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Preface

The 11th International Conference on Developments in Language Theory (DLT
2007) was held at the University of Turku, Finland, July 3-6, 2007. This was
the second time DLT took place in Turku. Indeed, the very first meeting was or-
ganized in Turku in 1993. Consequent meetings were held in Magdeburg (1995),
Thessaloniki (1997), Aachen (1999), Vienna (2001), Kyoto (2002), Szeged (2003),
Auckland (2004), Palermo (2005), and Santa Barbara (2006). The conference
series is held under the auspices of the European Association for Theoretical
Computer Science.

The DLT meeting can be viewed as the main conference on automata and
formal language theory. The current topics of the conference include the follow-
ing: grammars, acceptors and transducers for strings, trees, graphs and arrays,
efficient text algorithms, algebraic theories for automata and languages, combi-
natorial and algebraic properties of words and languages, variable-length codes,
symbolic dynamics, decision problems, relations to complexity theory and logic,
picture description and analysis, polyominoes and bidimensional patterns, cryp-
tography, concurrency, bio-inspired computing, quantum computing. This vol-
ume of Lecture Notes in Computer Science contains the papers that were pre-
sented at DLT 2007, including the abstracts or full papers of the six invited
speakers Volker Diekert (Stuttgart), Thomas Henzinger (Lausanne), Michal Kunc
(Brno), Ming Li (Waterloo), Jacques Sakarovitch (Paris), and Kai Salomaa
(Kingston)

For the conference, 32 contributed papers were selected from a record-breaking
74 submissions. We warmly thank the authors of the papers, the members of the
Program Committee, who faced many hard decisions, and the reviewers of the
submitted papers for their valuable work. All these efforts were the basis of
the success of the conference, In particular, we are very thankful to the invited
speakers of the conference. Finally, we thank the Organizing Committee for its
splendid work and also the members of the Steering Committee.

Finally, we wish to thank the support of the conference sponsors: The Academy
of Finland, The Finnish Cultural Foundation, the Finnish Academy of Science
and Letters / Vilho, Yrj6 and Kalle Vaisala Foundation, the City of Turku, the
University of Turku, the Turku Centre for Computer Science, and Centro Hotel.

April 2007 Tero Harju
Juhani Karhumaki
Arto Lepisto
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On First-Order Fragments for Words and
Mazurkiewicz Traces
A Survey

Volker Diekert! and Manfred Kufleitner?

! Universitat Stuttgart, FMI, Germany
diekert@fmi.uni-stuttgart.de

2 Université Bordeaux 1, LaBRI, France
manfred.kufleitner@labri.fr

Abstract. We summarize several characterizations, inclusions, and sep-
arations on fragments of first-order logic over words and Mazurkiewicz
traces. The results concerning Mazurkiewicz traces can be seen as gen-
eralizations of those for words. It turns out that over traces it is crucial,
how easy concurrency can be expressed. Since there is no concurrency in
words, this distinction does not occur there. In general, the possibility of
expressing concurrency also increases the complexity of the satisfiability
problem.

In the last section we prove an algebraic and a language theoretic char-
acterization of the fragment X>[E] over traces. Over words the relation
E is simply the order of the positions. The algebraic characterization
yields decidability of the membership problem for this fragment. For
words this result is well-known, but although our proof works in a more
general setting it is quite simple and direct. An essential step in the proof
consists of showing that every homomorphism from a free monoid to a
finite aperiodic monoid M admits a factorization forest of finite height.
We include a simple proof that the height is bounded by 3 |M|.

1 Introduction

The concept of partially commutative free monoids has first been considered by
Cartier and Foata [1]. Later Keller and Mazurkiewicz used them as a model for
concurrent systems and Mazurkiewicz established the notion of ¢race monoids
for these structures [16,19,20]. Since then the elements of partially commuta-
tive monoids are called Mazurkiewicz traces. Many aspects of traces and trace
languages have been researched, see The Book of Traces [7] for an overview.
Over words it has turned out that finite monoids are a powerful technique to
refine the class of recognizable languages [9]. For fragments of first-order logic, in
many cases it is a characterization in terms of algebra which leads to decidability
of the membership problem. For example, on the algebraic side first-order logics
as well as temporal logics corresponds to aperiodic monoids, see e.g. [12]. The
probably most interesting fragment of them is given by the variety DA. It admits
many different characterizations, which led to the title Diamonds are Forever in
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[30]. One of the purposes of this paper is to survey the situation over words and
Mazurkiewicz traces.

Words can be seen as a special case of Mazurkiewicz traces and the cor-
responding results for words have been known before their generalizations to
traces. Since over words we do not have any concurrency the situation is more
complex for traces, and therefore not all word results remain valid for traces.
It turns out that for traces the distinction between so-called dependence graphs
and partial orders is rather crucial. Over words, both notions coincide.

The paper is organized as follows. In Section 2 we introduce Mazurkiewicz
traces using a graph theoretic approach since this directly translates into the
logic setting. After that we present further notions used in this paper which
include the definition of fragments of first-order logic and temporal logic, some
language operations, and the connections to finite monoids. In Section 3 we give
several characterizations of languages whose syntactic monoid is aperiodic or
in the variety DA. In a second part of this section we describe the alternation
hierarchy of first-order logic using language operations. Section 4 contains some
ideas and approaches revealing how concurrency increases the expressive power
of logical fragments and in Section 5 we present some results showing that in
general, concurrency also increases the complexity of the satisfiability problem.

Finally, in Section 6 we give a self-contained proof of a language theoretic and
an algebraic characterization of the fragment X5 over traces. The algebraic char-
acterization yields decidability of the membership problem for this fragment. For
words this result is well-known, but although our proof works in a more general
setting it is quite simple and direct. A main tool in this proof are factorization
forests. We give a simple and essentially self-contained proof for Simon’s theorem
on factorization forests in the special case of finite aperiodic monoids M. Our
proof can be generalized to arbitrary monoids and still yields that the height of
the factorization forests is bounded by 3 |M|. The previously published bound
was 7 |M|, see [2]. After having completed our paper we learned that the bound
3 |M| has been stated in the Technical Report [3], too.

2 Preliminaries

‘Words and Mazurkiewicz Traces

A dependence alphabet is a pair (I'y D) where the alphabet I is a finite set (of
actions) and the dependence relation D C I' x I' is reflexive and symmetric. The
independence relation I is the complement of D. A Mazurkiewicz trace is an
isomorphism class of a node-labeled directed acyclic graph t = [V, E, \], where
V is a finite set of vertices labeled by A\ : V — I'and E C (V x V) \ idy is the
edge relation such that for any two different vertices z,y € V we have either
(z,y) € Eor (y,z) € E.

We call [V, E, \] a dependence graph. By < we mean the transitive closure of
E. We write z || y if z # y and the vertices z and y are incomparable with
respect to <. In this case we say that z and y are independent or concurrent.
Node labeled graphs (V, E,\) and (V', E’; \') are isomorphic if and only if the
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corresponding labeled partial orders (V,<,\) and (V’,<’,\') are isomorphic.
The transitive reduction of a trace is called the Hasse diagram.

For D = I' x I" we obtain words. The vertices in words are linearly ordered and
the relations E and < are identical. Let t; = [V1, E1, A1] and t = [Va, B2, A2]
be traces. Then we define the concatenation of ¢; and ¢ to be ¢ - to = [V, <, )]
where V. = V3 U V4 is a disjoint union, A = A\ U A9, and E = FE; U E> U
{(z,y) € Vi x Vo | (A(z),\(y)) € D}. The set M of traces becomes a monoid
with the empty trace 1 = (0,0, ) as unit. It is generated by I", where a letter a
is viewed as a graph with a single vertex labeled by a. Thus, we obtain a canonical
surjective homomorphism 7 : I'* — M. The effect of the mapping 7 can be made
explicit as follows. We start with a word w = a; - - - a, where all a, are letters in
I'. Each z is viewed as an element in {1,...,n } with label A(z) = a,. We draw
an arc from z to y if and only if both, < y and (az,a,) € D. This dependence
graph is m(w). Note that M is also canonically isomorphic to the quotient monoid
I'*/{ab=ba | (a,b) € I}. By abuse of notation we often identify a trace ¢ and
its word representatives w € 7 1(t).

Ezample 1. Let (I, D) = a—b—c—d where self-loops are omitted. Consider
the trace t = acdbca. We have acdbca = cabadc in M. The trace ¢t has the
following graphical presentations:

Hasse diagram: Dependence graph E: Partial order <:
N AT oy
a—p——a a——ph——a a——p a
AV AN
N N

In t, the node labeled with d is concurrent to all nodes labeled with a or b. O

There is a basic observation which holds for all ¢ € M and all vertices x,y of ¢:

(z,y) € E & (z,y) € EY A(AM2),\y)) € D (1)
=y A (z,21) € EA
(x,y) € EY & 3z1-- 3z N\ (@i,zin1) € EUidy (2)
1<i<|I)

This shows that traces can be either represented by their dependence graphs
or as a partial order without losing any information. There are some standard
notations we adopt here. By alph(t) we denote the alphabet of a trace t, i.e., the
set of letters occurring as labels of some position. By |t| we denote the length of
a trace, i.e., the number of vertices of t. A trace language L is a subset of M.

First-Order Logic and Temporal Logic

The syntax of first-order logic formulas FO[E] is built upon atomic formulas of
type
T, Mz) =a, and (z,y) € E,
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where T means true, x, y are variables and a € I is a letter. If o, ¥ are first-order
formulas, then —p, ¢ V 1, 3z ¢ are first-order formulas, too. We use the usual
shortcuts as L = =T meaning false, ¢ A = =(—p V =), and Vx ¢ = =3Iz —p.
Note that x = y can be expressed by

V M@ =a A Xy)=a) A (z,9) €E A (y,2) ¢ E

acl’

We let FO™[E] be the set of all formulas with at most m different names for
variables. There are completely analogous definitions for the first-order logic
FO[<]. The only difference is that instead of (z,y) € E we have an atomic
predicate = < y.

Given ¢ € FO[E]UFO[<] the semantics is defined as usual [32]. In particular,
if all free variables in ¢ belong to a set { z1,..., 2, }, then for all t € M and all
Ti,...,Tm €t wewritet,z1,...,T, | @ if t satisfies p(z1,...,T,). We identify
formulas by semantic equivalence (over finite traces). Hence, if ¢ and v are
formulas with m free variables, then we write ¢ = 1) as soon as t,z1,...,&;, =
(¢ « ) for all t € M and all z1,...,z, € t. Due to (1) we have that FO™ [E)
is a fragment of FO™[<]. A first-order sentence is a formula in FO[E] or FO[<]
without free variables. For a first-order sentence ¢ we define L(p) = {t e M |
t = p}. A trace language L C M is called first-order definable if L = L(yp) for
some first-order sentence ¢ and we let FO(M) = { L(¢) | ¢ € FO[E] }. We do
not write FO[E](M), because FO(M) = { L(p) | ¢ € FO[<] } as well, due to (2).
So, in first-order it is not necessary to distinguish between E and <. However,
for subclasses of FO we need this distinction. We define the following classes for
E’ = FE and E’' = <, respectively.

The fragment X,[E’] contains all formulas in prenex normal form with n
blocks of alternating quantifiers starting with a block of existential quantifiers
whereas in IT,[E’] formulas start with a block of universal quantifiers. According
to our convention to identify equivalent formulas, it makes sense to write e.g.
p € X, [E'] & —p € II,[E']. Although in general the transitive closure of binary
relations is not expressible in first-order logic, we have | J,,, X [E] = FO[<] due
to the following observation obtained from (1) and (2):

En[E] g En[<] g En-{-][E]

For E' = E and E' = < we define the following language classes:

~ FO™[E')(M) = { L(p) | ¢ € FO™[E"]}.
~ TJENM) = { L(p) | ¢ € Zu[E]}.
— IL[E)M) = { L) | ¢ € D[E"}.
— AEN(M) = Z,[E)(M) 0 1L, [E')(M).

Now, FO™[E'|(M) and A,[E'](M) are Boolean algebras and X,[E’|(M) and
II,[E')(M) are closed under union and intersection.

Local temporal logic formulas are defined by first-order formulas having at
most one free variable. In this paper we focus on unary operators and local
semantics. In temporal logic we write a(z) for the atomic formula A(z)=a.
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Inductively, we define SFp(x) (Strict Future), SPp(z) (Strict Past), Mp(x)
(soMewhere), Ecop(z) (Ezists concurrently) as follows.

SFo(z) =3y : o <y Ap(y)
SPo(z) =y :y <z Ap(y)
Mp(z) = 3y : p(y)

Ewp(z) =y :z || y Ap(y)

It is common to write ¢ instead of ¢(z). Let C be a subset of temporal operators
from the set above, then TL[C] means the formulas where all operators are from
C. In order to pass to languages we would like to define L(p) C M, even if ¢ has
a free variable. There is however no canonical choice, so we use an existential
variant; and we define here:

Li(p) ={teM |z et: t,x =p}=L(Mp).

Define TL[C](M) as the Boolean closure of languages defined by L3(yp) with
¢ € TL[C].

Languages and Language Operations

We now define some operations on classes of languages that are used to describe
the expressive power of logical fragments. Let V be a class of trace languages.
By B(V) we denote the Boolean closure of V. A language L is a monomial over
V of degree m if there exist n < m, a; € I' and L; € V with

L= L0a1L1 v anLn

Note that the degree of a monomial is not unique. A finite union of monomials
over V is called a polynomial over V. A polynomial has degree m if it can be
written as a union of monomials of degree m. The class of all polynomials over
V is denoted by Pol(V). The class Pol(V) is often called the polynomial closure
or the closure under product and union of the class V. By co-Pol(V) we denote
the class of languages L such that M\ L € Pol(V). If we speak of monomials
and polynomials without referring to some class V then we mean monomials and
polynomials over A = { A* | A C I''}, respectively. In particular, Pol = Pol(.A)
and co-Pol = co-Pol(A). For example, if A, B C I" then A*B* € Pol since

A*B* = A*U U A*bB*
beB

The class of star-free languages SF is the closure of the empty set under Boolean
operations and polynomials. If V is a class of word languages then UPol(V) con-
sists of the word languages that are disjoint finite unions of unambiguous monomi-
als. A monomial Lgaj L1 ---a,L, is unambiguous if every w € Loay Ly ---an Ly,
has a unique factorization w = wgaows - - - a,w, with w; € L;. A similar lan-
guage operation is B-UPol. By B-UPol(V) we denote the closure of V under Boolean



