [69] have shown that these languages do not permit the
computation of downward closures. Moreover, using a reduction of the bound-
edness problem for lossy counter machines, Mayr [111] could show that reach-
ability sets of lossy channel systems (which are downward closed) cannot be
computed.

We show here that downward closures are computable for the languages in F
and thus for all languages accepted by storage mechanisms of graphs monoids
that guarantee semilinearity. Equivalently, this means downward closures are
computable for stacked counter automata.

Theorem 9.1.1. Given a language L in F, one can compute a finite automaton for L.

One might wonder whether this result is already subsumed by the com-
putability for the algebraic extension of the Petri net languages. After all, these
languages also allow combining pushdown storages and counters. This is not the
case, since the languages in F allow using counters parallel to the pushdown. The
algebraic extension of the Petri net languages, however, coincides with the union
Un>o VA(B x B™) (see Theorem 2.6.6), meaning that they are accepted with a
stack whose entries are configurations of a Petri net.

In fact, if L € X* is a context-free language that is not a Petri net language,
such as (D{#)* [85], and a,b,c ¢ X, it will follow from Proposition 10.2.3 that
K=Lw{a™b™c™ | n > 0} does not belong to the algebraic extension of the Petri
net languages. However, it is easy to see that K € Fy. On the other hand, since F
contains only semilinear languages, it is incomparable to the algebraic extension
of the Petri net languages.

Representation of downward closures Let us comment on the representation
of downward closures. Since F is an effective full semi-AFL, the downward
closure of each language in F is effectively in F. Of course, since downward
closed languages are always regular, by “compute the downward closure” we
mean “compute a finite automaton for the downward closure”. Since the class of
downward closed languages is a proper subclass of the regular languages, other
descriptional means of have been tailored to them:
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e Ideal decompositions. An ideal (over X) is a language of the form
YS{X] ’ £}YT e {Xn/ E}Y:(]_/

where the Y; C X are subalphabets and the x; € X are letters. As shown
by Jullien [87], downward closed languages are precisely those that can be
written as a finite union of ideals. This type of representation was later
rediscovered by Abdulla, Collomb-Annichini, Bouajjani, and Jonsson [3],
who called it simple reqular expressions.

o Obstruction sets. If L C X* is a downward closed language, then the set
X*\ L is upward closed and can thus be written as X* \ L = Ft for a fi-
nite set F C X*. The finite set can thus be regarded as a representation of
L = X*\ (F1). Since a word is in L if and only if no word in F appears as a
subword, F is called the obstruction set for L. These were used, for example,
by Courcelle [25] to denote downward closures of context-free languages.

It is not hard to see that all three ways to denote a downward closed language
(finite automata, simple regular expressions, and obstruction sets) can be effec-
tively translated into one another [3] and it is not necessary to distinguish which
representation can be computed.

In our procedure, we will use the following result by van Leeuwen.

Theorem 9.1.2 (van Leeuwen [133]). The downward closure is computable for lan-
quages in Alg(C) if and only if this is the case for languages in C.

It implies that if there is an algorithm to compute downward closures for Fj,
then there is such an algorithm for G; = Alg(F;). However, we are interested in a
uniform algorithm for all of F. Fortunately, the algorithm in van Leeuwen’s proof
is sufficiently uniform to be used in a procedure that works recursively with
respect to the levels of the hierarchy Fo € Go € F1 € Gy C ---. Specifically, van
Leeuwen’s algorithm works by replacing in a C-grammar G each right-hand-side
by its downward closure. This yields a Reg-grammar G’ with L(G’)] = L(G){, to
which one can then apply the (fixed) algorithm to compute downward closures
of context-free languages.

This allows us to compute L(G)| for an Fi-grammar G provided that we can
compute downward closures for F;. Hence, it remains the task to compute down-
ward closures of languages h(L N Y=1(8S)) for L € G;. To this end, we will show
that we can construct a language in G; that is larger than h(L N Y=1(S)), but has
the same downward closure. This will be accomplished in the following approx-
imation lemma.

Lemma 9.1.3 (Approximation lemma). Given i € IN, a language L C X* in Gy, and
a semilinear S C X®, one can compute a language L’ € Gy that satisfies the inclusions
LAY 1(S)C L' C(LNY1(S))I.

The proof of Lemma 9.1.3 relies on the new technique of Parikh annotations.
It is introduced in the next section and the approximation lemma is proved after
the statement of Theorem 9.2.5, our main result on this new concept. First, let
us show how downward closures can be computed for F once Lemma 9.1.3 is
available.

Proof of Theorem 9.1.1. We perform the computation recursively with respect to
the level of the hierarchy Fo C Go CF; C Gy C ---
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o If L € Fp, then L is finite and we can clearly compute L|.

e If L € Fy withi > 1,then L = h(L’n¥~1(S)) for some L’ C X* in G;_1,
a semilinear S C X%, and a morphism h. Since h(M)} = h(M|){ for any
M C X*, it suffices to describe how to compute (L' N y=1(8))]. Using
Lemma 9.1.3, we construct a language L € G;_ that satisfies

L'ny=1(S)cL” C (L' nv ().

Note that this implies L”| = (L’ "W~1(S)){. This means, the computation
of (L’ N¥~T1(S)){ amounts to recursively computing L" .

o If L € Gj, then L is given by an F;-grammar G. Using recursion, we com-
pute the downward closure of each right-hand-side of G. We obtain a new
Reg-grammar G’ by replacing each right-hand-side in G with its downward
closure. Then L(G’)] = L. Since we can construct a context-free grammar
for L(G’), we can compute L(G’)] using Theorem 9.1.2.

Upward closures vs. downward closures One might wonder why downward
closures are more difficult to compute than upward closures, given their similar
definition. The algorithm for computing the upward closure of a language L
is a classical saturation procedure (much like determining the set of productive
nonterminals in Section 2.6): We start with an empty set Uy = 0 and, as long as U;
is strictly contained in L1, we set U; 1 = (U; U{w})1 for some w € L1\ U;. Since
the subword ordering is a well-quasi-ordering, the chain Uy, Uj, ... of upward
closed sets must become stationary, causing the algorithm to terminate. Here, we
can check whether L1\ U; # 0 by simply intersecting L with a suitable regular
language and checking for emptiness.

Why does this approach fail for downward closures? After all, we could try
the dual algorithm which starts with X* as a candidate D for the downward
closure and then makes the sets D; smaller and smaller, this time relying on the
fact that descending chains of downward closed sets become stationary. The
reason is that we would have to check whether D; C L|, but checking whether a
regular language is contained in a given language is usually undecidable. Note
also that this is not just the wrong approach, since computing a finite automaton
for L| always enables us to decide whether R C L| for regular languages R.

This means, the difference has its root in the fact that for ‘complex” languages
L and regular languages R, it is easy to decide whether L C R, but hard to decide
whether R C L. The reason for this, in turn, is that the languages we are interested
in are usually generated by nondeterministic processes and thus, a witness for a
positive answer to the latter problem would be an infinite set of derivations. Note
that in deterministic systems, due to complementation, the two types of decision
problems usually differ only in complexity. Simply put, nondeterminism makes
downward closures hard to compute.

The results in this chapter have appeared in [R3].
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9.2 Constructing Parikh annotations

This section introduces Parikh annotations, the key tool in our procedure for
computing downward closures. Suppose L is a semilinear language. Then for
each w € L, ¥(w) can be decomposed into a constant vector and a linear com-
bination of period vectors from the semilinear representation of W(L). We call
such a decomposition a Parikh decomposition. The main purpose of Parikh an-
notations is to provide transformations of languages that make reference to Parikh
decompositions without leaving the respective language class. For example, sup-
pose we want to transform a context-free language L into the language L’ of
all those words w € L whose Parikh decomposition does not contain a spec-
ified period vector. This may not be possible with rational transductions: If
Ly ={a™b™ | m = n or m = 2n}, then the Parikh image is (a +b)® U (a + 2b)®,
but a finite state transducer cannot determine whether the input word has a
Parikh image in (a +b)® or in (a + 2b)®. Therefore, a Parikh annotation for
L is a language K in the same class with additional symbols that allow a finite
state transducer (that is applied to K) to access the Parikh decomposition.

Definition 9.2.1. Let L C X* be a language and C be a language class. A Parikh
annotation (PA) for Lin Cis a tuple (K, C, P, (Pc)cec, @), where

e C, P are alphabets such that X, C, P are pairwise disjoint,
e KC C(XUP)*isinC,
e ¢ is a morphism @: (CUP)® — X9,
o P isasubset Pc C P foreachc e C,
such that
1. mx(K) = L (the projection property),
2. @o(mcup(w)) = ¥Y(mtx(w)) for each w € K (the counting property), and
3. Y(rmcup(K)) =Ucecc+ PP (the commutative projection property).

IfIC| = 1, then the PA is called linear. In this case, we also write (K,c, P, @) for the
Parikh annotation, where C = {c}. We say that Parikh annotations for a language
class € can be constructed if there is an algorithm that, given a language L € C, can
construct a PA for L in C.

Intuitively, a Parikh annotation describes for each w in L one or more Parikh
decompositions of ¥(w). The symbols in C represent constant vectors and sym-
bols in P represent period vectors. Here, the symbols in P. C P correspond to
those that can be added to the constant vector corresponding to ¢ € C. Further-
more, for each x € CUP, ¢(x) is the vector represented by x.

The projection property states that removing the symbols in C U P from words
in Kyields L. The commutative projection property requires that after c € C only
symbols representing periods in P are allowed and that all their combinations
occur. Finally, the counting property says that the additional symbols in CU P
indeed describe a Parikh decomposition of W(mx (w)).
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Clearly, the conditions of a Parikh annotation imply

Y(L) =Y¥(nx(K)) = (mcup(K) = | @lc) + o (Pe)®
ceC

and hence that L is semilinear.
Example 9.2.2. Let X ={a,b,c,d}and L = (ab)*(ca™ U db*). Then, for
K =e(pab)*c(qa)* Uf(rab)*d(sb)*,

P={p,q,7, s} and ¢: (CUP)® — X® with

C={ef} ple) =c, o(f) =4,
Pe ={p,q}, e(p)=a+b, o(q) =aq,
Pf :{T/ S}/ (P(T') - C1+b, (P(S) - b/

the tuple (K, C, P, (Pg)gec, @) is a Parikh annotation for L.

The main purpose of Parikh annotations is to help understand the structure
of languages of the form LNWY~1(S), where L C X* and S C X®. Specifically,
they provide sufficient conditions for when L N'W~'(S) is in the same language
class as L. Of course, LNWY~1(S) can be more complex than L: Take, for ex-
ample, the regular language L = {a,b}* and the semilinear set S = (a +b)®.
Then LNY~1(S) = {w € {a,b}* | W|a = [wlp} is not regular. Now suppose
L and (K,C,P,(Pg)gec, @) are as in Example 9.2.2. Moreover, S is still the set
of multisets with the same number of a’s as b’s, but now over X. Thus, we
have S = {u € X9 | w(a) = u(b)}. Then @ '(S)N(e+PP) = e+ p® and
@ 1(S)N(f+PP) = f+r®. This means

LNy~ (S) = mx (KN (e(XUp)* UF(XUT)*))

can be obtained from K using a rational transduction. More generally, whenever
Y= (@ 1 (S)N(c+P?)) is regular for each ¢ € C, then LW~ (S) can be written
as TK for a rational transduction T. This fact will be a recurring theme in the
applications of Parikh annotations.

In a Parikh annotation, for each cw € K and p € PP, we can find a word
ew’ € K such that ¥(meyp(ew’)) = ¥W(meup(ew)) + w. In particular, this means
Y(rx(cw’)) = Y(nx(cw)) + @(n). In our applications, we will need a further
guarantee that provides such words, but with additional information on their
structure. Such a guarantee is granted by Parikh annotations with insertion
marker. Suppose we have a marker symbol ¢ ¢ X and a word u € (XU {o})*
withu =ugou;---oun forug,...,un € X*. Then we write u <, v if we have
V =1UugViUj - - Vnun forsome vy, ..., vy € X*. In other words, v can be obtained
from u by replacing each occurrence of ¢ with some word from X*.

Definition 9.2.3. Let L C X* be a language and C be a language class. A Parikh an-
notation with insertion marker (PAIM) for L in € is a tuple (K, C, P, (Pc)cec, @, ©)
such that:

1. o ¢ Xand K C C(XUPU{o}* isin C,

2. (mcuxupr(K), C, P, (Pc)eec, @) is a Parikh annotation for Lin C,
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3. thereis a k € IN such that every w € K satisfies [w|, < k (boundedness), and

4. for each cw € K and u € PP, there is a w' € L with mxyo(cw) <o W' and
Y(w') =Y (mx(cw)) + @(n). This property is called the insertion property.

If|IC| = 1, then the PAIM is called linear and we also write (K, ¢, Pc, @, ©) for the PAIM,
where C ={c}.

In other words, in a PAIM, each v € L has an annotation cw € K in which a
bounded number of positions is marked such that for each p € P®, we can find
av’ € Lwith ¥(v/) = ¥(v) + @(n) such that v’ is obtained from v by inserting
words in corresponding positions in v. In particular, this guarantees v < v'.

Example 9.2.4. Let Land (K, C,P, (Pc)cec, @) be as in Example 9.2.2. Furthermore,
let
K’ =eo(pab)*co(qa)* Ufo (rab)*do (sb)*.

Then (K’,C, P, (Pc)cec, @,©) is a PAIM for L in Reg. Indeed, every word in K’ has at
most two occurrences of . Moreover, if ew = e o (pab)™c o (qa)™ € K" and p € PP,
w=k-p+L-q, thenw’ = (ab)* Mcat*™ ¢ L satisfies

Tixuo (ew) = o(ab)™c o a™ =<, (ab)¥(ab)™cala™ =w’

and clearly ¥(mx (w')) = ¥Y(mx (ew)) + @(w) (and similarly for words fw € K').

The main result of this section is that for each of the classes F; and G;, one
can construct PAIM. More precisely, there is an algorithm that, given a language
L € F; or L € Gy, constructs a PAIM for L in F; or Gy, respectively.

Theorem 9.2.5. Given i € IN and a language L in F; (in Gy), one can construct a
Parikh annotation with insertion marker for L in F; (in G;).

To demonstrate how Parikh annotations can be applied, let us now prove
Lemma 9.1.3, the missing piece in our method for computing downward clo-
sures. The basic idea is to first construct a PAIM for L. From this PAIM, using
Corollary 2.8.3, one can construct a language L’ O LN Y=1(S) in which every
word admits insertions that yield a word in LN Y—1(S). Here, the additional in-
formation encoded into each word by the PAIM allows us to obtain L’ using a
rational transduction from the PAIM, which guarantees that L’ is also in G;.

Proof of Lemma 9.1.3. First, we construct a PAIM (K, C, P, (Pc)cec, @,¢) for L in
G; using Theorem 9.2.5. Observe that for each constant symbol ¢ € C, the sets
Sc ={n € PP | o(c+n) € S} are Presburger definable and hence effectively
semilinear. Moreover, by Corollary 2.8.3, we can effectively construct a finite
automaton for ¥~ (Sc|), meaning that the language

L' ={nx(cv) |c e C, eve K, mp, (v) € W (Scl)).

can be obtained from K using a rational transduction and thus effectively be-
longs to Gy, since Gj is an effective full semi-AFL. Let us prove that this lan-
guage satisfies our requirement. The counting property of the PAIM entails
that LNW~'(S) C L’. In order to show L’ C (LNWY~'(S))|, suppose we have
w € L'. Then thereis a cv € K with w = mx(cv) and mp_(v) € Y=1(S.|). This
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means there is a v € P with ¥(mp_(v)) +v € Sc. The insertion property of
(K,C,P,(Pc)eec, @, ¢) allows us to find a word v/ € L such that

Y(v') =W(mx(cv)) + @(v), Tixufo} (€V) <o V. 9.1)

By definition of S, the first part of Eq. (9.1) implies that ¥(v’) € S. The second
part of Eq. (9.1) means in particular that w = 7tx(cv) < v’. Therefore, we have
w=v eLny1(S). O

Outline of the proof The rest of this section is devoted to the proof of The-
orem 9.2.5. The construction of PAIM proceeds recursively with respect to the
level of our hierarchy. This means, we show that if PAIM can be constructed
for F;, then we can compute them for G; (Lemma 9.2.19) and if they can be con-
structed for Gj, then they can be computed for F; 1 (Lemma 9.2.20). While the
latter can be done with a direct construction, the former requires a series of steps.
The general idea is to use recursion with respect to the number of nonterminals
via the van Leeuwen decomposition (see Section 2.6). This leaves us with two
tasks:

o We construct PAIM for languages generated by one-nonterminal grammars
where we are given PAIM for the right-hand-sides (Lemma 9.2.18).

o We construct PAIM for languages o(L), where o is a substitution, a PAIM
is given for L and for each o(x) (Lemma 9.2.16). This construction is again
divided into the case where o is a letter substitution (i.e., one in which each
symbol is mapped to a set of letters) (Lemma 9.2.15) and the general case
(Lemma 9.2.16).

Maybe surprisingly, the most conceptually involved step in the construction
of PAIM lies within obtaining a Parikh annotation for o(L) in Alg(€), where o is
a letter substitution and a PAIM for L C X* in Alg(C) is given. Before turning to
this case in Section 9.2.2, let us get a few simple cases out of the way.

9.2.1 Simple constructions

Here, we present some simple cases of the construction of Parikh annotations
with insertion markers. The proofs of Lemmas 9.2.6 to 9.2.11 are not difficult, but
we include them for the sake of completeness.

Lemma 9.2.6 (Finite languages). Given L in F, one can construct a PAIM for L in
Fo.

Proof. Let L = {wq,...,wn} C X* and define C = {cy,...,cn}and P = P. = 0),
where the c; are new symbols. Let ¢: (CUP)? — X? be the morphism with
@(ci) = Y(w;). Itis easily verified that with K = {cywq,...,cnwn}, the tuple
(K,C,P,(Pc)cec, @,¢) is a PAIM for L in Fy. O

Lemma 9.2.7 (Unions). Given i € IN and languages Lo, Ly € Gy, along with a PAIM
in G for each of them, one can construct a PAIM for Lo ULy in Gi.

Proof. One can find a PAIM (K1), C“),P(i), (Péi))cec

), o) for L in @ for
i =0,1such that CO nCc1) = PO AP = (. Then K *K(O) K is effec-
tively contained in G; and can be turned into a PAIM (X, C, P, (P¢)cec, @, ) for
Lo UL;. O
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Lemma 9.2.8 (Homomorphic images). Let h: X* — Y* be a morphism. Giveni € IN
and a PAIM for L € G; in G, one can construct a PAIM for h(L) in G;.

Proof. Let (K,C,P, (Pc)cec, @,¢) be a PAIM for L and let h: X¥ — Y® be the
morphism with h(x) = W(h(x)) for x € X. We choose ¢’: (CUP)® — Y® to be
the morphism with ¢’(p) = h(@(p)) for u € (CUP)®. Moreover, let

g: (CUXUPU{eH* — (CUYUPU{op*

be the extension of h that fixes CUP U{o}. Then (g(K),C,P,(Pclcec, ®’,0) is
clearly a PAIM for h(L) in G;j. O

Lemma 9.2.9 (Linear decomposition). Given i € N and L € G; along with a PAIM
in Gy, one can construct Ly,..., Ly € Gy, each together with a linear PAIM in Gy, such
that L=17U---ULp.

Proof. Let (K,C,P,(Pc)cec, ®,¢) bea PAIM for L C X*. For each ¢ € C, let
Ke =KNe(XUPU{oh™.

Then (K¢,{c}, Pc, Pc, @c, ), where @ is the restriction of ¢ to ({c}UP:)®, is a
PAIM for 7tx (K ) in Gi. Furthermore, L = |J.cc mx (Kc). O

Lemma 9.2.10 (Presence check). Let X be an alphabet and x € X. Giveni € N and a
PAIM for L C X* in Gy, one can construct a PAIM for L N X*xX* in G;.

Proof. Since
(LU ULy NX*xX* = (L N X*xX*) U - - U (L N X*xX*),

Lemma 9.2.9 and Lemma 9.2.7 imply that we may assume that for L, we have a
linear PAIM (K, ¢, Pc, @, ©). Since in the case @(c)(x) > 1, we have the equation
L N X*xX* = L and there is nothing to do, we assume ¢(c)(x) = 0.

Let C' ={(c,p) | p € P, @(p)(x) = 1} be a new alphabet and let

K" ={(c,p)uv | (c,p) € C’, u,v € (XUPU{c})*, cupv € K}.

Note that K’ can clearly be obtained from K by way of a rational transduction

and is therefore contained in G;. Furthermore, we let P/ = P(’ ep) = P and

¢'((c,p)) = @(c)+@(p) for (c,p) € C"and ¢'(p) = @(p) for p € P. Then
we have

mix(K') = {mx(w) [w € K, p € Pro(mcupW))(p) = 1, 0(p)(x) > 1}
={nx(w) [w € K, [mx(w)lx = 1} = LN X*xX".

This proves the projection property. For each (c, p)uv € K’ with cupv € K, we
have

@' (merupr (e, pluv)) = @(meup (cupy)) = Y(mx (cupv)) = ¥(mx ((c, pluv)).

and thus @' (mtc/ypr(w)) = ¥Y(mx(w)) for every w € K’. Hence, we have estab-
lished the counting property. Moreover,

Y(mcup (K = | (e,p) +P'®,
peP
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meaning the commutative projection property is satisfied as well. This proves
that the tuple (mcuxup(K’), C’, P/, (P})accr, @) is a Parikh annotation for the
language L N X*xX* in G;. Since (K, C, P, (P¢)cec, @, ) is a PAIM for L, it follows
that the tuple (K’,C’,P’, (P})aecc/, @', 0) is a PAIM for L N X*xX*. O

Lemma 9.2.11 (Absence check). Let X be an alphabet and x € X. Given i € IN and a
PAIM for L C X* in Gy, one can construct a PAIM for L\ X*xX* in G;.

Proof. Since
(LiU-- UL\ X*%X* = (L \ X*xX*)U -+ - U (L \ X*xX™),

Lemma 9.2.9 and Lemma 9.2.7 imply that we may assume that for L, we are given
alinear PAIM (K, ¢, P¢, @, ¢). Since in the case @ (c)(x) > 1, wehave L\ X*xX* = ()
and there is nothing to do, we assume ¢(c)(x) = 0.

LetC'=C,P'=P.={p eP|olp)x)=0}and let

K/:{WEKHWh? =0 foreachp € P\ P’}

Furthermore, we let @’ be the restriction of ¢ to (C’ UP’)?. Then it is clear that
(K, C", (Pl)cecr, @’,0) is a PAIM for L \ X*xX* in G;. O

9.2.2 Substitutions

In this section, we construct PAIM for languages o(L), where L € Gj, o is a G;-
substitution. As mentioned above, the main obstacle in the construction of PAIM
consists of obtaining one for o(L), where o is a letter substitution and we are
given a PAIM for L. Of course, the basic idea is to replace symbols in the PAIM
for L in the same way as o does. However, one has to substitute the symbols in
X consistently with the symbols in C U P; more precisely, one has to maintain the
agreement between @(mcyup(+)) and W(mx(-)).

In order to exploit the fact that this agreement exists in the first place, we
use the following simple yet very useful lemma. It states that for a morphism
1V into a group, the only way a grammar G can guarantee L(G) € ¥~ (h) is
by encoding into each nonterminal A the value {(u) for the words u that A
derives. The G-compatible extension of 1 reconstructs this value for each non-
terminal. Let G = (N, T, P,S) be a C-grammar and M be a monoid. A morphism
P: (NUT)* — Mis called G-compatible if u = v implies that {(u) = VP (v) for
u,v € (NUT)*. We will essentially apply the following lemma by regarding X®
as a subset of Z™ and defining P: (CUPUX)* — Z™ as the morphism with
P(w) = ¥Y(nx(w)) — @(mtcup(w)). In the case that G generates the correspond-
ing Parikh annotation, the counting property implies that L(G) C P~1(0). The
lemma then states that each nonterminal in G encodes the imbalance between
Y(mx(-)) and @(mtcyup(-)) on the words it generates.

Lemma 9.2.12. Let H be a group and \p: T* — H be a morphism. Furthermore, let
G = (N,T,P,S) be a reduced C-grammar with L(G) C P (h) for some h € H. Then
 has a unique G-compatible extension IT): (NUT)* = H.

Proof. First, observe that there is at most one G-compatible extension: For each
A € N, thereisau € T* with A =7 uand hence 1T)(A) =P (u).
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In order to prove existence, we claim that for each A € N and A ={; uand
A =¢ vforu,v € T*, we have P(u) = P(v). Indeed, since G is reduced, there
are x,y € T* with S = xAy. Then xuy and xvy are both in L(G) and hence
P(xuy) = P(xvy) = h. In the group H, this implies

Y(u) = (x)Thp(y) " = (v).

This means a G-compatible extension exists: Setting @(A) = P(w) for some
w € T* with A =7 w does not depend on the chosen w. This definition im-
plies that whenever u = vforu € (NUT)*, v € T*, we have Plu) = 1T)(v).
Therefore, if u = v foru,v € (NUT)*, pickingaw € T* with v = w yields
1]A)(u) = 1]A)(w) = IT)(V). Hence, 11A) is G-compatible. O

Note that in the case € = F; and H = Z™, the G-compatible extension can be
computed: Since H is commutative, 1 is well-defined on (NUT)® (i.e., there is
a morphism {P: (NUT)® — Z with {(¥(w)) = P(w) forw € (NUT)*) and we
can determine ((A) by computing a semilinear representation of the language
we (NUT)* | A = w}, which is in Alg(F;).

We continue with the problem of replacing C U P and X consistently. For
constructing the PAIM for o(L), it is easy to see that it suffices to consider the
case where o(a) = {a, b} for some a € X and o(x) = {x} for x € X\ {a}.

In order to simplify the setting and exploit the symmetry of the roles played
by CUP and X, we consider a slightly more general situation. There is an al-
phabet X = X W X7, morphisms y;: X{ — IN, i = 0,1, and a language L C X,
L € Alg(F;) with yo(mx, (W) = v1(mx, (W)) for every w € L. Roughly speak-
ing, X; will later play the role of C UP and Xy will play the role of X. Then,
Yo (w) will be the number of a’s in w and v (w) will be the number of a’s repre-
sented by symbols from C U P in w. Therefore, we wish to construct a language
L’ in Alg(F;) such that each word in L’ is obtained from a word in L as follows.
We substitute each occurrence of x € X; by one of y;(x) + 1 many symbols y
in an alphabet Y;, each of which will be assigned a value 0 < n;i(y) < vi(x).
Here, we want to guarantee that in every resulting word w € (Yo UY7)*, we
have ng(7y,(w)) = ny(my, (W)), meaning that the symbols in Xy and in X; are
replaced consistently. Formally, we have

Yi={(xj)Ixe€X;, 0<j<vilx)}, 1=0,1, Y=YoUY; 9.2)
and the morphisms

hi: Yi — X, h: Y* — X¥, ni: Yy — N, 9.3)
(x,j) — x, (x,j) — x, (%) — 13,
and we want to construct a subset of
L ={weh (1) [nolmy, (w)) = mi (my, (w))}
in Alg(€). Observe that we cannot hope to find L itself in Alg(C) in general.
Take, for example, the context-free language E = {a™b™ | n > 0} and Xop = {a},
X1 ={b}, vo(a) =1,v7(b) = 1. Then we would have
En(a,0*(a,1)*(b,0)*(b, 1)* ={(a,0)™(a, 1)™(b,0)™ (b, )™ [ m,n > 0},
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which is clearly not context-free. However, the language
E' = {wg(w)" [w € {(a,0), (a,1)}"},

where g: {(a,0), (a,1)}* — {(b,0), (b, 1)}* is the morphism with g((a,j)) = (b,j)
forj = 0,1, is context-free. Although it is only a proper subset of E, it is large
enough to satisfy 7y, (E') = 7y, (ﬁ) = Ty, (h—1(E)) fori =0, 1. We will see that in
order to construct Parikh annotations, it suffices to use such under-approxima-
tions of L. Proposition 9.2.14 will provide us with a general method to compute
them. First, we need a combinatorial lemma (Lemma 9.2.13), whose formulation
requires the concepts of derivation trees and matchings.

Derivation trees and matchings By an X-labeled tree, we mean a finite or-
dered unranked tree in which each node carries a label from X U{¢} for an al-
phabet X. For each node, there is a linear order on the set of its children. For
each node x, we write c(x) € X* for the word obtained by reading the labels of
x’s children in this order. Furthermore, yield(x) € X* denotes the word obtained
by reading leaf labels below the node x according to the linear order induced on
the leaves. Moreover, if r is the root of t, we also write yield(t) for yield(r). The
height of a tree is the maximal length of a path from the root to a leaf, i.e. a tree
consisting of a single node has height 0. A subtree of a tree t is the tree consisting
of all nodes below some node x of t. If x is a child of t’s root, the subtree is a direct
subtree.

Let G = (N,T,P,S) be a C-grammar. A partial derivation tree (for G) is an
(N U T)-labeled tree t in which (i) each inner node x has a label A € N and there
is some A — L in P with c(x) € L, and (ii) no e-labeled node has a sibling. If,
in addition, the root is labeled S and every leaf is labeled by T U{e}, it is called a
derivation tree for G.

Let t be a tree whose leaves are X U {e}-labeled. Let L; denote the set of X;-
labeled leaves of t. An arrow collection for t is a finite set A together with maps
vi: A = Lj for i = 0,1. Hence, A can be thought of as a set of arrows pointing
from Xp-labeled leaves to X1-labeled leaves. We say an arrow a € A is incident
to aleaf Lif vo(a) = L or vi(a) = L. If £ is a leaf, then d A (£) denotes the number
of arrows incident to {. More generally, for a subtree s of t, da (s) denotes the
number of arrows incident to some leaf in s and some leaf outside of s. A is
called a k-matching if

1. each leaf labeled x € X; has precisely v;(x) incident arrows, and

2. da(s) < k for every subtree s of t.

Here, the name matching stems from the fact that one can think of each sym-
bol x € X; as representing v;(x) items of some kind. Of course, the condition
Yo(w) = v1(w) then states that in w, the same number of items is represented by
symbols in Xy as by symbols in X7. In this vein, a k-matching can be thought of
as a one-to-one correspondence between the items represented by symbols in Xy
and those represented by symbols in X;. The second condition above then ex-
presses that in each subtree s, at most k items are in correspondence with items
outside of s.

The following lemma applies Lemma 9.2.12. The latter tells us that for nodes x
of a derivation tree, the balance v (7rx, (yield(x))) —v1 (7tx, (yield(x))) is bounded.
This can be used to construct k-matchings in a bottom-up manner.
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Lemma 9.2.13. Let X = Xo W Xy and yi: X{ — IN for i = 0,1 be a morphism. Let G
be a reduced Fi-grammar with L(G) C X* and yo(mtx,(W)) = v1(mx, (W)) for every
w € L(G). Then one can compute a bound k € IN such that each derivation tree of G
admits a k-matching.

Proof. Let G = (N, X, P,S) and let 6: X* — Z be the morphism with

d(w) = yolmx,(w)) —v1(mx, (W)

for w € X*. Since then §(w) = 0 for every w € L(G), by Lemma 9.2.12, § ex-
tends uniquely to a G-compatible 3: (NUX)* — Z. We claim that for the choice
k= max{|§(A)| | A € N}, each derivation tree of G admits a k-matching.

Consider an (N U X)-tree t and let L; be the set of X;-labeled leaves. Let A
be an arrow collection for t and let da (£) be the number of arrows incident to
€ € Lo ULy. Moreover, let A(£) be the label of the leaf £ and let

B = 3 voA®)— 3 yi(A0)).

tely tel,
A is a partial k-matching if the following holds:

1. if B(t) > 0,thenda (£) < vo(A(L)) foreach{ € Lo and da (£) = v1(A(L))) for
each{ € L;.

2. if B(t) <0,thenda (£) < vi1(A(X)) foreachl € L and da ({) =vo(A(L))) for
each{ € L.

3. da(s) < k for every subtree s of t.

Hence, while in a k-matching the number vy; (A({)) is the degree of { (with respect
to the matching), it is merely a capacity in a partial k-matching. The first two
conditions express that either all leaves in Ly or all in L7 (or both) are filled up to
capacity, depending on which of the two sets of leaves has less (total) capacity.

If t is a derivation tree of G, then (3(t) = 0 and hence a partial k-matching is
already a k-matching. Therefore, we show by induction on n that every deriva-
tion subtree of height n admits a partial k-matching. This is trivial for n = 0
and for n > 0, consider a derivation subtree t with direct subtrees sq,..., s .
Let B be the label of t’s root and B; € N U X be the label of s;’s root. Then
8(B) = B(t), 8(Bj) = B(s;) and B(t) = Y ]_; B(sj). By induction, each s;
admits a partial k-matching A;. Let A be the union of the A;. Observe that
since ) ocp o da(l) = > ¢cr : da (£) in every arrow collection (each side equals
the number of arrows), we have

Blt) =D (Yo(A) —da(®)— D (y1(AQ)—da(0)). (9.4)

Lely el

=p=0 =:q20

If B(t) > 0 and hence p > g, this equation allows us to obtain A’ from A by
adding q arrows, such that each { € Ly has y1(A({)) — da ({) new incident ar-
rows. They are connected to Xp-leaves so as to maintain yo(¢) — da/(¢) > 0.
Symmetrically, if 3(t) < 0 and hence p < g, we add p arrows such that each
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¢ € Lo hasvyo(A(f)) — da (£) new incident arrows. They also are connected to X1-
leaves so as to maintain vy (A(£)) — da(£) = 0. Then by construction, A’ satisfies
the first two conditions of a partial k-matching. Hence, it remains to be shown
that the third is fulfilled as well.

Since for each j, we have either da (¢) = vo(A({)) for all € € Lo N's; or we have
da(€) = v1(A(0)) for all £ € Ly N'sj, none of the new arrows can connect two
leaves inside of sj. This means the s; are the only subtrees for which we have
to verify the third condition, which amounts to checking that da-(s;) < k for
1<j<r AsinEq. (9.4), we have

Blsj)= D>  (vo®)—dal0)— > (y1(A()—da(0).

eGLoﬁS]’ EEL]QS]'

=:u>0 =v>0

Since the arrows added in A’ have respected the capacity of each leaf, we have
da/(sj) < uwand da/(sj) < v. Moreover, since A;j is a partial k-matching, we
have u = 0 or v = 0. In any case, we have

dar(sy) < u—vl=1B(s;)l = [5(By)l < ¥,
proving the third condition. O

We are now ready to construct the approximations that are necessary to ob-
tain PAIM for substitutions.

Proposition 9.2.14 (Consistent substitution). Let X = Xo W Xy and v;: X? — N
fori=0,1beamorphism. Let L € Alg(F;), L C X*, be a language with

Yo(mx, (W) = v1(7x, (W))

for everyw € L. Furthermore, let Yi, hi,ni for i =0,1and Y, h be defined as in Eq. (9.2)
and Eq. (9.3). Moreover, let L be given by a reduced grammar. Then one can construct a
language L' € Alg(Fy), L' C Y*, with

1. LI’ Ch (L),
2. my, (L") =y, ("1 (L)) fori=0,1,
3. no(my, (W) =n1(mry, (W) for every w € L',

Proof. Let Go = (N, X, Py, S) be a reduced Fi-grammar with L(Gp) = L. Let
G1 = (N,Y,Py,S) be the grammar with Py = {A — ﬁ*](K) | A = K € Py},
where fi: (NUY)* — (NUX)* is the extension of h: Y* — X* that fixes N. With
Ly =L(Gy), we clearly have Ly = h=1(L).

According to Lemma 9.2.13, we can find a k € IN such that every derivation
tree of Gy admits a k-matching. With this,let F ={z € Z | |z| < k}, N = N x F,
and n be the morphism

n: (N UY)" — Z,
(Az) — z for (A,z) € Ny,
Yy — no(my, (y)) —n1 (v, (y) fory €Y.
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S S S (S,0)
/N /N /N RN
(a,0) S (b,0) (a,Q) S (b,0) (a,0) S (b,0) (a0) (S,0) (b,0)
ERN /X /N RN
(¢,0) S (b,1) (a,0) S (b1) (a1) S (b1) (a1) (50 (b,1)
JERN AN /N ELIRN
((1,1) S (,0) ((1,1) S (,0) (a,0) S (b,0) (a,0) (S,0) (b,0)

(a) t;arrowsin A (b) t; i = 1; dashed (o) t’ (d) t”

arrow is the onein A’

Figure 9.1: Derivation trees in the proof of Proposition 9.2.14 for the context-
free grammar G with productions S — aSb, S — ¢ and Xy = {a}, X1 = {b},

Yola) =vi(b) =1.

Moreover, let g: (N UY)* — (NUY)* be the morphism with g((A,z)) = A and
g(y) =y fory € Y. This allows us to define the set of productions

={(A,z) 5 g (KN ' (z)|A = KeP)

Note that since F; is an effective Presburger closed full semi-trio, we have ef-
fectively g '(K)nn~'(z) € F; for K € F;. Finally, let G, be the grammar
G2 = (N2,Y,P2,(S,0)). We claim that L’ = L(G;) has the desired properties.
Since L’ C L; = h™'(L), condition 1 is satisfied. Furthermore, the construc-
tion guarantees that for a production (A,z) — win G,, we have n(w) = z. In
particular, every w € Y* with (§,0) =7 w exhibits

No(7y, (W) =1 (my, (w)) =n(w) =0.

Thus, we have shown condition 3.

Note that the inclusion “C” of condition 2 follows from condition 1. In order
to prove the inclusion “2”, we shall use k-matchings in Gg to construct deriva-
tionsin G;. See Fig. 9.1 for an example of the following construction of derivation
trees. Let w € h— (L) = L(G;) and consider a derivation tree t for win Gj. Let
t be the (N U X)-tree obtained from t by replacing each leaf label y € Y by h(y).
Then 1 is a derivation tree of Gp and admits a k-matching A. Since t and t are
isomorphic up to labels, we can obtain a corresponding arrow collection A in t
(see Fig. 9.1a).

Let L; denote the set of Y;-labeled leaves of t fori = 0,1. Now fix 1 € {0,1}.
We choose a subset A’ C A as follows. Since A is a k-matching, each leaf ¢ € L; of
t has precisely yi(h(A(£))) = ni(A(€)) incident arrows in A. For each such { € L,
we include some arbitrary choice of n; (A(£)) arrows in A’ (see Fig. 9.1b). The tree
t’ is obtained from t by changing the label of each leaf { € L;_; from (x,j) to
(x,j'), where j’ is the number of arrows in A’ incident to { (see Fig. 9.1c). Note
that since we only change labels of leaves in L1_;, we have

ey, (yield(t')) = my, (yield(t)) = mry, (w).
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For every subtree s of t’, we define

B(s) =mno(my, (yield(s))) —nq (mry, (yield(s))).

By construction of A’, each leaf ¢ € L has precisely nj(A(¢)) incident arrows in
A’ forj =0, 1. Therefore,

Bls)= D da)— 3 das(0) 95)

telons telins

The absolute value of the right-hand side of this equation is at most d»/(s) and
hence

Mo (7ry, (vield(s))) —n1 (7ry, (vield(s)))| = [B(s)] < das(s) < dals) <k  (9.6)

since A is a k-matching. In the case s = t/, Eq. (9.5) also tells us that

Mo 7y, (yield(t")) =i (my, (yield () = 3 das() = > das(0)=0. (97)
tely tel,

Let t” be the tree obtained from t’ as follows: For each N-labeled node x of
t’, we replace the label B of x with (B, 3(s)), where s is the subtree below x (see
Fig.9.1d). By Eq. (9.6), this is a symbol in N;. The root node of t” has label (S, 0)
by Eq. {9.7). Furthermore, it follows by an induction on the height of subtrees
that if (B, z) is the label of a node x, then z = 1(c(x)). Hence, the tree t” is a
derivation tree of G,. This means

Ty, (W) = 7y, (vield(t")) = 7y, (yield(t")) € L(G) =L,
completing the proof of condition 2. O

Proposition 9.2.14 now allows us to construct PAIM for languages o(L), where
o0 is a letter substitution. The essential idea of Lemma 9.2.15’s proof is to use a
PAIM (K, C,P, (P¢)cec, @,0) for L and then apply Proposition 9.2.14 to K with
Xo = ZU{¢o}and X7 = CUP. One can clearly assume that a single letter a from Z
is replaced by {a, b} C Z’. We can therefore choose yo(w) to be the number of a’s
inw and v (w) to be the number of a’s represented by symbols in C UP. Then the
counting property of K entails yo(w) = v1(w) for w € K and thus applicability
of Proposition 9.2.14. Condition 2 then yields the projection property for i = 0
and the commutative projection property for i = 1 and condition 3 yields the
counting property for the new PAIM.

Lemma 9.2.15 (Letter substitution). Let 0: Z — P(Z') be a letter substitution. Given
i€ N and a PAIM for L € G; in Gy, one can construct a PAIM in G; for o(L).

Proof. In light of Lemma 9.2.8, it clearly suffices to prove the statement in the
case that therearea € Zand b € Z' with Z’ = ZU{b}, b ¢ Z and o(x) = {x} for
x € Z\{a} and o(a) = {a,b}. Let (K,C,P,(Pc)cec, ®,¢) be a PAIM for L in G;.
We may clearly assume K to be given by a reduced F;-grammar.

We want to use Proposition 9.2.14 to construct a PAIM for o(L). To this end,
we define Xo = ZU{o}and X7 = CUP. Furthermore, let y;: X{ — N fori =0, 1
be the morphisms with

Yow) =Wwla,  vi(w)=eWw)(a).
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Then, by the counting property of PAIM, we have yo(w) = vy (w) foreachw € K.
Let Y,h and Yj, hi,n; be defined as in Eq. {9.2) and Eq. (9.3). Now Proposi-

tion 9.2.14 allows us to construct a language K e Gy, ’¢ C Y*, with ’¢ C h! (K)
and

mix. (R (K)) fori=0,1,

1

mix, (K)
Mo (7tx, (W) =1 (7tx, (W) forw e K.
For each f € CUP, let D¢ = {(f’,m) € Y; | f' = f}. With this, define
C'"=UcecDe, P’ = Upep Dp,and P(, ) = Upep, Dp for (¢, m) € C". The
new morphism ¢’: (C' UP")® — Z'® is defined by

@' ((f,m))(z) = o(f)(2) forz € Z\{a},
¢'((f,m))(b) =m,
@'((f,m))(a) = ¢(f)(a) —m.

Let g: Y* — (C'UZ’UP’U{o})* be the morphism with g((z,0)) = zforz € Z,
9((a,1)) = b, g(x) = x for x € C’' UP’ U{o}. We claim that with K’ = g(K), the
tuple (K’,C’, P/, (P{)cecr, @', ¢) is a PAIM for o(L). First, note that K’ € G; and

K’ =g(R) € g(h™"(K)) C g(h"(C(ZUP))) C C'(Z2'UP')".
Note that g is bijective. We can therefore define
f: (C'UZ'"UP'U{o})* = (CUZUPU{cP*
to be the morphism with f(w) = h(g—'(w)) for all w. Observe that then we have
f(a) = f(b) = aand f(z) = z for z € Z\ {a, b}. Moreover, by the definition of K’,
we have f(K’) C Kand o(L) = f~'(L).

e Projection property. Note that whenever we have 7y, (u) = my, (v) for words
u,v € Y*, we also have mz/(g(u)) = mz/(g(v)). Thus, from the equality
Ty, (K) = 7y, (h =1 (K)), we deduce

mz/(K') = miz/(g(K)) = 7z:(g(h ™" (K)))
=7,/(f 1K) = "(L) = o(L).

e Counting property. Note that by the definition of ¢’ and g, we have

@' (merupr (%)) (b) = (x) =n1(g™ " (%)) 9.8)

for every x € C'UP’.

For w € K/, we have f(w) € K and hence ¢(nicup(f(w))) = ¥(mz (f(w))).
Since for z € Z\{a}, we have ¢’(x)(z) = ¢(f(x))(z) for every x € C' UP’,
it follows that

@' (merup (W) (2) = o(meup (f(w)))(2)
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Moreover, by (9.8) and since 9*1 (w) € K, we have

@' (merup (W) () =n1(g " (W) =nolg™' (W) = [why
= Y(rtz/(w))(b). (9.10)

and f(w) € K yields

@' (merupr(W))(a) + @ (merupr (W) (b) =

Together with (9.10), this implies @' (7crypr(wW))(a) = ¥(mz/(w))(a). Com-
bining this with (9.9) and (9.10), we obtain ¢'(7c/yp/(w)) = Y(mz/(w)).
This proves the counting property.
o Commutative projection property. Observe that
Y(merpr(K') = Y(my, (K)) = ¥(my, (R~ (K)))

=W(h (meup(K) = |J c+P2.
ceC’

e Boundedness. Since [w|, = |h(v)|, for each w € K’ with w = g(v), there is a
constant bounding |wl,, for w € K.

o Insertion property. Let cw € K’ with ¢ € C’ and n € P/®. Then f(p) is
contained in P?(C) and f(cw) belongs to K. Write

Tz iU} (EW) = Wwpowy o+ own
withwy,...,wn € Z*. Then
Tizuo} (f(ew)) = f(1z/ ey (ew)) = f(wp) 0 - - - o f(wy).
By the insertion property of K and since f(cw) € K, there is a v € K with
niz(v) = flwo)vif(wi) - -vnflwn),
Vi,...,vn € Z¥, and ¥Y(niz(v)) = Y(mz(f(cw))) + @(f(n)). In particular,
we have ¥Y(v1 ---vn) = @(f(u)). Note that @’(n) € Z'? is obtained from
©(f(n)) € Z2® by replacing some occurrences of a by b. Thus, by the
definition of f, we can find words v},...,v;, € Z"* with f(v{) = v; and
Y(v]---vy) = @’(n). Then the word
w =woviwy - viwn € 2
satisfies 717/} (cw) <o W/, W(W') = ¥(mz/(cw)) + @' (1) and
f(w’) = f(wo)vif(wy) - --vnflwn) =z (v) € mz(K) = L.

Since f~'(L) = o(L), this means w’ € o(L). We have thus established the
insertion property.
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We conclude that the tuple (K’,C’, P, (Pl)cccr, @',¢) is a PAIM in G; for o(L).
O

We are now ready to describe the construction of PAIM for languages o(L)
when given PAIM for L and for each o(x). Here, the result on letter substitutions
(Lemma 9.2.15) allows us to assume that the PAIM for each o(x) is linear. How-
ever, it remains the obstacle to make sure that the number of occurrences of ¢
stays bounded.

Lemma 9.2.16 (Substitutions). Let L C X* in G; and o be a Gi-substitution. Given a
PAIM in G; for L and for each o(x), x € X, one can construct a PAIM for o(L) in G;.

Proof. Let o: X* — P(Y*). Assuming that for some a € X, we have o(x) = {x}
for all x € X\ {a} means no loss of generality. According to Lemma 9.2.8, we
may also assume that o(a) C Z* for some alphabet Z with Y = XwZ. If
o(a) = Ly U---U Ly, then first substituting a by {as,...,an} and then each a;
by L; has the same effect as applying 0. Hence, Lemma 9.2.15 allows us to as-
sume further that the PAIM given for o(a) is linear. Finally, since we clearly have
o(L) = (L\ X*aX*) U o(L N X*aX*), Lemmas 9.2.7, 9.2.10, and 9.2.11 imply that
we may also assume L C X*aX*.

Let (K, C,P, (Pc)cec, @,¢) be a PAIM for L and (12, ¢, ﬁ, ®,©) be a linear PAIM
for o(a). The idea of the construction is to replace each occurrence of a in K by
words from K after removing €. However, in order to guarantee a finite bound
for the number of occurrences of ¢ in the resulting words, we also remove ¢ from
all but one inserted words from K. The new map ¢ is then set up to so that if
f € CUP represented m occurrences of a, then ¢’ (f) will represent m times §(¢).

Let C' = C,PL = PcUP, P/ = J.ecr PL, and @’: (C'UP")® — Y& be the
morphism with

e (f) =o(f) — @(f)(a)-a + @(f)(a)- §(€) forf € CUP,
o' (f) = ¢(f) for f € P.

Let a, be a new symbol and
K ={ua,v|uav € K, ulg =0}.

In other words, K is obtained by replacing in each word from K the first occur-
rence of a with a,. The occurrence of a, will be the one that is replaced by
annotation words containing ¢, whereas the occurrences of a are replaced by an-
notation words without ¢. Hence, let T be the substitution

T: (CUXUPU{o, ac))* — P((C'UZUP U{o)*)
x+—{x}, forx € CUXUPU{o}, x #aq,

oy

Qo —+ T[Zuﬁu{o}(K)'

ar— HZUIS (K)
We claim that with K’ = 1(K), the tuple (K’,C’,P’, (P{)cec/, ¢’,0) is a PAIM in
G; for o(L). First, since G; is closed under rational transductions and substitu-

tions, K’ is in G;j.
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e Projection property. Since L = rix(K) and o(a) = 7tz (K), we have in fact the
equality o(L) = 7tz (K').

o Counting property. Let w € K’. Then by the definition of K’, there is a word
u=cupauq---au, € Kwithu; € (CUXUPU{o}H*,c e C,and |uilq =0

fori=0,...,nsuch that w = cupwiuy - - - wnun withwy € (12)

ZUPU{o}
and w; € 1, 5(K) fori=2,...,n. The counting property of K yields

Y(mz(wi)) = ®(C) + ¢ (mp(wi)). (9.11)
Since @(mtcyup(u))(a) = Y(mx(u)) = n, we have
@' (merupr(u) = @(meup(w)) —n-a+n-§(Q) 9.12)
=Y(nx(u))—n-a+n-(e).

Equations (9.11) and (9.12) together imply

@' (merupr (W) = @' (merupr (u +Z<P Ttpr (W)

n

i=1

=W(mx(w) —n-a+ ) W(mz(wi)) =Y¥(mz(w)).

i=1

o Commutative projection property. Let c € C’ and n € P/®. By definition of
P/, we can write it = v + 9 with v € P® and 9 € P9, By the commutative
projection property of K, we find a cw € K with ¥(mcyp(ew)) = ¢+ v.
Since L C X*aX*, we can write w = cugau --- aun, with |ui|q = 0 for
0 <i<nandn > 1. Moreover, the commutative projection property

of K yields words ¢w € K and ¢’ € K with¥(m, s(€W)) = €+ 9 and

Y(m, p(EW')) = €. By definition of K’, the word

w' = cupWwuiwuy - - Wuy,
is in K’ and satisfies ¥(mtc/p/(W')) = ¢ + v+ 9 = ¢ + p. This proves
U c+P&® C¥(mcip (K).
ceC’

The other inclusion is clear by definition. We have thus established that the
tuple (rtc/yzup/(K'), C/, P/, (PL)cecr, ') is a Parikh annotation in G; for
o(L).

e Boundedness. Note that if w|, < k for all w € K and [Wl, < € for all W € K,
then [w'l, < k+ ¢ forall w’ € K’ by construction of K’, implying bounded-
ness.

o [nsertion property. The insertion property follows from the insertion prop-
erty of Kand K.

O
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9.2.3 One nonterminal

The next step is to construct PAIM for languages L(G), where G has just one non-
terminal S and PAIM are given for the right-hand-sides. This essentially amounts
to constructing a PAIM for SF(G) in the case that S occurs in every word on the
right-hand side (Lemma 9.2.17), because then, L(G) can be obtained from SF(G)
using a substitution. As in the proof of Lemma 2.6.10, we observe that applying
S — L for some w € L contributes ¥(w) — S to the Parikh image of the sentential
form. This means Y(SF(G)) = S+ (¥(L) — S)®. Therefore, computing a PAIM
for SF(G) is akin to computing a semilinear representation for U®, where U is a
semilinear set.

Lemma 9.2.17 (Sentential forms). Let G = (N, T,P,S) be an Gi-grammar with
N={S},P={S — L}, and L C (NUT)*S(NUT)*. Furthermore, suppose a PAIM in
G; is given for L. Then one can construct a PAIM in G; for SF(G).

Proof. As explained above, for the construction of the PAIM, we use an idea to ob-
tain a semilinear representation of U for semilinear sets U. If U = U}l:1 W + F)@

for p; € X® and finite F; C X%, then

&

w= U (2w Ukus

DC{1,...n} \JeD jeD

The symbols representing constant and period vectors for SF(G) are therefore set
up as follows. Let (K,C,P,(Pc)cec, @,¢) be a PAIM for L in G;. We define S’
and Sp and dp to be new symbols for each D C C. Moreover, we use the sets
C’'={dp | D C C}and P/ = CUP with P(’iD = DUUcep Pe. We will use the
shorthand X = N UT. Observe that since L C X*SX*, we have ¢(c)(S) > 1 for
each ¢ € C. We can therefore define the morphism ¢’: (C' UP’)® — X® as

¢'(p) = o(p) forp P,
o'(c)=e(c)-S forc € C, (9.13)
¢'(dp) =S+ ) ¢'(c). (9.14)
ceD

The essential idea in our construction is to use modified versions of K as right-
hand-sides of a grammar. These modified versions are obtained as follows. For
each D C C, we define the rational transduction dp which maps each word
woSwi---Swn, € (CUXUPU{oN*, Iwils = 0for 0 < 1 < n, to all words
WoSp, W1 ---Sp,, wn for which

D;U---UDn =D, D;NDj =0 fori #j.

Thus, 8p can be thought of as distributing the elements of D among the occur-
rences of S in the input word. The modified versions of K are then given by

Kp = dp(mcuxup (K)), KE = 8prelc'K).

In the new annotation, the symbol dp represents S+ 3 . (¢(c) —S). Since
each symbol ¢ € C still represents ¢(c) — S, we cannot insert a whole word from
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K for each inserted word from L: This would insert a ¢ € C in each step and we
would count }_..p(@(c) —S) twice. Hence, in order to compensate for the new
constant symbol dp, when generating a word starting with dp, we have to pre-
vent exactly one occurrence of ¢ for each ¢ € D from appearing. To this end, we
use the nonterminal Sp, which only allows derivation subtrees in which of each
¢ € D, precisely one occurrence has been left out, i.e. a production Sp — K§ (for
some D C C) has been applied. In the productions Sp — Kp the symbol from C
on the right-hand side is allowed to appear.

In order to have only a bounded number of occurrences of ¢, one of our mod-
ified versions of K (namely Kf,) introduces ¢ and the other one (Kp) does not.
Since when generating a word starting with dp, our grammar makes sure that
for each ¢ € D, a production of the form Sg — K¢ is used precisely once (and
otherwise Sg — Kg), the set K is set up to contain ¢. This will guarantee that
during the insertion process simulating S — L, we insert at most |C| - { occur-
rences of ¢, where { is an upper bound for |w|, for w € K.

Let N/ ={S'}U{Sp | D C C}and let P consist of the following productions:

S’ 5 {dpoSpe | D C C) (9.15)
Sp— {S) (9.16)
Sp = Kp foreachD C C (9.17)
Sp = Kp foreachD C Cand c € D. (9.18)

Finally, let M be the regular language

M= | we (C'UXUP U{e})* | mcrupr(w) € dpPS ).
DCC

By intersecting with M, we make sure that the commutative projection property
is satisfied. We shall prove that with G’ = (N/,C’ UXUP’ U{o}, P,s’ ) and the
language K’ = L(G’) N M, the tuple (K’,C’,P’, (Pl)cecr, @', ¢) is a PAIM for
SF(G) in G;. By definition, L(G’) is contained in Alg(G;) = G; and hence K’ since
G; is a full semi-AFL.

Leth: (NUC'UXUP' U{e})* — (C"UXUP’'U{c})* be the morphism that
fixes C' UX U P’ U{¢} and satisfies h(S’) = h(Sp) = S for D C C. Moreover,
regard P(C) as a monoid with U as its operation. Then p: (N’ UX)* — P(C) is
the morphism with p(Sp) = D and p(S’) = p(x) = 0 for x € X. Furthermore, let
[wl, < £ for all w € K. We claim that for eachn > 0, dp ¢ Spo =%, w implies

1. ifw = ‘LL()SD1‘LL1 ---Sp, un with u; € X* for 0 < i < n, then DiﬂDj =0
fori#j.

2. h(mnrux(w)) € SF(G),
3. @'(mcrup (W) = Y(h(mtnrux (W) + X cepw) @' (€),

4. wle <2+[D\ p(w)|- ¢, and

2]
5. for each n € (DUUCeD\p(W) PC) , there is a w’ € SF(G) such that
h (TN ruxu(e} (W) o W' and W(w') = Y(h(mnox (W) + @' ().
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We establish this claim using induction on n. Observe that all these conditions
are satisfied in the case n = 0, i.e. w = dp ¢ Spo, conditions 1 to 4 follow di-
rectly by distinguishing among the productions in G’. Therefore, we only prove
condition 5 in the induction step.

Suppose n > 0 and dp ¢ Spo :>TG’“,_1 W =g/ w. If the production applied in
W =g wis Sy — {S}, then p(w) = p(W) and

h(7tnruxuge}) (W) = h(Ttnruxuge)) (W),

so that condition 5 follows immediately from the same condition for w. If the
applied production is of the form (9.17) or (9.18), then we have p(w) C p(W) and
hence p(w) = p(w)UE forsome E C D, |E| < 1. Then

U Pe= | PeullPre.

ceD\p(w) ceD\p(w) ce€E

2]
We can therefore decompose p € (D UlUceD\p(w) PC> into u = p+ v with

S
ie (DUUceD\p(w) Pc> and v € (Uccp Pe)®. By induction, we find a
w’ € SF(G) such that

-/

h (TN UxUfe} (W) o W', W(W') = Y(h(mnrux (W) + @ (R).

Let w = xSy be the decomposition facilitating the step W =g, w and define
w = xzy.

e Suppose the production applied in W =g/ w is of the form (9.17). Then
p(w) = p(w) and hence E = () and v = 0. Furthermore, z € K for some
F C C. We define z/ = h(nnrux(z)). Note that then z’ € nx(K) = L and
Y(z') = ¥(rx(2)) + @' (v).

e Suppose the production applied in W =g/ w is of the form (9.18). Then
z € K§ for some ¢ € F C C and thus h(z) € ¢ K. This implies that
p(Ww) = p(w) U{c}, E = {c}, and hence v € P¥. The insertion property of K
provides a z’ € L such that 7y, (h(z)) <, 2" and

Y(z') = ¥(nx(h(2)) + @(v) = ¥(nx (h(2))) + @' (V).

In any case, we have

!

z'el,  h(mnuxue(z) Sz, Y(2') =Y(hinnux(2) 4+ o' (V).
Recall that W = xSy and w = xzy. Since w <, W/, we can find x/,y’ with

w =x'Sy’, h(rtnrux (X)) <o X7, h(mtnrux (Y)) <oy
Choose w’ = x’z'y’. Then SF(G) > W’ =g w’ and thus w’ € SF(G). Moreover,

h(ﬂN’uXu{o}(W)) = h(ﬂN’uXu{o}(X))h(ﬂN/uxu{o}(l))h(ﬂN/uxu{o} (y))

[y

<. x'z'y =w'.
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Finally, w’ has the desired Parikh image:

Yw) =YW —-S+¥(z)
= Y(h(mtnrux (W) + @' (1) — S +¥(2)
= Y(h(mtnrox (W) 4+ @' (1) — S + Y(h(mtnux (2) + @' (V)
=Y(h(mnux (W) + @' (1) + @' (v)
=Y(h(mnrux (W) + @ ().

This completes the induction step for condition 5.
We now use our claim to prove that we have indeed constructed a PAIM.

e Projection property. Our claim already entails tx (K’) C SF(G): For words
w e (C'UXUP'U{o})* with dp o Spo =, w, the projection 7tx (W) equals
h(mtn/ux(w)), which belongs to SF(G) by condition 2. In order to prove
SF(G) C mx(K’), suppose w € SF(G) and let t be a partial derivation tree
for G with root label S and yield(t) = w. Since c(x) € L for each inner node
x of t, we can find a cxywx € K with 7tx(cxwx) = c(x). Then in particular
c(x) < cxWy, meaning we can obtain a tree t’ from t as follows: For each
inner node x of t, add new leaves directly below x so as to have cxwy as
the new sequence of child labels of x. Note that the set of inner nodes of t’
is identical to the one of t. Moreover, we have 7tk (yield(t’)) = w.

Let D = {cx | x is an inner node in t'}. We pick for each ¢ € D exactly one
inner node x in t’ such that cx = ¢; we denote the resulting set of nodes
by R. We now obtain t” from t’ as follows: For each x € R, we remove
its cx-labeled child; for each x ¢ R, we remove all o-labeled children. Note
that again, the inner nodes of t” are the same as in t and t’. Moreover, we
still have mrx (yield(t”)) = w.

For each inner node x in t”, let Dy = {cy | y € Ris below x in t”’}. Note
that in t,t/,t”, every inner node has the label S. We obtain the tree t"”
from t” as follows. For each inner node x in t”, we replace its label S by
Sp,. Then we have 7tx (h(yield(t"”"))) = w. Clearly, the root node of t"” is
labeled Sp. Furthermore, the definition of K¢ and K¢ yields that t" is a
partial derivation tree for G’. Hence

///)

S =g/ dpoSpe =¢/ dpoyield(t”)o.

Since in t"”, every leaf has a label in T U{Sy}, we have

S’ =&/ dp o hlyield(t"))o,

and hence dp ¢ h(yield(t"”"))o € L(G'). The word dp ¢ h(yield(t"))¢ is also
clearly contained in M and since 7tx (dp ¢ h(yield(t”’))o) = w, this implies
w € mx (K').

o Counting property. Suppose w € (C'UXU P’ U{o})* with dp ¢ Spe =G W
We apply condition 3 in our claim to w. Since we have p(w) = () and
also h(mn/ux(w)) = 7mtx(w), this yields @' (mtc/ypr(w)) = Y(mx(w)). In
particular, this equality holds for elements of K.

o Commutative projection property. Since we have K’ C M, there is clearly an
inclusion ¥(rme/yp/(K')) € Ueecr €+ P&,
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For the other inclusion, let D € C with D = {cy,...,cn}. Suppose that
e Ueecr ¢+ P& u=dp+v+ i & withv e D® and & € P for
1<i<n

The commutative projection property of K allows us to choose for each
index 1 < i< nwordsui,v; € Ksuch that

Y(mcup(wi)) = cy, Y(mcup(vi)) = ci + &

The words v{, ..., vy, are constructed as follows. Let v) = dp ¢ So and let
v{_ ; be obtained from v{ by replacing the first occurrence of S by ci_+1] Vitl-
Furthermore, let v{’ be obtained from v{ by replacing the first occurrence of
Sby Sic,4,....cn) and all other occurrences by Sy. Then we clearly have the
derivation

dp OSDO ZV(/)/ =G’ =G’ V.K
and v/ € (TU{Sp})*. Moreover, we have ¥(rtc/up: (Vi) = dp + > 1o &i.
Let g: X* — (TU{Sy})* be the morphism with g(S) = Sy and that fixes
the elements of T. For a word w € (N’ U X)* that contains Sy and for
1 < i < n, let Uj(w) be the word obtained from w by replacing the first

occurrence of Sy by g(ui). Then U;(w) satisfies w =g/ U;(w) and the
equality ¥(mc/pr (Ui (w))) = Y(merupr (W) + ¢4. Thus, with

= u:{(cn) N -UY(CI)(VH)

n

(thatis, we apply v(c1) times the function Uy, then v(c; ) times the function
U, etc.), we have v;; =¢, u =, h(u) and hence h(u) € L(G’). By
construction, h(u) belongs to M and thus h(u) € K’. Moreover, we have

Y(rerupr(h(w)) = Y(merupr (W) = Y(mep: (viy)) + v
n
:dD—f—ZE,i—I-v:u.
i=1
This proves (J.ccr ¢ + P& C W(meryp (K).

Boundedness. Letw € (C' UXUP’U{o})* and dp ¢ Spo =, w. By condi-
tion 4 of our claim, we have jw|, <2 +|C|- L.

Insertion property. Letw € (C'UXUP'U{o})* and dp ¢ Spo =G+ w. Then
p(w) = 0 and h(rN/Uxue} (W) = Tixugo)(W). Hence condition 5 states
that for each u € Péfg, there is a w' € SF(G) with 7tx o1 (W) <o W' and
Y(w') =¥(rx(w)) + @' ().

O

Lemma 9.2.18 (One nonterminal). Let G be a Gi-grammar with one nonterminal.
Furthermore, suppose PAIM in Gy are given for the right-hand-sides in G. Then we can
construct a PAIM for L(G) in G;.

Proof. Let G = (N, T,P,S). By Lemma 9.2.7, we may assume that there is only
one production S — L in P. By Lemmas 9.2.10 and 9.2.11, one can construct
PAIMfor Lo =L\ (NUT)*S(NUT)*and for L; = LN(NUT)*S(NUT)*.
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We define G’ to be the grammar G’ = (N, T,P’,S), in which P/ ={S — L;}.
Moreover, let o: (NUT)* — P((NUT)*) be the substitution with o(S) = Ly and
o(t) ={t}fort € T. Then we have L(G) = o(SF(G’)). Hence, one can construct a
PAIM for L(G) using Lemmas 9.2.16 and 9.2.17. O

Thanks to Lemmas 9.2.16 and 9.2.18, we can now use the van Leeuwen de-
composition (see Section 2.6, Page 31) to construct PAIM recursively with respect
to the number of nonterminals in G.

Lemma 9.2.19 (PAIM for algebraic extensions). Given i € IN and an Fi-grammar
G, along with a PAIM in F; for each right-hand side, one can construct a PAIM for L(G)
in Gi.

Proof. Our algorithm works recursively with respect to the number of nontermi-
nals. In order to make the recursion work, we need the algorithm to work with
right-hand sides in G;. We show that, given i € IN, a Gj-grammar G, along with
a PAIM in G; for each right-hand side in G, we can construct a PAIM for L(G) in
G;. Since a PAIM for a language L in F; can easily be turned into a PAIM for L in
Gy, this statement implies the lemma.

Let G = (N, T,P,S) be a Gj-grammar withn = [N|and let Ga and G’ be a van
Leeuwen decomposition of G. Since G 5 has only one nonterminal and its right-
hand sides are among those of G, we have a PAIM for each right-hand side of
Ga and Lemma 9.2.18 allows us to construct a PAIM for L(G 4 ). This means, the
right-hand sides of G’ are obtained by substitutions from languages for which
we have PAIMs. Hence, we can use Lemma 9.2.16 to construct a PAIM in G; for
each right-hand side of G ’. Since G’ has n — 1 nonterminals, we can recursively
construct a PAIM for L(G’) = L(G). O

The last step is to compute PAIM for languages in SLI(G;).

Lemma 9.2.20 (Semilinear intersection). Given i € IN, a language L C X* in Gy, a
semilinear S C X®, and a morphism h: X* — Y*, along with a PAIM in G; for L, one
can construct a PAIM for h(L AWY=1(S)) in SLI(G;).

Proof. According to Lemma 9.2.8, it suffices to show that we can construct a
PAIM for LNY~(S). Moreover, if L=1L; U--- Ly, then

LAY 1 (S) = (L1 nY (S U UL Y 1(S)).

Thus, by Lemmas 9.2.7 and 9.2.9, we may assume that the PAIM for L is linear.
Let (K, c, P, @, ) be a linear PAIM for L in G;.

Theset T ={p € P® | ¢(c+ ) € S}is semilinear as well, hence T = JI* | Ty
for linear T; C P®. Write Ty = p; + F¥ with p; € P®, and F; C P being a finite
set. Let P{ be an alphabet with new symbols in bijection with the set F; and let

Vi: P/¥ — PP be the morphism extending this bijection. Moreover, let U; be the
linear set

Ui =i +{p+ilp) | p € PP + (XUfoh®

and let Ry = pj - - - p}, where P/ = {p1,...,pm}. We claim that with new symbols
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c/{for1<i<n,C'={c/]1<i<n}, P =i, P{and

¢'(c{) = @(c) + @)
¢'(p) = e(Wi(p)) forp € P/,
n
= U elmeruxorroge (e KRN (W),
i=1

the tuple (K’,C’,P’, (P{)crccr, @', 0) isa PAIM for LN y=1(s).

e Projection property. For w € LNY~1(S), we find a cv € K that satisfies
nix(cv) = w. Then @(mcyup(cv)) = Y(w) € S and hence ¥(mp(v)) € T.
By definition of the P/, there is a decomposition ¥(7tp (v)) = i + i (k) for
some 1 < 1< nandsome«k € P{@. Let P{ ={p1,..., pm}. Then the word

v/ :vp]K(PH "'PrKn(pm]

is in ¢ "KRy N¥~—1(U;) and satisfies mx(v/) = mx(v) = w. Moreover,
v = cimeruxupruer (V) € K’ and hence w = mx(v'’) € mx(K’). This
proves LNW~T(S) C mx(K’).

We clearly have mx(K’) C mx(K) = L. It therefore suffices to prove the
inclusion ¥(mtx(K’)) € S. Suppose w = c/v € K’. Then we can find
some v’ € ¢ KR "W~ (U;) such that we have v = T[C/Uxuplu{o} (v'). Let

= {p1,...,Pm}. Then we can write v/ = v”pK p1) ~p1'§1(pm) for some

k € P{®. This means cv”’ € K and thus ¥(mx (cv”)) = @ (mcyup(ev”)) by
the counting property of K. Since v/ € ¥~ (U;), we have

Y(mp(ev”)) = Y(mp (V') = i +Pi(k) € Th.
This implies
Y(mx(w)) = ¥(mx(c{v)) = ¥(nx (v')) = ¥(mx (cv"))
= @(muplev’)) € @(c+Ti) € 8.
e Counting property. Let w = c{v € K’ with v = 7c/xup/uo) (V') for some
v/ € ¢ TKR; N¥~1(Uy). By definition of Uj, this implies
e (V') = py + Pi(mp(v'))
and hence
e(mp(v1)) = (1) + e(bilmp (v) = @(pi) + @' (7p/ (v')).

Moreover, if we write v/ = v/'r with cv”” € Kand r € R, then

@’(WC/UP/(W)) @'(ci) + @' (mp/(v'))
o(c) + o) + @' (mpr(v')
= @(c) + @(mp(v')) = @(mcup(cv”))
=¥(mx(ev”)) = Y(mx (w).

This proves the counting property.
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o Commutative projection property. Let p € cf + Pi’@. This means we have
p = ¢!+« with some k € P{®. Then & = ;() belongs to P® and the
commutative projection property of K yields a cv € K for which we have
Y(meup(ev)) =c+py+ & Let P ={p1,...,pm}. Then the word

v/ :vp;((p‘) -~-P1Kn(pm)

is contained in ¢~ 'KR; N¥(U;). Furthermore, ¥(7tp/(v')) = k and hence
Y(merpr (eimeruxupruiey (V') = ¢ +k = .

This proves Ji— ¢/ + Pi’69 C Y(merupr(K). The other inclusion follows
directly from the definition of K.

e Boundedness. Since n{o}(K’ ) € Moy (K), K’ inherits boundedness from K.

o Insertion property. Let ciw € K’ and p € P{%. Write w = TCIUXUP U0} (V)
for some v € ¢ 'KR; N¥~'(U;), and v = Vv'r for some v € R;. Then
cv’ belongs to K and applying the insertion property of K to c¢v’ and to
Yi(p) € PP yieldsav” € L with 7o) (ev’) <o v’ and

Y(v") = Y(mx(ev')) + @ (hi(w).
This word satisfies
Tixufo) (€IW) = Tix o) (V) = Tix o} (V) <o v,
Y(mx(v'")) = ¥(mx (ev')) + @ (Wi ()
= Y(mx(ciw)) + (i (1) = ¥(mx (c{w)) + @ (k).

and it remains to be shown that v/ € LNV~ '(S). Since v/ € L, this
amounts to showing ¥(v") € S.

Since Y(v') € U;, we have ¥(mtp(v')) € ui + F%B and V() € F? and hence
also ¥(mtp (v/)) + i (W) € uy —|—F§9 = T;. Therefore,
V(") =¥(rx(ev)) + @ (hi(w)
= @(mcup(cv’)) + @(Pi(n)
= @(mcup(ev') +Pi(W) € e(c+T) CS.

The foregoing lemmas now almost immediately imply Theorem 9.2.5.

Proof of Theorem 9.2.5. We compute the PAIM for L recursively:
o If L € Fy, we can construct a PAIM for L in Fp using Lemma 9.2.6.

elfLeFiandi>1,thenl = h(L'NY1(S)) for some L’ C X* in G;_1, a
semilinear S C X%, and a morphism h: X* — Y*. We compute a PAIM for
L’ in G;_1 and then use Lemma 9.2.20 to construct a PAIM for L.

o If L € Gi, then L = L(G) for an Fi-grammar G. We construct PAIM for the
right-hand-sides of G and then using Lemma 9.2.19, we construct a PAIM
for Lin Gj.

O
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9.3 Further applications of Parikh annotations

In this section, we demonstrate the utility of Parikh annotations by presenting
two further applications. These applications are new proofs of existing results.
In Chapter 10, we will put Parikh applications to use in yet another context by
showing that the hierarchy Fop C Go C Fy C - - - is strict at every level.

9.3.1 Context-freeness of bounded languages

Our first application is a simple proof of a result of Ginsburg and Spanier [55],
namely a characterization of those sets S C IN¥ for which the language

{al" - ar* [ (ny,...,nx) €S}

is context-free. The characterization involves stratified sets. A set P C IN¥ is
called stratified if

1. each element of P has at most two nonzero coordinates and

2. there are no indices 0 < v < s < t < u < k such that x;ysxtyy # O for
some (x1,...,%k), (Y1,...,yx) € P.

The result we are concerned with is the following. It recently attracted atten-
tionin [84, 101]. Let X ={ay,...,ax}and let t: a} - --af — IN* be the restriction
of Wtoaj---ay.

Theorem 9.3.1 (Ginsburg and Spanier [55]). For S C INK, the set T—1(S) is context-
free if and only if S is a finite union of linear sets with stratified sets of periods.

It should be noted that the question of whether context-freeness of 7' (S) is
decidable was left open in [55]. To the author’s knowledge (and according to [84,
101]), it still is.

It is easy to see that = 1(S) is context-free when S is a finite union of linear
sets with stratified sets of periods. The proof for the opposite direction in [53, 55]
is not difficult, but involves a technical induction on k. Albeit rather involved it-
self, the existence of Parikh annotations provides a simple and conceptual proof
of this latter direction. Hence, although the combination of Section 9.2 and the
following is by no means simpler than Ginsburg and Spanier’s proof, it still il-
lustrates the utility of Parikh annotations.

Suppose L = v 1(S) is context-free and (K, C, P, (Pc)cec, @) is a context-free
Parikh annotation for L, which exists by Theorem 9.2.5. We claim that for each
c € C, @(P.) is stratified. Since S = W(L) = U.cc @(c) + @(Pc)®, this clearly
suffices. Let p be the rational transduction that, for each a € X, removes from
the input word the first ¢(c)(a) occurrences. If condition 1 were violated with
xrxsxt Z0for 0 < r < s <t < kand some ¢(p) = (x1,...,xx), then

Tay,as,a (P(KNc{PrUX)") = {af ag™ a™™ [ m € N}

However, the left hand side is context-free, while the right-hand side is clearly
not. If condition 2 were violated with @(p) = (x1,...,xx), ©(q) = (Y1,-..,Yyx),
P,q € Pe,and 0 < 1 < s <t < u < k with xrysxtyy # 0, then condition 1
implies x;n =yn =0 for m ¢ {r, t}, n ¢ {s,u} and hence

nix(p(KNe(fp, qUX)™)) = {af™ ag¥=a™ af¥ | m,n € N}

Again, the left hand side is context-free and the right-hand side is clearly not.
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9.3.2 Regularity of unambiguous constrained automata

Our next application is a new proof of a result of Cadilhac, Finkel, and McKen-
zie [19]. It concerns constrained automata, a definitional variant of Parikh autom-
ata. The latter were introduced by Klaedtke and Ruef3 [94] in order to obtain
decidability of a fragment of Monadic Second Order Logic on finite words with
cardinality constraints.

For general constrained automata (and hence Parikh automata), it is undecid-
able whether their accepted language is regular [18]. However, Cadilhac, Finkel,
and McKenzie [19] have shown that in the case of unambiguous constrained autom-
ata, this problem becomes decidable. While the proof of Cadilhac, Finkel, and
McKenzie is structurally similar, the one presented here is arguably conceptually
simpler: Although it requires the somewhat involved machinery of Parikh anno-
tations, the result is a relatively straightforward consequence of their existence
for regular languages (with the slight extension of pseudo-boundedness), which
is not hard to see (Lemma 9.3.5). Note that the proof here does not rely on the
complex construction of Parikh annotations for F, but is self-contained.

Constrained automata A constrained automaton is a pair (A, C), where the first
component A = (Q, X, E, qo, F) is a finite automaton and C C E? is a semilinear
set (here, we regard E as an alphabet). A run of (A, C) is a sequence

T=(p1,W1,q1)(P2,W2,492) - - (Pn, Wn,qn) € E*

withp; = qi_1 for1 <i<m,p; =qp, and qn € F. By w(r), we denote the word
w1 - - -wn. The language accepted by (A, C) is

L(A,C) ={w(r) | r e ¥~ (C)isarun of (A, C)}.

(A, C) is said to be unambiguous if for each w € L(A, C), there is at most one run
T with w(r) = w.

Observe that in their general form, constrained automata accept precisely the
languages in SLI(Reg) = U, en VA(Z™), in other words, those of blind multi-
counter automata. Note that unambiguous constrained automata subsume de-
terministic blind multicounter automata. In fact, they are slightly more expres-
sive [19].

As mentioned above, we prove the following result.

Theorem 9.3.2 (Cadilhac, Finkel, and McKenzie [19]). Given an unambiguous con-
strained automaton (A, C), it is decidable whether L(A, C) is regqular.

We will use the following result by Ginsburg and Spanier.

Theorem 9.3.3 (Ginsburg and Spanier [54, 55]). Given a semilinear set S C X®, it
is decidable whether Y—1(S) is regular. Moreover, if X ={ay,..., an}, then y=1(S)is
regular if and only if Y=1(S) N a¥ - a}y is reqular.

As in [19], the first step is to reduce the problem to the regularity problem
for languages of the form L NY=1(S), where L C X* is regular and S C X® is
semilinear.

Lemma 9.3.4. Given an unambiguous constrained automaton (A, C), one can construct
a reqular language R C Y* and a semilinear set S C Y such that L(A, C) is reqular if
and only if RNW~1(S) is regular.
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Proof. Let (A, C) be an unambiguous constrained automaton with the automaton
A = (Q,X,E, qo,F) and the semilinear set C C E¥. Let R C E* be the set of runs
of (A, C), which is regular. We claim that then L(A, C) is regular if and only if
RNY—1(C)is regular.

The “if” direction is clear: L(A, C) = w(RNY~1(C)) and morphisms preserve
regularity.

For the “only if” direction, let T C X* x E* be the rational transduction
that outputs for each input w € X*, every run r € E* with w(r) = w. Then
clearly, RN Y=1(C) C T(L(A, C)). Moreover, since (A, C) is unambiguous, we
have T(L(A,C)) € RNY~T(C): If w € L(A, C), then there is at most one run

r € E* with w(r) = w. This means, r must the run satisfying r € ¥~1(C).
Thus, RNY~1(C) = T(L(A,C)) and regularity of L(A, C) implies regularity of
RNY-1(C). O

The remaining task is to decide regularity of sets of the form L NW~'(S).
To this end, we construct a regular Parikh annotation (K, C, P, (P¢)cec, @) for L
and then, using Theorem 9.3.3, we decide whether the sets Y=1(S.) are regular,
where S¢ = {p € P& | ¢(c+n) € S} It is not hard to see that regularity of
y=1(s,) implies regularity of LN y=1(S) for any Parikh annotation. In order to
have the converse, we use Parikh annotations with the additional guarantee of
pseudo-boundedness.

Pseudo-boundedness A Parikh annotation (K, C,P, (Pc)ccc, @) for Lis said to
be pseudo-bounded if on each of the sets P, one can establish a linear order (P, <)
such that

cpi -+ pn € meup(K),
where Pc ={p1,...,pntand p; < - < pn.

In other words, in a pseudo-bounded PA, when projecting to the annotation
alphabet {c}U P, every description of a Parikh image appears as some word from
the bounded language cpj ---p},. It is not hard to see that regular languages
admit pseudo-bounded Parikh annotations.

Lemma 9.3.5. Given a reqular language R, one can construct a reqular pseudo-bounded
Parikh annotation for R.

Proof. Let R C X* be regular. The proof proceeds by structural induction with
respect to a rational expression for R. The statement is trivial for singletons. Since
pseudo-bounded PAs are easy to construct for union and concatenation, we only
consider the case that R = S* and we have constructed a pseudo-bounded PA
(K,C,P,(Pe)eec, @) for S C X*. Then for each ¢ € C, (P, <) is linearly ordered
such that the pseudo-boundedness condition holds. Here, we may assume that
the sets P. are pairwise disjoint.

For each D C C, let c¢p be a new symbol. Moreover, let C’ = {cp | D C C}
and PéD = DUUcep Pe, P/ = CUP. Furthermore, for words w € (CUXUP)*
with w|c > 1 for each ¢ € D, let 8p (w) be the word obtained from w by deleting
the first occurrence of each ¢ € D. With this, let Tp be the rational transduction
with

Tp(M) ={cpdp (W) |w e M, ntic(w) € D¥, [w|c > 1 for each c € D}.
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Moreover, let ¢'(cp) = Y .cp @(c) and @’ (x) = @(x) for x € CUP. We claim
that (K’,C’,P’, (P{ )cpecr, @) with K" = Upcc Tp(K*) is a pseudo-bounded
PA for $*. We construct the linear order on P/ | as follows. Choose an arbitrary

linear order (D, <) on D. Moreover, let

(Pl <) =) (Pe,<)+(D,<)
ceD

be the order theoretic sum of the (P., <) for ¢c € D and of (D, <).

We claim that (K’,C’,P/, (PéD)cDeC//(P/) is a pseudo-bounded PA for S*.
Since completeness is subsumed by pseudo-boundedness, it is not necessary to
prove the former.

e Projection property. Clearly, mtx (K’) C mtx(K*) = S*. In order to prove the
other inclusion, suppose wy,...,wyn € S. For each i, we find a cju; € K
with 7tx(ciui) = wi. We define the set D = {cq,...,cn} and the word
w’ = cpdplciug -+ cnun). Then, we clearly have w’ € K’ and also

WX(W/) = Wi Wn. Thus, ﬂx(K,) = S*.

o Counting property. Let cpdp (w) € K’. Thenw € K* and [w|c > 1 forc € D.
The counting property of K yields @(mcup (w)) = ¥(7tx(w)). By definition
of 6p, we have

' (crupr(cpdn (W) = @' (cp) + @’ (teup (W) — Y @'(c)
ceD
= @(mcup(w)) = ¥(mx(w))
= nix(cpdp (W)

e Pseudo-boundedness. Let cp € C’ and suppose P = {q1,...,qm} is or-
dered so that q7 < -+ < qm. Furthermore, let u € Pé%. Then we can write
= (> ccpHec) +kfor ue € P and k € DP. The pseudo-boundedness

of K implies that for each ¢ € D, we can find some w; in (XU P)* with

cwe € Kand mieyp(we) = Pﬁ“(p‘) cphe®n) where Pe = {p1,...,pn},

P1 < -+ < pn. Furthermore, for each ¢ € D, there is a v, € K with
mcup(ve) =c. Now if D ={cq,...,cx}, c1 < -+ < ¢y, then

C1we, ~--ckwckv§](cl) ~-~VCKIEC“) € K*
and hence
w = cpWwc, ~~~wckv§](c1) ~~chéck) e K’
Then clearly mtcrypr(w) = chﬁl(q‘) -~-qﬁ1(qm). This proves the inclusion

cpqi - - g4 € merupr(K').
O

The pseudo-bounded Parikh annotations now allow us to reduce the regular-
ity problem for languages RN'W~'(S) to languages of the form ¥~ (S).

Lemma 9.3.6. Given a regular language R C X* and a semilinear set S C X®  one can
construct semilinear sets S1,...,5n, S; C YEG, such that RNWY~1(S) is reqular if and
only if each W~ (Sy) is reqular for 1 <i< n.
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Proof. Let R C X* be regular, S C X® be semilinear, and (K, C,P, (P¢)cec, @)

be a pseudo-bounded Parikh annotation for R. Furthermore, note that the set

Sc = {u € PP | o(c+n) € S}is Presburger definable and hence effectively

semilinear. We shall prove that the sets Sc C P® have the desired property.
Suppose RNWY~1(S) is regular and ¢ € C. Then the language

Ke ={cv € K| mx(cv) e RNYTT(S)}
inherits regularity from K and RN y—1(S). Since 7tx (K) = R, we have

Ke ={veK|mx(ev) e ¥1(S)}
={veK|o(mcuplev)) e ¥ (S)}
={veK|mpv) eV (S}

Let Pc ={p1,...,pn}withp; < --- < pn. The pseudo-boundedness of K implies
Y(mp(Ke) NpT -+ -ph) = ¥(mp(Ke)) = Se.

This means the set B = 7tp(K¢) Npy---py € pj---ph is regular and satisfies
Y(Be) = Sc. According to Theorem 9.3.3, this implies regularity of y-1(S,).
Now suppose ¥~ (S.) is regular for each ¢ € C. Then regularity of RN Y~1(S)
follows because

RAYT(S) = {nx(w) |w € K, ¥(nx(w)) € S}
={nx(cv)|ceC, cveK, ¥Y(mp(v)) € S¢}
={nx(cv)|c€C, cveK, mp(v) € ¥ (S)h

We are now ready to prove Theorem 9.3.2.

Proof of Theorem 9.3.2. The theorem follows directly from Lemmas 9.3.4 and 9.3.6
and Theorem 9.3.3. O

9.4 Conclusion

The computation of downward closures is a task that is still little understood, but
promises applications and is theoretically appealing. In this chapter, we have
added our class F to the list of language classes for which downward closures
are computable. On the one hand, this class appears to be relatively large and
exhibits pleasant closure properties—it is a Presburger closed full AFL. On the
other hand, it permits modeling recursive programs with numeric data types
(see Chapter 12 for details).

The technique for proving this main result is the concept of Parikh annota-
tions. They can be thought of as giving finite state transducers access to Parikh
decompositions and hence endow the individual levels of our hierarchy with
more closure properties.

We have also applied Parikh annotations to provide new proofs of existing
results. On the one hand, this concerns a characterization of strictly bounded
context-free languages by Ginsburg and Spanier [55]. On the other hand, we
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presented a new proof for the decidability of the regularity problem for unam-
biguous constrained automata, which had originally been shown by Cadilhac,
Finkel, and McKenzie [19]. These applications demonstrate the utility of Parikh
annotations.

The results of this section have appeared in [R3].

Related work As mentioned above, methods for computing downward clo-
sures have been obtained for other language classes. For context-free languages
and, slightly more general, for algebraic extensions, this has been shown by van
Leeuwen [133]. A different approach for the context-free languages was then
presented by Courcelle [25]. For OL-systems and context-free FIFO rewriting sys-
tems, computability has been established by Abdulla, Boasson, and Bouajjani [2].
Finally, Habermehl, Meyer, and Wimmel [71] were able to show computability
for the Petri net languages.

Furthermore, it was shown by Gruber, Holzer, and Kutrib [69] that down-
ward closures are not computable for Church-Rosser languages and Mayr [111]
has shown that reachability sets of lossy channel systems cannot be computed.

Complexity issues, both descriptional and computational, have been consid-
ered by Gruber, Holzer, and Kutrib [68], Okhotin [117], Karandikar, Niewerth,
and Schnoebelen [91], and Bachmeier, Luttenberger, and Schlund [7].

Open problems

1. Of course, it remains the task of providing more language classes with
methods to compute downward closures. In particular, it is not clear for
which graph monoids downward closures are computable. The result of
Habermehl, Meyer, and Wimmel [71], together with van Leeuwen’s [133],
implies computability for B * B™ and the result here covers the monoids
in SL. Hence, the question is: For which graphs I' is there an algorithm to
compute downward closures of VA(IMT')? It should be mentioned that the
author of this work is currently developing a new approach to downward
closure computation that will likely be applicable to a wide range of lan-
guage classes. While this new approach subsumes the computability for F,
its complexity is likely much higher than the algorithm presented here.

2. Furthermore, the decidability status of the context-freeness of sets of the
form{a?‘ e azk | (ny,...,nx) € S}for a given semilinear S C IN* remains
open. Equivalent decision problems have been presented by Ibarra and
Seki [84]. For partial solutions, see [103].

Acknowledgements [would like to thank Roland Meyer for discussions on the
computability and applications of downward closures. I am also grateful to the
anonymous referees for STACS 2015, who made valuable suggestions regarding
the presentation. Finally, I am thankful to Sylvain Schmitz and Philippe Schnoe-
belen, who pointed out to me that simple regular expressions had been discov-
ered before [3] (and were called ideal decompositions in the earlier work [87]).
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Chapter 10

Non-expressibility results

10.1 Introduction

A crucial part of studying the expressiveness of automata models is to show that
certain languages cannot be accepted by a particular model. Moreover, the proofs
for such results often provide an intuition for the limits of the model at hand.
While in Chapters 3, 6, and 7, we have investigated when the classes VA(M) are
confined to regular, context-free, or semilinear languages, this is rarely sufficient
when we want to compare the expressiveness of two monoids. Therefore, in this
chapter, we turn to results that prove certain languages not to be accepted.

First, we survey a few known results. Then, we prove here that all inclusions
Fo € Go € F1 € Gy C --- in our hierarchy, which exhausts graph-defined
storage mechanisms that guarantee semilinearity, are strict. The following results
all pertain to language classes induced by graph monoids.

The main contribution in this chapter, the strictness of the hierarchy, appeared
in [R3].

Known results The following was shown by Latteux [100, Corollaire 5]. Alter-
native proofs have been obtained by Fernau and Stiebe [45] and by Cleary, Elder,
and Ostheimer [23].

Theorem 10.1.1 (Latteux [100]). For each k € N, VA(Z¥) C VA(ZK*1).

It can also be derived from the material in this work. Since VA(ZX) equals
VAT (Z*) (Theorem 8.1.1), it suffices to show VAT (Z*) C VAT (Z**+1). Moreover,
the proof of Lemma 8.5.2 yields that for L € VAT (Z¥), the function f; is bounded
from above by a polynomial of degree k. If we then choose

n n n n
Ly ={a;" - a by by ¥ [ng,...,ne € N},

itis easy to see that Ly € VAT (Z*) and that fr, is also bounded from below by a
polynomial of degree k. Hence, L. 1 € VAT (Z*+1)\ VAT (Z*). Coming back to
our motivation for studying non-expressibility results, namely getting an intu-
ition for expressiveness, this teaches us that the number of counters determines
the magnitude of growth of the number of configurations we must be able to
distinguish in order to accept a language.
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Using the same argument, one can show that Ly, 1 € VAT (B¥+1)\ VAT (B¥).
However, since we have no e-removal for B¥, this does not tell us whether the in-
clusions VA(B¥) C VA(B¥*1) are all strict and to the best of the author’s knowl-
edge, this is still an open problem [85]. However, according to Lemma 2.3.8, if
these were not all strict, then there would be a fixed n € IN such that VA(B™)
contains VA(B*) for all k € IN. This seems very unlikely.

A non-expressibility result for valence grammars has been obtained by Vi-
colov and re-proved by Fernau and Stiebe [45] using an iteration lemma based
on linear algebraic arguments.

Theorem 10.1.2 (Vicolov [134]). For each k € N, VG(Z*) C VG(ZK+1).

A simple construction shows that for each k € IN, the class VA(B(2) x Zk)
equals VG(ZX¥) (see, for example, [78]). We can therefore conclude the following
from Theorem 10.1.2.

Corollary 10.1.3. For each k € N, VA(B(?) x Z*) C VA(B(2) x Zk+1),

Strictness of the hierarchy Using Parikh annotations with insertion markers,
one can show that the inclusions Fp C Gy € F; € Gy C --- in the hierarchy are,
in fact, all strict. More precisely, we have the following.

Theorem 10.1.4. Let X; and Y; for i € IN be the alphabets Xo = 0, Y; = X; U {#},
Xiy1 = YiU{ai41,bip1, cip1). Moreover, define the sets Uy C X and Vi C Y} as
Uy = {e}and

Vi = (Ui#)", Ui = Viw{al1bi ey In >0}
fori> 0. Then V; € Gy \ Fyand Ui 1 € Fipq\Gi.

Recall that the levels correspond to the alternation of the two transformations
building stacks and adding blind counters (see the proof of Proposition 7.1.2) of stor-
age mechanisms. Therefore, Theorem 10.1.4 means in particular that statements
about stacked counter automata, such as the ¢-removal in Chapter 8, must in-
deed consider arbitrarily deep nestings of these two transformations. Of course,
this is also true for algorithms that work directly with the hierarchy, such as the
computation of downward closures in Chapter 9.

Before we prove Theorem 10.1.4 in the next section, let us record some conse-
quences. Exhibiting a strict hierarchy of full trios that exhausts a language class
always implies that the language class cannot be a principal full trio. Intuitively,
and as explained before Corollary 2.3.5, this means that there is no fixed set of
operations that suffices to accept all languages.

Corollary 10.1.5. F is not a principal full trio. In particular, there is no finitely gener-
ated monoid M with VA(M) = F.

Proof. Suppose F were generated as a full trio by a language L € F. ThenL € F
means that L € F; for some i € IN. Since F; is a full trio, this implies F C F;, con-
tradicting Theorem 10.1.4. The second statement follows from Corollary 2.3.5.

O

By paying attention to what storage we actually need to accept the separat-
ing languages U; and V;, we can conclude that strictness is already achieved by
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adding two counters (as opposed to some finite number) in each transformation.
In the following corollary, we use the notation

ZM)=Mx Z, B(M)=B=x*M.
For example, we have
Z'B(M) = (BxM) x Zt, (ZB)?*(M) = (B ((B* M) x Z)) x Z.
Corollary 10.1.6. Let i € N and ny,...,ny € IN. Then we have

VA(B(Z%B)}(1)) \ VA(Z™B--- Z™B(1)) # 0, (10.1)
VA(Z?B(Z?B)}(1)) \ VA(BZ™B--- Z™B(1)) # 0. (10.2)

Proof. Observe that Uy € VA(1) and if U; € VA(M), then V; € VA(B(M)). More-
over, if V; € VA(M), then U; 1 € VA(Z%(M)). Therefore,

V; € VA(B(Z?B)}(1)), Uiy € VA(Z?B(Z?B)}(1)) (10.3)

forallie IN.

Furthermore, if VA(M) C F; for some i € IN, then VA(B(M)) C Alg(F;) = G;
(see Theorem 2.6.6). If VA(M) C Gj, then VA(Z™(M)) C SLI(G;) = Fi41 (see
Proposition 2.5.3). We have VA(B(1)) = VA(B) C Gy and hence

VA(BZ™B.- .- Z™B(1)) C G; fori >0,
VA(Z™MB---Z™B(1)) C F; fori> 1.

Since Ui;1 ¢ Gi and Vi ¢ Fy, together with (10.3), this proves (10.2) fori > 0
and (10.1) fori > 1.

Note that (10.1) also holds for i = 0: This amounts to showing that VA(1) is
strictly included in VA(IB), which is trivial since VA(B) contains the non-regular
language {a™b™ | n > 0}. O

Furthermore, we can conclude that in a stacked counter mechanism whose
outermost applied transformation was building stacks, already adding a single
blind counter yields strictness.

Corollary 10.1.7. For every M € SC—, we have VA(B + M) C VA((B * M) x Z).

Proof. Suppose there were an M € SC~ with VA((B «* M) x Z) = VA(B « M).
Since M € SC—, there is an i € IN with VA(B * M) C F; (see the proof of Propo-
sition 7.1.2). If M = 1, our assumption reads VA(B x Z) = VA(BB), which con-
tradicts the fact that the class VA(B x Z) contains the non-context-free language
{a™b™c™ | n > 0}, while VA(IB) contains only context-free languages. Hence, we
may assume M # 1.

According to Theorem 2.6.6, this implies Alg(VA(B * M)) = VA(B « M). By
Lemma 2.3.8, we have VA((B * M) x Z™) = VA(B * M) for every n € IN and
hence VA(B « M) = Un}O VA((BB «* M) x Z™) = SLI(VA(IB * M)). In other words,
VA(B * M) is closed under taking the algebraic extension and under imposing
Presburger constraints. Since Fyp C VA(IB * M), this implies F C VA(B « M) C Fy,
contradicting Theorem 10.1.4. O
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As an amusing byproduct of the proof of Theorem 10.1.4, we will obtain the
following result. While it is well-known that the classes VA(Z™) are not closed
under marked Kleene iteration, this states that the marked Kleene iteration is
available only in trivial cases. Note that this is not true for the ordinary Kleene
iteration, since the language L = {w € {a, b}* | [w|q = Wy} belongs to VA(Z) and
satisfies L = L*.

Corollary 10.1.8. Let L C X* and # ¢ X. If (L#)* € VA(Z™), then L is reqular.

Note that Lemma 11.3.3 states that the same is true of torsion groups (as op-
posed to Z™). However, Lemma 11.3.3 and Corollary 10.1.8 use quite different
arguments.

10.2 Strictness of the hierarchy

This section is devoted to the proof of Theorem 10.1.4. It is of course easy to see
that Fgp € Go € Fy, since Fp contains only finite sets, Gy is the class of context-
free languages, and F; contains, for example, {a™b™c™ | n > 0}. In order to
prove strictness at higher levels, we present two transformations: The first turns
a language from F; \ Gi_1 into one in G; \ F; (Proposition 10.2.1) and the second
turns one from G; \ F into one in F; 1 \ G; (Proposition 10.2.3).

The essential idea of Proposition 10.2.1 is the following. For the sake of sim-
plicity, assume (L#)* = L' NWY~1(S) for L’ € ¢, L’ C (XU{#})*. Consider a
PAIM (K’,C,P, (Pc)cec, @,¢) for L’ in C. Using a rational transduction, we ob-
tain from K’ a language ' C (XU {#, o})* in € such that every member of [ admits
an insertion at ¢ that yields a word from (L#)* = L' N y=1(s). Using rational
transductions again, we can then pick all words that appear between two # in
some member of [ and contain no . Since there is a bound on the number of ©
in K’ (and hence in T), every word from L has to occur in this way. On the other
hand, since inserting at o yields a word in (L#)*, every such word without ¢ must
bein L.

Proposition 10.2.1. Let C be a full trio such that every language in C has a PAIM in C.
Moreover, let X be an alphabet with # ¢ X. If (L#)* € SLI(C) for L C X*, then L € C.

Proof. Let Y = XU {#}. Suppose (L#)* € SLI(C). This means that we can write
(L#)* = h(L’nW~1(S)) for some L’ C Z*, a semilinear S C Z%, and a morphism
h: Z* — Y*. Since € has PAIMs, there is a PAIM (K, C, P, (P¢)cec, @, ) for L’ in
C.LetSc ={n € P@ | ¢(c + p) € S}. Moreover, let g be the morphism with

g: (CUZUPU{e* — (YU{oh)*

z+— h(z) forze Z,
X — € forx € CUP,
Py ——y

Finally, we need the rational transduction T C (Y U{o})* x X* with
T(M) ={s € X* | r#s#t € M forsome r,t € (YU{o})*}.
We claim that
L= T(/I:), where L= {glcw) |c e C, ew €K, mp(w) € yl (Sc)}
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According to Corollary 2.8.3, the language y—1(S. ) is regular, meaning Lee
and hence T(f) € C. Thus, proving L = T(T:) establishes the proposition.

We begin with the inclusion T(f) CL Lets e T(f) and hence r#s#t = g(cw)
forr,t € (YU{o})*, c € C,cw € Kand 7tp(w) € ¥~ 1(Sc]). The latter means there
isa u € PY such that ¥(7p(w)) + 1 € S¢ and hence

Y(rz(ew)) + o(1) = @(c+¥(mp(w)) +u) €S.

By the insertion property of K, there is a v € L’ with mz,)(cw) =, v and

Y(v) = Y(mz(cw)) + @(p). This means Y(v) € Sand thusv € L’ Nn¥Y~1(S) and
hence g(v) = h(v) € (L#)*. Since g(¢) = ¢, the relation 7tz ,(,)(cw) =, v implies

sttt = g(ew) = g(mzypey(ew)) =6 g(v) € (L#)™.

However, ¢ does not occur in s, meaning #s# € #X*# is a factor of g(v) € (L#)*
and hence s € L. This proves T([) C L.

In order to show L C T(L), suppose s € L. The boundedness property of K
means there is a bound k € IN with |w|, < k for every w € K. Consider the word
v = (s#)**2. Since v € (L#)*, we find av’ € L’N¥Y~(S) with v = h(v’). This, in
turn, means there is a cw € K with ¢ € C and tz(cw) = v’. Then

@(c+Y¥(mp(w))) = @(mcup(ew)) = ¥(nz(ew)) =¥(') €S

and hence ¥Y(7tp(w)) € S¢ C S¢l. Therefore, g(cw) € Lc (YU{o})*. Note that
g agrees with h(mz(-)) on all symbols but ¢, which is fixed by the former and
erased by the latter. Since h(nz(cw)) = h(v/) =v = (s#)k*2, the word g(cw)
is obtained from (s#)**! by inserting occurrences of ¢. In fact, it is obtained by
inserting at most k of them since |g(cw)|o = |cw|, < k. This means g(cw) has at
least one factor #s# € #X*# and hence s € T(g(cw)) C T(f). This completes the
proof of L = T(L) and thus of the proposition. O

Proposition 10.2.1 now allows us to prove that (L#)* can only be accepted by
a blind multicounter automaton when L is regular.

Proof of Corollary 10.1.8. In Lemma 9.3.5, we have seen that regular languages
admit Parikh annotations. It is not hard to extend the proof so as to construct
Parikh annotations with insertion markers. Hence, applying Proposition 10.2.1
to € = Reg and noting that |J,, cy VA(Z™) equals SLI(Reg) (Proposition 2.5.3)
yields the corollary. O

In order to prove Proposition 10.2.3, we need a new concept. A bursting
grammar is one in which essentially the entire word is generated in a single ap-
plication of a production. Here, ‘essentially’ means: aside from a subsequent
replacement by terminal words of bounded length.

Bursting grammars Let C be a language class and k € IN. A C-grammar G is
called k-bursting if for every derivation tree t for G and every node x of t we
have: |yield(x)| > k implies yield(x) = yield(t). A grammar is said to be bursting if
it is k-bursting for some k € IN.

In a bursting C-grammar, we can, using a rational transduction, extract L(G)
(finitely many exceptions aside) from those right-hand sides that essentially gen-
erate the entire word.
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Lemma 10.2.2. If C is a union closed full semi-trio and G a bursting C-grammar, then
L(G) e C

Proof. Suppose G = (N, T,P,S) is k-bursting. Let o: (NUT)* — P(T*) be the
substitution with o(x) = {w € TSk | x =¢ wiforx € NUT. Since o(x) is
finite for each x € N UT, there is clearly a locally finite rational transduction T
with T(M) = o(M) for every language M C (N UT)*. In particular, c(M) € C
whenever M € C. Let R C N be the set of reachable nonterminals. We claim that

Lent*={J |J omnT™™ (10.4)
AERA—-LEP

This clearly implies L(G) N T~* € €. Furthermore, since € is a union closed
full semi-trio and thus closed under adding finite sets of words, it even implies
L(G) € € and hence the lemma.

We start with the inclusion “C”. Suppose w € L(G)NT>¥ and let t be a
derivation tree for G with yield(t) = w. Since [w| > k, t clearly has at least one
node x with |yield(x)| > k. Let y be maximal among these nodes (i.e. such that
no descendent of y has a yield of length > k). Since G is k-bursting, this means
yield(y) = w. Furthermore, each child ¢ of y has |yield(c)| < k. Thus, if A is the
label of y, then A is reachable and there is a production A — L with w € o(L).
Hence, w is contained in the right-hand side of (10.4).

In order to show “D” of (10.4), suppose w € o(L) N T>k forsome A - LeP
and a reachable A € N. By the definition of o, we have A ={; w. Since A is
reachable, there is a derivation tree t for G with an A-labeled node x such that
yield(x) = w. Since G is k-bursting and |w| > k, this implies

w = yield(x) = yield(t) € L(G)
and thus w € L(G)NT>k. O

We can now use Lemma 10.2.2 and Lemma 9.2.12 to prove the next propo-
sition. The essential idea for Proposition 10.2.3 is the following. We construct a
C-grammar G’ for L by removing from a C-grammar G for

M = (Lw{a"™b"™c™ | n > 0}) Na*(bX)*c*

all terminals a,b,c. If Y = XU{a,b,c}, the morphisms «,f3: Y* — Z with
a(w) = Wlq —wlp and B(w) = wlp, — [wle always yield 0 on words in M.
Therefore, Lemma 9.2.12 provides a bound on the values of « and 3 on yields
of subtrees in derivation trees of G. This allows us to prove that G’ must be
bursting: If a node x generates a sufficiently long word from X*, then the corre-
sponding node in G must have a large number of b’s below it. The boundedness
of « and 3 then implies that it also has at least one a and one ¢ below it, meaning
that x already generates the whole word.

Proposition 10.2.3. Let C be a union closed full semi-trio and let a,b,c ¢ X and
LCX* IfLw{a™b™c™|[n >0} € Alg(C), then L € C.

Proof. Let K = Lw{a™b™c™ | n > 0}. If K € Alg(C), then also the intersection
M = KN a*(bX)*c* belongs to Alg(C). Hence, let M = L(G) for a reduced C-
grammar G = (N, T,P,S). This means T = XU{a,b,c}. Let o, 3: T* — Z be the
morphisms with

x(w) = [wla — Wlp, Bw) =Wl — Wle.
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Then a(w) = B(w) = 0 for each w € M C K. Thus, Lemma 9.2.12 provides
G-compatible extensions &, B: (NUT)* = Z of x and B, respectively.

We define k = max{|&(A)|, I/B(A)\ | A € N}+ 1 and consider the C-grammar
G’ = (N,X,P’,S), where P’ = {A — mnux(L) | A — L € PL Then clearly
L(G') = mx(M) = L. We claim that G’ is k-bursting. By Lemma 10.2.2, this
implies L = L(G’) € € and hence the proposition.

Let t be a derivation tree for G’ and x a node in t with |yield(x)| > k. Then
by definition of G/, then there is a derivation tree t for G such that t is obtained
from t by deleting or replacing by an ¢-leaf each {a, b, c}-labeled leaf. Since x has
to be an inner node, it has a corresponding node x in t. Since G generates M, we
have

yield(t) = a™bx1bx; - - bxpc™

for somen > 0 and x1,...,xn € X, X1---Xn € L. Moreover, yield(X) is a fac-
tor of yield(t) and 7t (yield(kx)) = yield(x). This means |7ty (yield(X))] > k and
since in yield(t), between any two consecutive X-symbols, there is a b, this im-
plies |yield(X)[, > k — 1. Let A be the label of x and X. By the choice of k, we
have [&(yield(%))] = |&(A)] < k—1 and [B(yield(%))| = IB(A)| < k— 1. Hence,
lyield(%X)lp > k — 1 implies |yield(X)|q > 1 and lyield(X)|c > 1. However, a factor of
yield(t) that contains an a and a ¢ has to comprise all of bxy - - - bx,. Hence

yield(x) = tx (yield(X)) = x7 - - - xn = 7 (yield(1)) = yield(t).
This proves that G’ is k-bursting. O
We are now ready to prove Theorem 10.1.4.

Proof of Theorem 10.1.4. First, note that if V; € G; \ Fy, then Ui, 7 € Fi 1\ G;: By
construction of U 1, the fact that Vi € G; implies U; 7 € SLI(G;) = Fi41. By
Proposition 2.7.2, F; is a union closed full semi-trio. Thus, if we had U; 1 € G;,
then Ui € Alg(F;) and Proposition 10.2.3 would imply V; € F;, which is not
the case.

Second, observe that U;;1 € Fiy1\ Gj implies Viy1 € Gi41 \ Fit1: By con-
struction of Vi1, the fact that U;; 1 € Fiyq implies Vi1 € Alg(Fi41), mean-
ing Vii1 € Giq1. By Proposition 2.7.2, G; is a full semi-AFL and according
to Theorem 9.2.5, every language in G; has a PAIM in G;. Hence, if we had
Viy1 € Fip1 = SLI(G;), then Proposition 10.2.1 would imply Ui 1 € G;, which
is not the case.

Hence, it remains to be shown that Vy € Gg \ Fg. That, however, is clear
because V( = #§, which is context-free and infinite. O

10.3 Conclusion

We have presented several results concerning strict inclusions between language
classes induced by graph monoids. Most notably, we have shown that alter-
nating the transformations building stacks and adding blind counters yields more
languages in every step. This establishes some foundation to understand how
far we have to nest the stacked counters to arrive at the behavior we want. The
proof relies on two ingredients, the Parikh annotations with insertion marker
from Chapter 9 and bursting grammars, which were introduced in this chapter.
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The main result of this chapter, the strictness of the hierarchy, appeared in
[R3].

Open problems

1. While the author strongly suspects that

VA(M x Z¥) C VA(M x Zk+1), (10.5)
VA(M x Z) C VA(B = (M x Z)) (10.6)

for each M € SC™ and k € IN, this does not seem to follow easily with
the available proof techniques. Note that aside from Corollary 10.1.6, this
would generalize every result in this chapter.

The reason why the techniques do not provide these finer distinctions is
twofold. First, in Section 9.2, Parikh annotations are only shown to exist
on each level of the hierarchy. It is therefore conceivable that a PAIM for L
might require more counters than L itself. This, in turn, calls into question
whether there is an analog of Proposition 10.2.1 for constructing languages
in the class VA(M x Z)\ VA(M).

Regarding (10.6), the problem is that the current separating languages re-
quire two extra counters for each level of the hierarchy. Thus, if M in (10.5)
always only adds one counter before building another stack, the separating
language may not be included in the right-hand side.

2. The problem of whether the inclusions VA(B¥) C VA(B*t!) are strict re-
mains open. Strictness has been conjectured by Jantzen [85].

Related work As mentioned above, several non-expressibility results had been
obtained before, either explicitly or implicitly. Proofs for the fact that VA(Z¥) is
strictly included in VA(Z¥*+1) have been obtained by Latteux [100, Corollaire 5],
Fernau and Stiebe [45], and by Cleary, Elder, and Ostheimer [23]. Vicolov [134]
and later again Fernau and Stiebe [45] have shown that valence grammars over
Z¥ are less powerful than over Z**1, which, together with an observation by
Hoogeboom [78], implies that VA(B(?) x Z¥) is strictly included in the class
VA(B(2) x Zk+1),
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Chapter 11

Language classes arising from
valence automata

11.1 Introduction

Our aim is to use valence automata to obtain general insights on how structural
properties of the storage mechanisms impact the computational properties of
the result automata model. It is thus important to understand which storage
mechanisms can can be captured by valence automata. Therefore, this chapter
explores the limits of valence automata in terms of the language classes that arise
from them.

The material is divided into two sections. In Section 11.2, we present neces-
sary conditions that every language class VA(M) fulfills. In Section 11.3, we will
investigate whether a common construction for storage mechanisms, adding a ze-
rotest, has a counterpart for monoids. In other words, we ask: Given a monoid M,
is there always a way to construct a monoid M such that M has the capabilities
of M, plus a zero test?

11.2 Necessary conditions

In this section we present necessary conditions for a language class to arise from
valence automata.

The first result has been obtained by Render and Kambites [125]. Its statement
requires some terminology. Let M be a monoid. A subset I C M is an ideal if
MIM C I It is called proper if it is non-empty and a strict subset. Moreover, an
element z € M is called a zero if xz = zx = x for every x € M. Clearly, a monoid
can have at most one zero, which is why one usually denotes this element by 0.
A monoid is called simple if it has no proper ideals. Monoids with zero always
have the ideal {0}, which is why they cannot be simple unless they are trivial.
Therefore, we call them O-simple if {0} is their only proper ideal. Render and
Kambites have shown the following.

Theorem 11.2.1 (Render and Kambites [125]). For each monoid M, there is a simple
or 0-simple monoid M with VA(M) = VA(M).
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Let us sketch the proof. Given an ideal I of a monoid M, we write x =1 y if
x,y € I or x =y. Then, =; is a congruence and the quotient monoid M/=; is
called Rees quotient and also denoted M/I. Render and Kambites prove that for
each proper ideal I, one has VA(M) = VA(M/I). Then, Theorem 11.2.1 is shown
as follows. If M is not already simple or 0-simple itself, then the union I of all
proper ideals is proper, since none of the proper ideals can contain the identity.
Furthermore, M /I is O0-simple and hence M’ = M /I is as required.

Using Theorem 11.2.1 and algebraic results on simple and 0-simple monoids,
Render proved the following. Here, it can also be derived from Proposition 3.2.2
by noting that each group is either a torsion group or contains an isomorphic
copy of Z. Recall that a group G is called torsion group if for each g € G, there is
ak € N\ {0} such that gk = 1.

Theorem 11.2.2 (Render [123]). For each monoid M, at least one of the following holds:
1. VA(M) contains the blind one-counter languages,
2. VA(M) contains the partially blind one-counter languages,
3. VA(M) = VA(G) for some torsion group G.

Note that none of the two conditions 1 and 2 implies the other since the classes
VA(B) and VA(Z) are incomparable. The fact that VA(B) is not contained in
VA(Z) follows by semilinearity arguments (see, for example, Corollary 7.1.4).
On the other hand, Boasson [13] proved hat VA(Z) is not contained in VA(IB).

We use Theorem 11.2.2 to derive a more language-theoretic necessary con-
dition for language classes VA(M). Since VA(G) is semilinear whenever G is a
torsion group (Theorem 7.1.3), we immediately obtain the following.

Theorem 11.2.3. For each monoid M, at least one of the following holds:
1. VA(M) contains the blind one-counter languages,
2. VA(M) contains the partially blind one-counter languages,
3. VA(M) is semilinear.

As an application, we show that valence automata cannot realize automata
with a counter that can only increase and checks in the end whether the counter

value is a square. More precisely, we show that J(S), where S = {c”2 | > 0},
cannot be written as VA(M).

Corollary 11.2.4. There is no monoid M with VA(M) = T(S).

Proof. Towards a contradiction, suppose VA(M) = T(S). Then, since T(S) con-
tains the non-semilinear language S, it has to contain either the blind one-counter
languages, VA(Z), or the partially blind one-counter languages, VA(B). In any
case, it contains {a™b™ | n > 0}.

We show that this is not true by proving the following claim: For every
L € T(S), there is a constant k such that every w € L with |[w| > k decomposes as
w = xyz such that [y| > 0 and for some m > 1, we have xy™z € L. Clearly, the
claim refutes that {a™b™ | n > 0} belongs to T(S) and thus completes the proof.

Suppose L = TS for some rational transduction T. If k is larger than the
number of states in a transducer for T, then each w € L with [w| > k causes the
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transducer to repeat a state after reading a positive number of symbols. For the
resulting decomposition w = xyz, we let { be the number of ¢’s the transducer
reads while it outputs y and let n? be the number of ¢’s it reads during the whole
computation. In the case { = 0, we can clearly choose any m > 1, so suppose
¢ > 0. Now observe that

4+ 2n+0l=n?+2nl+0? = (n+10)?

is also a square, meaning xyZ“”H z € L. Thus, with m = 2n + { + 1, the claim
is satisfied. O

11.3 Zero tests

In order to model storage mechanisms using monoids, it is important to under-
stand which transformations of storage mechanisms correspond to transforma-
tions of monoids. For example, taking the direct product M x N of monoids M
and N corresponds to combining two storage mechanisms such that they can
be used simultaneously and independently. Another example is taking the free
product B * M with the bicyclic monoid: As explained in Section 2.4 (page 18),
this corresponds to building stacks of configurations of an old storage mechanism.

Zero tests A very common transformation of storage mechanisms is the intro-
duction of a zero test: One adds a new operation that succeeds only if the current
configuration is empty. As an example, consider one counter automata [11], in
which one counter can be incremented, decremented, or tested for zero. Here,
the counter cannot go below zero. Hence, these automata can be thought of as
extending partially blind one counter automata with a zero test.

In this section, we are concerned with the question whether there is a trans-
formation of monoids corresponding to adding zero tests. In other words, can
we, for each monoid M, find a monoid M’ that extends the storage mechanism
represented by M with a zero test? Of course, we want M’ to add precisely
the capabilities of a zero test and nothing more. Otherwise, a trivial solution
would be B x M, since popping the stack always requires that the topmost en-
try is empty; but B * M will sometimes add more computational power than
mere zero testing would: If M = B, then valence automata over BB * B accept
all context-free languages whereas one-counter automata (with zero test) do not
(see, for example, [11, Proposition 7.1]).

Formalization Let us formalize our question. Suppose M is a finitely generated
monoid with an identity language L C X*. If we could find a monoid M’ with
identity language (L#)* for some # ¢ X, this would certainly constitute a solution:
Elements represented by X* would correspond to elements in M and the zero test
could be realized by multiplying the element represented by #. However, it is
easy to see that (L#)* does not, in general, arise as an identity language: Suppose
t: X* — M is a surjective morphism and t(u),((v) € M with t(u)i(v) = 1 and
t(v) # 1. Then uv# € (L#)* and if (L#)* were an identity language, we would
also have u(uv#)v# € (L#)*, contradicting 1(v) # 1.

While we cannot hope to construct a monoid with identity language (L#)*,
we can describe the class of languages resulting from a storage mechanism con-
sisting of “M plus zero test”. It consists of those obtainable from (L#)* by rational
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transductions: A finite state transducer with input language (L#)* can be thought
of as a finite automaton with access to the storage of M and a zero test. In other
words, the language class is the principal full trio T((L#)*). We can therefore ask
whether we can at least find a monoid that realizes “M plus zero test” with re-
spect to the generated class of languages. In other words: Is there a monoid M’
such that VA(M’) = T((L#)*)? Unfortunately, the answer is negative again, as
stated by the main result of this section.

Theorem 11.3.1. Let L C X* be an identity language of a finitely generated infinite
torsion group and # ¢ X. There is no monoid M with VA(M) = T((L#)*).

It should be mentioned that finitely generated infinite torsion groups indeed
exist. Whether this is true had been a long-standing open question—known as
the Burnside problem—before it was answered positively by Golod and Shafare-
vich [57, 58]. For simple constructions of such groups, see [65, 70].

We shall prove Theorem 11.3.1 by showing that the class T((L#)*) violates
each of the three conditions of Theorem 11.2.2. If condition 1 or 2 is fulfilled, then
VA(M) contains {a™b™ | m > 0}. The first step in the proof of Theorem 11.3.1 is
to show that T((1L#)*) is too small to contain {a™b™ | m > 0}.

Lemma 11.3.2. Let L be an identity language of a finitely generated torsion group and
let X € T((L#)*). Then there is an n € IN such every w € K with lw| > n decom-
poses into w = xyz with [yl > 1 and xy'z € X for infinitely many t. In particular,
{a™b™ | m > 0} does not belong to T((L#)*).

Proof. It clearly suffices to prove the first statement. Let L C X* be an identity
language of G and let t: X* — G be the surjective morphism inducing L. More-
over, let Y = XU{#} and K = T(L#)*, K C Z*, for some rational transduction
T C Y* x Z*. Let T be given by the automaton A = (Q,Y,Z,E, qo,F). We may
assume that

EC(QxYx{eIxQU(Qx{e}xZxQ)

and that every edge entering a final state is labeled with (#, ¢), that is, it reads #
and outputs nothing. Moreover, let k = |Q] and n = k? + 1. Consider a word
v € Kwith [v] > n. Then

(do, (€,€)) =4 (g7, (ug,v1))
—a (q1, (w1#,v1))

= (G, (Wi# U, Vi vim))
—A (qm/ (wi#- - um#, vy - vm))

forsomem € N, 4, q1,..., 41, qm € Q, uj,...,Um € X*, v -+ v = v, and
qm € F. We distinguish two cases.

e Suppose |vi| > k for some 1 < i < m. Then write vi = y;---y, for
Y1,...,Y¢ € Z and define it = ui#---uy_#and 9 = vy ---vi_1. Refin-
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ing the run (qy, (L, V) =} (q{H, (Giug, Dvy)) yields

(po, (1, 9)) =4 (p1,(ix1,%y7))
—a (p2, (ix1x2,%y71y2))

—a (pe, (X7 -+ x¢, VY7 - -yy))

with po,...,p¢ € Q and x1,...,x¢ € X*, where pp = q; and p¢ = q{ ;-
Since £ > k = |Q], there are 1 < r < s < { with p, = ps. Since G is
a torsion group, there are infinitely many t > 1 that satisfy the equality
U(Xrg1 - xs)Y) = L[xr41 -~ xs) and hence

ViV (Y Ye (Yt o Ys) Yser o yovier v €K
Since [yy41 -+ -Ysl =|s — 1] = 1, we have found the desired decomposition.

e Suppose [vi] < kforall T < i < m. Consider the set ] = {i| [vi| > 1}. Since
Zie] vil = v| > k%, we have [JI > k. This means there are i,j € J, 1 < j,
with q; = q;. For each t > 1, we have

wi# i # e w#) ug g um € (L)

Hence, the equality q; = q; implies vy ---vi(viy1 ~~~v]-)tvj+1 -y € K
Since [vi4 1 ---vj| > [vj| > 1, we have found the desired decomposition.

O

Together with Theorem 11.2.2, the foregoing lemma implies that if T((L#)*)
is of the form VA(M) for some monoid M, then there is a torsion group G with
VA(G) = VA(M). The next step in our proof of Theorem 11.3.1 is to show that
T((L#)*) is too large to be contained in VA(G) for a torsion group G.

Lemma 11.3.3. Let L C X* and # ¢ X. If (L#)* € VA(G) for a torsion group G, then L
is reqular.

Note that Corollary 10.1.8 states that the same is true of groups Z™ (as op-
posed to torsion groups). However, Lemma 11.3.3 and Corollary 10.1.8 use quite
different arguments.

Proof of Lemmua 11.3.3. Towards a contradiction, suppose (L#)* = L(A) for a va-
lence automaton A = (Q, X U{#}, G, E, qo, F). First, we define

R={p€Ql (qo,&1) —a (p,sf) =4 (rst,1)
forsomef € G,s,t € (X*#)*,and r € F}.

In other words, R consists of those states that can be entered in a valid compu-
tation after reading a prefix in (X*#)*. Moreover, for states p,q € R, we write
p ~ qif (p,e,1) =4 (q,w,g) for some w € (X*#)* and g € G. With this, let
P ={(p,q) € RxR | q ~ p}. Finally, for each (p,q) € P, define K, 4 to be the
regular language

Kp,g =weX*[(p,e, 1) =a (qwH# g) for some g € G}.
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We claim that
= J Kpgq (11.1)
(p.q)eP

which clearly implies the lemma.
We begin with the inclusion “C”. Let w € L and k = |Q|. Since (wit)k+2
belongs to (L#)*, we have

(qo, &, 1) = (q1,w#,g1)
— (g2, (WH#)?, g1)

= (i1, W) T gic) = (quegr, (W) <1 1),

Then qo,...,qx+1 € Rand there are indices T <1 <j < k+ 1 such that q; = gj.

Since qi4+1 ~ qj = qi, we have (qi,qi41) € P. Smce furthermore w € Kq; ;1

the word w is contained in the right-hand side of (11.1). This proves “C” of (11.1).
Now suppose u € Ky, ¢ withp,q € Rand q ~ p. Then we have

(qo,e,1) =4 (p,s,f) =4 (r,st,1) sincep € R (11.2)
(p,e, 1) =4 (q,u#,g) since u € Kp g (11.3)
(q,¢6,1) =4 (p,v,h) since q ~» p (11.4)

(

for some g, h,f € G,v,s,t € (X*#)*, r € F. Together, (11.3) and (11.4) tell us that

(p e, 1) —a (q,uff, g) =4 (p,utv, gh).

Since G is a torsion group, there is an { > 1 with (gh)® = 1. Hence, repeating the
former run yields

(p,e,1) = (p, (utv)’, (gh)) = (p, (uv)",1).

By inserting this into {11.2), we can construct the run

(qo,&,1) =4 (p,s,f)
=% (p,s(u#v)b,f)
=5 (1, s(u#v)it, 1),

meaning w = s(u#tv)tt e (L#)*. Since s € (X*#)* and ¢ > 1, the word w starts
with u# or has a factor #u#. In any case, u € L. This proves (11.1) and thus the
lemma. O

We are now ready to prove Theorem 11.3.1.

Proof of Theorem 11.3.1. Suppose T((L#)*) = VA(M) for a monoid M. We distin-
guish the cases of Theorem 11.2.2.

If condition 1 or 2 is fulfilled, then {a™b™ | n > 0} is in VA(M). According
to Lemma 11.3.2, this language does not belong to T((L#)*). Therefore, VA(M)
has to satisfy condition 3 and we have T((L#)*) = VA(H) for a torsion group H.
This means in particular (L#)* € VA(H), but then Lemma 11.3.3 implies that L is
regular. However, L is the identity language of a finitely generated infinite group
and hence non-regular by Theorem 3.3.1. O
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11.4 Conclusion

We have investigated which languages classes arise from valence automata. Ex-
ploiting a result of Render [123], we have obtained the following results. First,
we have shown that every language class induced by valence automata contains
VA(B), contains VA(Z), or is semilinear. We have applied this to a type of autom-
ata that has access to a counter (that can only increase) and accepts if the counter
value is a square in the end. Our result implies that the class of languages ac-
cepted by such automata is not of the form VA(M).

We have also shown that there is no way to transform any monoid M into
another monoid M such that M has the expressive power of M, plus zero tests.

Open problems

1. We have seen that it is not possible to turn each monoid M into a mon-
oid M’ such that M’ represents the storage mechanism of M plus a zero
test. The monoids M for which this turned out to be impossible are finitely
generated infinite torsion groups. Since these seem to be of limited inter-
est in the context of modeling infinite-state systems, one is inclined to ask
whether adding zero tests is possible for a restricted class of monoids.

2. A particular case of the first problem is interesting in its own right: Does the
class of languages accepted by one-counter automata with zero test arise as
VA(M)?

Related work The range of language classes that can be captured with monoid-
defined storage mechanisms increases when one considers valence automata
with target sets. These have been considered by Red’ko and Lisovik [120], Fer-
nau and Stiebe [46], and Render and Kambites [124]. Here, one specifies a subset
of the storage monoid that has to be reached in order to accept. It should be
noted that allowing arbitrary target sets leads very quickly to extremely power-
ful models. For example, with target sets and the free monoid as storage, one can
accept any language. Therefore, the considered target sets are usually restricted
to rational subsets of the storage monoid.

Another variant has been suggested later by Render and Kambites [125].
When one has target sets, it is not necessary to require the storage to be given
by a monoid and it makes sense to consider arbitrary semigroups (which does
not necessarily have an identity) instead. Once the requirement for an identity
is dropped, allowing initial sets potentially increases the range of appearing lan-
guage classes further.

Acknowledgements I would like to thank Dietrich Kuske for asking the ques-
tion of the second open problem.
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Chapter 12

Conclusion

We have studied various facets of expressiveness and analyzability of autom-
ata with storage. Specifically, for a series of computational properties, we have
identified ways in which the structure of a storage mechanism impacts its com-
putational properties. These investigations have been pursued using the formal
framework of valence automata, in most cases over graph monoids. Since each
of these properties is assigned its own chapter with its own conclusion section,
we refer the reader to those sections for the individual properties.

On the whole, we can say that valence automata, especially over graph mon-
oids, permit meaningful characterizations of computational properties of storage
mechanisms. Furthermore, aside from the particular results that were obtained,
the research on these models yielded new models that raise interesting questions.

New models For example, the results in Chapter 4 leave us with an interesting
extension of the open problem of whether reachability is decidable for Petri nets
with one pushdown storage: The extension starts from partially blind counters
and allows building stacks and adding partially blind counters. The results here
suggest that reachability might even be decidable even for this general model,
which puts the problem for Petri nets with a pushdown in a new context.

There is another model that emerged from the foregoing investigations. In
the course of this work, we have identified stacked counter automata as a model
that is, on the one hand, rather expressive: Stacked counters are expressively
complete among those storages that guarantee semilinearity. On the other hand,
it seems to be well-suited for various kinds of analysis. We have seen that they
guarantee semilinearity (Chapter 7), permit the removal of e-transitions (Chap-
ter 8), and allow the computation of downward closures (Chapter 9). It would
therefore be interesting to explore applications.

Applications In the case that one has just a pushdown store and blind counters,
an equivalent model has been studied and applied by Hague and Lin [72]. While
their counters permit zero tests, they have to be reversal bounded, which makes
them interchangeable with blind counters. This simple case of stacked counter
automata corresponds to recursive programs with access to a set of (unbounded)
global numeric variables. In more complex configurations, when we also build
stacks, stacked counter automata can also model variables that are confined to
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the scope of the current execution instance. Interestingly, while Hague and Lin
show that reachability is NP-complete (for a fixed number of reversals) for their
model, Theorem 8.1.1 means that at the least the membership problem remains
in NP (albeit perhaps not uniformly) even when we use the full power of stacked
counter automata.

Another source of applications of stacked counter automata is group theory.
As already mentioned in Section 8.6, further insights on the uniform complexity
of their membership problem would entail complexity bounds for the rational
subset membership problem of graph groups.

These potential applications also call for the investigation of decidability and
complexity of further problems. For example, extending the popular approach
to LTL model checking of Biichi pushdown systems by Bouajjani, Esparza, and
Maler [17] to some form of Biichi stacked counter systems seems promising. An-
other interesting problem to study would be the regularity problem for determin-
istic variants. It asks whether the accepted language of an automaton is regular.
This is known to be decidable for deterministic pushdown automata [131] and
for deterministic blind multicounter automata (see Section 9.3.2). This suggests
that the same could be true of a deterministic variant of stacked blind counter
automata.
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