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Vorwort

Der Theorietag ist die Jahrestagung der Fachgruppe Automaten und Formale Sprachen der Ge-
sellschaft fiir Informatik. Er wurde vor 20 Jahren in Magdeburg ins Leben gerufen. Seit dem
Jahre 1996 wird der Theorietag von einem eintdgigen Workshop mit eingeladenen Vortriagen
begleitet. Im Laufe des Theorietags findet auch die jdhrliche Fachgruppensitzung statt.

Die bisherigen Theorietage wurden in Magdeburg (1991), in Kiel (1992), auf Schlof3 Dag-
stuhl (1993), in Herrsching bei Miinchen (1994 und 2003), auf Schlo8 Rauischholzhausen
(1995), in Cunnersdorf in der Sidchsischen Schweiz (1996), in Barnstorf bei Bremen (1997),
in Riveris bei Trier (1998), in Schauenburg-Elmshagen bei Kassel (1999), in Wien (2000 und
2006), in Wendgridben bei Magdeburg (2001), in der Lutherstadt Wittenberg (2002 und 2009),
in Caputh bei Potsdam (2004), in Lauterbad bei Freudenstadt (2005), in Leipzig (2007), in
Wettenberg-Launsbach bei Giellen (2008) und in Baunatal bei Kassel (2010) ausgerichtet.

Der diesjihrige Theorietag wird nach 1991 und 2001 wieder von der Arbeitsgruppe ,,For-
male Sprachen und Automaten der Otto-von-Guericke-Universitdt Magdeburg organisiert. Er
findet mit dem vorangehenden Workshop vom 27. bis 29. September 2011 in Allrode im Harz
statt. Auf dem Workshop tragen

e Frank Drewes aus Umea,

Manfred Droste aus Leipzig,

Florin Manea aus Bukarest,

Sergey Verlan aus Paris und

Georg Zetzsche aus Kaiserslautern

vor. Auf dem Programm des Theorietags stehen 21 weitere Vortrige. Der vorliegende Tagungs-
band enthélt Kurzfassungen aller 26 Beitrige. Die Teilnehmer kommen aus sieben verschie-
denen Lindern: Frankreich, Osterreich, Ruminien, Schweden, Tschechien, dem Vereinigten
Konigreich und Deutschland.

Wir danken der Gesellschaft fiir Informatik, der Otto-von-Guericke-Universitit Magdeburg
und der METOP GmbH fiir die Unterstiitzung dieses Theorietags. Wir wiinschen allen Teilneh-
mern eine interessante und anregende Tagung sowie einen angenehmen Aufenthalt im Harz.

Magdeburg, im September 2011 Jirgen Dassow und Bianca Truthe
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Varianten eines Algorithmus
zum Lernen von Baumreihen

Frank Drewes

Institutionen for datavetenskap, Umea universitet (Sclemng
drewes@cs.umu. se

Auf dem Gebiet der grammatischen Inferenz ist das Ziel ti@tll, aus einer gegebenen In-
formationsquelle tber eine Sprache eine geeignete foerdafinition dieser Sprache abzulei-
ten (zu ,lernen”), also einen entsprechenden Automateneide Grammatik zu konstruieren.
Wahrend es traditionell um das Lernen von Wortsprachen gedrtle ich mich in diesem Vor-
trag auf das Lernen von Baumreihen konzentrieren, und swstzkere auf die Ergebnisse des
Artikels [3].

Zur Erinnerung: Ein (kommutativer) Semiring ist eine Mergymit einer Addition, einer
Multiplikation und Elementen 0 und 1, soddS§s+,0) und(S, -, 1) kommutative Monoide sind
und Multiplikation distributiv Uber Addition ist (sowohlon links als auch von rechts).

Eine Baumreihe ist nun eine Abbildung: Ts — S der Menge T aller Baume Uber ei-
ner gegebenen Signatdir(also einem Alphabet mit Stelligkeiten) in einen SemirhgDer
Wert ) (t) eines Baumeswird auch sein Koeffizient genannt. Das Konzept verallg@eemtiin
naturlicher Weise das der Sprache, denn wenn wi$ dlsn booleschen Semiring wéhlen, st
gerade die charakteristische Funktion einer Sprachedsedn Fall einer Baumsprache). Baum-
reihen werden durch gewichtete Baumautomaten erkannnémesolchen Automaten ist jeder
Transition ein Gewicht if$ \ {0} zugeordnet. Zuséatzlich hat jeder Zustand ein sog. End¢ewic
in S, was den Begriff des Endzustandes verallgemeinert. DasdBeweiner Berechnung auf
einem Eingabebaurist das Produkt der Gewichte der angewendeten Transitionetipli-
ziert mit dem Endgewicht des an der Wurzel erreichten ZatanDas Gewicht vohist die
Summe der Gewichte aller Berechnungeniaidine sehr gute und umfassende Einfiihrung in
die vielfaltigen Ergebnisse der Theorie der gewichtetemBautomaten findet sich in/[4].

Im Vortrag werden in erster Linie deterministische gewatétBaumautomaten von Interes-
se sein. Bei diesen entfallt also das Bilden der Summe derdBemaller mdglichen Berechnun-
gen, da es fur jeden Eingabebatimaximal eine Berechnung gibt, sodass vom Semigingr
das kommutative MonoidS, -, 1) von Interesse ist. Die formale Definition gewichteter Baum-
automaten sieht damit wie folgt aus:

Definition 0.1 Ein deterministischer gewichteter Baumautomat ist eineTub= (Z,Q, 4, \),
bestehend aus
e der Eingabesignatuk,
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e der endlichen Mengé& von Zustanden, welche als Symbole der Stelligkailgesehen
werden,

e der partiellen Transitionsfunktiof: >(Q) — @ x (S {O})E und

e der Zuordnung\: @ — S von Endgewichten zu Zustanden.

Die Arbeitsweise eines solchen Automaten ist wie folgt deftnDie Transitionsfunktion
wird rekursiv zu einer Funktion: Ts — @ x (S {0}) fortgesetzt. Sei dazfifts,...,t;] € Ts
(d.h. f hat die Stelligkeik) undty, ...t € Ts. Wenn sowohl allé(t;) = (g;,a;) fari=1,... k
als auch(f[q1, .., qx]) = (¢, a) definiert sind, setzen wit( f[t1,...,tx]) = (¢,a- |‘|§:1 a;). An-
dernfalls istd(f[t1,...,tx]) undefiniert. Die vonA berechnete (oder erkannte) Baumreihe ist
damit wie folgt gegeben:

am = Aq) falls §(t) = (¢,a) definiert ist
10 sonst.

Das Ziel ist also, einen solchen gewichteten Baumautom@gorithmisch) zu erlernen.
Dazu gibt es eine Reihe unterschiedlicher Modelle, die zumaredie zur Verfigung stehen-
de Information und zum anderen das genaue Ziel definiereohtnag konzentriere ich mich
im Wesentlichen auf Angluinslinimal-Adequate-Teachéviodell (MAT)E Bei diesem ist das
Ziel, eine deterministisch erkennbare Baumreihe effialenteinem ,Lehrer zu erlernen, also
maoglichst in polynomieller Zeit einen Automaten zu kongdran, der die gewinschte Baum-
reihe berechnet. Der Lehrer ist ein Orakel, das folgendefiyon Fragen beantwortet:

(1) Gegeben einen Bautmwelchen Koeffizienten haf
(2) Gegeben einen deterministischen gewichteten Baunmatém A, ist A der gesuchte Au-
tomat? Falls nicht, liefere ein Gegenbeispiel, also einanmBt, sodassA(t) nicht der
korrekte Koeffizient ist.
Angluins Originalarbeit[1] zeigt, wie in diesem Modell @ntAusnutzung des Myhill-Nerode-
Theorems in polynomieller Zeit eine regulére Spratherlernt werden kann. Die Grundstruk-
tur des Algorithmus ist dabei recht einfach und lauft dadainfus, iterativ die Aquivalenz-
klassen der Myhill-Nerode-Aquivalenzrelation zu erniittd8eginnend mit einem trivialen Au-
tomaten werden dem Lehrer wiederholt Automatenorgeschlagen. Die erhaltenen Gegen-
beispiele werden unter Zuhilfenahme von Fragen des Typ&dmutzt, um mehr und mehr
Aquivalenzklassen zu unterscheiden und den Automatenrieinvern, bis schlieRlich der ge-
suchte Automat gefunden ist. Die dazu bendtigten, aus démagkten des Lehrers extrahierten
Informationen werden dabei in einer zweidimensionalerellalyespeichert. Deren Zeilen und
Spalten sind mit Zeichenkettenv indiziert, wobei die Zellgu,v) das (boolesche) Ergebnis
des Testsu € L enthalt. Sind die Zeilen fir und v’ ungleich, so bedeutet dies, dass beide
unterschiedlichen Myhill-Nerode-Aquivalenzklasseneimiyen.

Der Originalalgorithmus wurde in der Literatur zunachst magulare Baumsprachen und
dann auf erkennbare Baumreihen erweitert, auch dort ditéhd eines Myhill-Nerode-Theo-
rems [2] ausnutzend. Dazu wird von dem MonS6idusatzlich verlangt, dass 0 absorbierend
ist und alle anderen Elemente v8nein Inverses haben. Die Zeilen der Tabelle werden nun

'Hierbei bezeichneX(Q) die Menge aller Baumg|qy, ..., qx] bestehend aus einefre = der Stelligkeitk und
Zustandenyy,...,q; € Q.

2lm Originalmodell geht es um das Erlernen einer regularaa@e, aber die Erweiterung des Modells auf
den Fall der deterministisch erkennbaren Baumreihen niathé Schwierigkeiten.
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mit Baument und die Spalten mit Kontextenindiziertd Die so adressierte Zelle enthalt den
Wert(ct). Sind die Zeilen zweier Baumet keine Vielfachen voneinander, so gehdsamdt
unterschiedlichen Aquivalenzklassen an.

Will man Baumsprachen oder Baumreihen erlernen, so enfangeschiedene im Zeichen-
kettenfall untergeordnete Effizienzgesichtspunkte Viiieit. So kann man den Algorithmus
z.B. durch die Anwendung einer Technik nam&untradiction Backtrackingleutlich effizi-
enter machen. AuRerdem kann die Tabelle durch eine parfiabelle oder eine baumartige
Struktur ersetzt werden, um das Fillen und Abfragen ireglear Zellen zu vermeiden. Solche
Varianten des Algorithmus verlangen allerdings jedes Nfarm erneuten Korrektheitsbeweis,
der im Grunde keine neuen Erkenntnisse zutage fordert, daratie bereits bekannten Argu-
mente leicht an die neue Situation angepasst wiederholtdlgdszu vermeiden, wurde in![3]
ein abstrakter Datentyp vorgeschlagen, der von der komkigealisierung abstrahiert, und es
wurde gezeigt, dass jede korrekte Implementierung diesgésniyps zu einem korrekten Ler-
nalgorithmus fuhrt. Somit reduziert sich ein Korrekthieéweis auf den Nachweis, dass sich
die wenigen zu implementierenden Operationen des Datentype gefordert verhalten (im
Sinne von garantierten Vor- und geforderten NachbedingnpgZusatzlich zum beweistech-
nischen Vorteil ergibt sich der tbliche praktische Vortddss unterschiedliche Realisierungen
schnell und einfach auf der Basis einer bereits vorhandémpfementierung des abstrakten
Teiles erhalten werden kdnnen.

Eine interessante Frage ist, ob auch andere (Klassen vonglgerithmen in &hnlich vor-
teilhafter Weise auf abstrakte Datentypen reduziert wekad@nen, dessen Realisierungen dann
unterschiedliche, aber notwendigerweise korrekte kdalrernalgorithmen ergeben. Zusatz-
lich zu den bereits genannten Vorteilen wiirde dies eineeftEinsicht darin liefern, welche
Eigenschaften fur die Korrektheit wirklich erforderlicind und auf welche verzichtet werden
kann.

Literatur

[1] D. ANGLUIN, Learning regular sets from queries and counterexamisgmation and Computa-
tion 75(1987), 87-106.
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SEin Kontext ist ein Bauna mit genau einem Vorkommen eines Blattesein Platzhalter, an dessen Stelle ein
anderer Baum eingesetzt werden kann. Wir verwenden fur Letzteres diecBulveisect.
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Weighted Automata and Quantitative Logics

Manfred Droste

Institute of Computer Science, Leipzig University
04009 Leipzig

droste@informatik.uni-leipzig.de

Abstract

In automata theory, a classical result of Biichi-Elgot-Titakbrot states that the recog-
nizable languages are precisely the ones definable by sestef monadic second order
logic. We will present a generalization of this result to dumtext of weighted automata.
A weighted automaton is a classical non-deterministic rmaton in which each transition
carries a weight describing e.g. the resources used fox@sudion, the length of time
needed, or its reliability. The behavior (language) of saeteighted automaton is a func-
tion associating to each word the weight of its execution.dékeelop syntax and semantics
of a quantitative logic; the semantics counts 'how oftendarfula is true.

Our main results show that if the weights are taken eithemimarbitrary semiring or
in an arbitrary bounded lattice, then the behaviors of weidlautomata are precisely the
functions definable by sentences of our quantitative logiice methods also apply to re-
cent quantitative automata model of Henzinger et al. wheesights of paths are deter-
mined, e.g., as the average of the weights of the path’siti@ms Blchi's result follows
by considering the classical Boolean algebra {0,1}.

Joint work with Paul Gastin (ENS Cachan), Heiko Vogler (TWeBden), resp. Ingmar
Meinecke (Leipzig).
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Turing Machines Deciding According to the Shortest
Computations and Deciding Networks of
Evolutionary Processors

Florin Manea

Faculty of Mathematics and Computer Science, Universiguwfharest,
Str. Academiei 14, RO-010014 Bucharest, Romania

flmanea@fmi.unibuc.ro

Abstract

In this paper we propose, and analyze from the computatammaplexity point of view,
a new variant of nondeterministic Turing machines. Such ehin@ accepts a given input
word if and only if one of its shortest possible computatiamsthat word is accepting;
on the other hand, the machine rejects the input word whethealhortest computations
performed by the machine on that word are rejecting. Our mesnlts are two new char-
acterizations oPFllodl and PN in terms of the time complexity classes defined for such
machines. These results can be applied to obtain a sugpdbiracterization dP*1°9 as
the class of languages that can be decided in polynomialliymeNEPs.
Keywords: Computational Complexity, Turing Machine, Oracle Turingdhine, Shortest
Computations, Deciding Networks of Evolutionary Processo

The reader is referred to![1),2, 6] for the basic definitiomgrding Turing machines, oracle
Turing machines, complexity classes and complete problémthe following we present just
the intuition behind these concepts, as a more detaile@piason would exceed the purpose
of this paper.

A k-tape Turing machine is a construbf = (Q,V,U, q,,acqrej, B,J), where( is a fi-
nite set of statesyg is the initial stateacc andrej are the accepting state, respectively the
rejecting statel/ is the working alphabet? is the blank-symbol} is the input alphabet and
5 (Q\ {accrej}) x Uk — 2@xUNBD>{LR}) is the transition function (that defines the
moves of the machine). An instantaneous description (IDskmrt) of a Turing machine is a
word that encodes the state of the machine and the contetite dépes (actually, the finite
strings of non-blank symbols that exist on each tape), aagtsition of the tape heads, at a
given moment of the computation. An ID is said to be final if 8tate encoded in it is the
accepting or the rejecting state. A computation of a Turiraginine on a given word can be de-
scribed as a sequence of IDs: each ID is transformed intogkieame by simulating a move of
the machine. If the computation is finite then the associsgegience is also finite and it ends
with a final ID; a computation is said to be an accepting (respely, rejecting) one, if and
only if the final ID encodes the accepting state (respegtivejecting state). All the possible
computations of a nondeterministic machine on a given wardbe described as a (potentially
infinite) tree of IDs: each ID is transformed into its sons bydating the possible moves of the
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machine; this tree is called computations-tree. A word eepted by a Turing machine if there
exists an accepting computation of the machine on that woislyejected if all the computa-
tions are rejecting. A language is accepted (decided) byrimgunachine if all its words are
accepted by the Turing machine, and no other words are axtbptthat machine (respectively,
all the other words are rejected by that machine). The clatnguages accepted by Turing
machines is denoted HYE (and called the class of recursively enumerable languagdsle
the class of languages decided by Turing machines is debgtB&EC (and called the class of
recursive languages).

The time complexity (or length) of a finite computation on aegi word is the height of the
computations-tree of the machine on the word. A languagaidste be decided in polynomial
time if there exists a Turing/ machine and a polynomigl such that the time complexity of a
computation of/ on each word of length is less thary (n), and M accepts exactly the given
language. The class of languages decided by determinigtiogr machines in polynomial
time is denoted and the class of languages decided by nondeterministio@umniachines in
polynomial time is denotelP.

A Turing machine with oraclel, whereA is a language over the working alphabet of the
machine, is a regular Turing machine that has a special thpeofacle tape) and a special
state (the query state). The oracle tape is just as any @tperaf the machine, but, every time
the machine enters the query state, a move of the machinéstoirs checking if the word
found on the oracle tape is i or not, and returning the answer. We denotePby the class
of languages decided by deterministic Turing machined, ek in polynomial time, with
oracles fromiNP. We denote byPNFll°d) the class of languages decided by deterministic Turing
machines, that work in polynomial time, with oracles frofi#, and which can enter the query
state at mos®(logn) times in a computation on a input word of length

Further we propose a modification of the way Turing machireesd® an input word. Then
we propose a series of results on the computational powéiesetmachines and the computa-
tional complexity classes defined by them.

Definition 1 Let M be a Turing machine and be a word over the input alphabetldf. We say
thatw is accepted by with respect to shortest computatiafishere exists at least one finite
possible computation aff onw, and one of the shortest computationsbonw is accepting;

w is rejected byV/ w.r.t. shortest computationthere exists at least one finite computation of
M onw, and all the shortest computationsidfonw are rejecting. We denote Hy,.(M) the
language accepted by w.r. t. shortest computationse., the set of all words accepted by,

W. r. t. shortest computations. We say that the langdag@\!) is decided byAl w.r.t. shortest
computations if all the words not accepted bl, w.r.t. shortest computations, are rejected
w. r. t. shortest computations.

The following remark shows that the computational powerhef newly defined machines
coincides with that of classic Turing machines.

Remark 1 The class of languages accepted by Turing machines w. pittesth computations
equalsRE, while the class of languages decided by Turing machineg.vahortest computa-
tions equalfREC

Next we define a computational complexity measure for thengumachines that decide
w. r.t. shortest computations.
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Definition 2 Let M be a Turing machine, and be a word over the input alphabet bf.
The time complexity of the computation @f on w, measured w.r.t. shortest computations,
is the length of the shortest possible computationVbfon w. A languageL is said to be
decided in polynomial time w. r. t. shortest computatiortbére exists a Turingl machine and

a polynomialf such that the time complexity of a computationfon each word of length
n, measured w.r. t. shortest computations, is less ffan, andL..(M) = L. We denote by
PTime,. the class of languages decided by Turing machines in polialdime w. r. t. shortest
computations.

The main result of this section is the following:

Theorem 1 PTime,. = PNFllog),

Previously, we have proposed an decision mechanism of Jumachines that basically
consisted in identifying the shortest computations of alireecon an input word, and checking
if one of these computations is an accepting one, or not. Nevamalyze how the properties
of the model are changed if we order the computations of a ma&nd the decision is made
according to the first shortest computation, in the defineeor

Let M = (Q,V,U,qo,accrej, B,d) be at-tape Turing machine and assume that as, .. .,
ay) is a totally ordered set, for all; € U, : € {1,...,t}, andq € Q; we call such a machine an
ordered Turing machinelLet w be a word over the input alphabet bf. Assumes; ands, are
two (potentially infinite) sequences describing two pogsdomputations ofi/ on w. We say
thatsj is lexicographically smaller thasy if s; has fewer moves tha, or they have the same
number of steps (potentially infinite), the firsiDs of the two computations coincide and the
transition that transforms thigh 1D of s; into thek 4 1th ID of s1 is smaller than the transition
that transforms théth ID of s, into thek + 1th ID of s,, with respect to the predefined order
of the transitions. It is not hard to see that this is a totdeoion the computations aff on w.
Therefore, given a finite set of computationsidfon w one can define the lexicographically
first computation of the set as that one which is lexicogregihi smaller than all the others.

Definition 3 Let M be an ordered Turing machine, andbe a word over the input alphabet
of M. We say thatv is accepted by with respect to the lexicographically first computation
if there exists at least one finite possible computationfobn w, and the lexicographically
first computation of\l onw is accepting is rejected byM w.r.t. the lexicographically first
computationif the lexicographically first computation dfl onw is rejecting. We denote by
Liex(M) the language accepted By w.r.t. the lexicographically first computatioiVe say
that the languagéex(M) is decided byM w.r.t. the lexicographically first computation if all
the words not contained ibiex(M ) are rejected by .

As in the case of Turing machines that decide w.r.t. shodestputations, the class of
languages accepted by Turing machines w.r.t. the lexipbgeally first computation equals
RE, while the class of languages decided by Turing machineg.whe lexicographically first
computation equalREC The time complexity of the computations of Turing machitiest
decide w. r. t. the lexicographically first computation i§ided exactly as in the case of machines
that decide w.r. t. shortest computations. We denoteTiynge, the class of languages decided
by Turing machines in polynomial time w.r.t. the lexicodramally first computation.In this
context, we are able to show the following theorem.
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Theorem 2 PTimegey = PNF.

Remark 2 Note that the proof of Theorel 1 shows tiAF°9 can be also characterized as
the class of languages that can be decided in polynomialwime. shortest computations by
nondeterministic Turing machines whose shortest comjomtatire either all accepting or all
rejecting. On the other hand, in the proof of Theotém 2, thehime that we construct to solve
w. r. t. the lexicographically first computation thes P, ;, problem may have both accepting and
rejecting shortest computations on the same input. ThigstigatPFlodl — PNP jf and only if

all the languages IB"" can be decided w. r. t. shortest computations by nondetestigiiiuring
machines whose shortest computations on a given inputter @il accepting or all rejecting.

For full proofs of the above results see [3].

The accepting networks of evolutionary processors (ANE#tsshort) are a bio-inspired
computational mode, introduced if [5]. (A [4] we discusstikage of such networks as deciding
devices, and we define time-complexity classes for them.nidie result that we report in that
paper is the following.

Theorem 3

i. Forevery ANEHR, deciding a languagk and working in polynomial timé(n), there exists
a nondeterministic polynomial single-tape Turing machvhedecidingl. w.r.t. shortest com-
putationsM can be constructed such that it makes at ii8$t) steps in a halting computation
on a string of length.

il. For every nondeterministic polynomial single-tape Turm@chineM, deciding a lan-
guageL w.r.t. shortest computations, there exists a complete ANEBciding the same lan-
guageL. Moreover,I" can be constructed such theme-(n) € O(P(n)), provided that\/
makes at mosP(n) steps in a halting computation on a string of length

Therefore, one can show that:

Theorem 4 PTimenep = PNFllod),
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In general form, an insertion operation means adding a sogdio a given string in a
specified (left and right) context, while a deletion opematmeans removing a substring of a
given string being in a specified (left and right) context. iAsertion or deletion rule is defined
by a triple(u, z,v) meaning that: can be inserted betweerandv or deleted if it is between
andv. Thus, aninsertion corresponds to the rewriting iule— uxv and a deletion corresponds
to the rewriting ruleuxv — wv. A finite set of insertion-deletion rules, together with & sk
axioms provide a language generating device: starting thanset of initial strings and iterating
insertion or deletion operations as defined by the giversratee gets a language. The size of
the alphabet, the number of axioms, the size of contexts bt anserted or deleted string are
natural descriptional complexity measures for insertietetion systems.

The idea of insertion of one string into another was firstlgsidered with a linguistic mo-
tivation and it permits to describe many interesting lirsgigi properties like ambiguity and
duplication. Another inspiration for these operations esritom the generalization of Kleene’s
operations of concatenation and closure. The operatioorafatenation would produce a string
x1x2y from two stringsrix2 andy. By allowing the concatenation to happen anywhere in the
string and not only at its right extremity a stringyx, can be produced, i.ey,is inserted into
x1x2. The third inspiration for insertion and deletion operai@omes, from the field of molec-
ular biology as they correspond to a mismatched annealidN# sequences. They are also
present in the evolution processes under the form of poitatians as well as in RNA editing.
This biological motivation of insertion-deletion operats lead to their study in the framework
of molecular computing.

Insertion-deletion systems are quite powerful, leadingharacterizations of recursively
enumerable languages. The proof of such characterizatiarssially done by showing that the
corresponding class of insertion-deletion systems caalat@an arbitrary Chomsky grammar.
However, the obtained constructions are quite complicatet specific to the used class of
systems. We present a new method of such computational etenpks proofs, which relies on
a direct simulation of one class of insertion-deletion syt by another. The obtained method
is quite generic and it was used to prove the computationalpteteness of many classes of
insertion-deletion systems, the proof being similar fbcakes.

An important result in the area is the proof that contexéfresertion-deletion systems are
computationally complete. This provides a new characéon of recursively enumerable
languages, where every such language can be representedfiesciae and transitive closure
of the insertion-deletion of two finite languages.

In the talk we present the result of a systematical investigeof classes of insertion-
deletion systems with respect to the size of contexts aretted/deleted strings. This investi-
gation shows that there are classes that are not compwlyiaomplete, some of them being



16 Sergey Verlan

decidable. In these cases it is possible to consider reglilatriants of insertion-deletion sys-
tems (e.g. graph-controlled, programmed, ordered or r)atifhe computational power of
the corresponding variants strictly increases permittingenerate all recursively enumerable
languages. Such regulated insertion-deletion systemalsarbe useful to describe biological
structures like hairpin, stem and loop, dumbbell, pseudgkand cloverleaf as well as natural
language constructs.
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Abstract

For each grammar model with regulated rewriting, it is anonignt question whether
erasing productions add to its expressivity. In some cdsmsever, this has been a long-
standing open problem. In recent years, several resultsitesn obtained that clarified the
generative capacity of erasing productions in some granmaaels with classical types of
regulated rewriting. The aim of this talk is to give an ovewiof these results.

1. Introduction

Most grammar models come in two flavors: with or without erggproductions, i.e. produc-
tions that have the empty word on their right hand side. Thiamawith erasing productions has
desirable closure properties and often allows for converdescriptions of formal languages.
On the other hand, the non-erasing variant has the progetyatgiven word can only be de-
rived from sentential forms that are no longer than the wigelf. Thus, in order to solve the
membership problem, one only has to consider a finite setmés@al forms that could lead to
the word at hand. This often implies decidability or evemadir bound on the space complexity
(and thus the context-sensitivity of the languages) whesicering the membership problem.

For these reasons, a grammar model in which the erasing antbtirerasing variants co-
incide in their generative capacity combines nice closuopgrties with relatively efficient
means of analysis. Therefore, whether these two variafies d their expressive power is an
interesting problem for each model.

Despite these facts, for many models, this has been (andia sases still is) a longstanding
open problem. For example, matrix gramr@alnﬁve been introduced by Abraham as early
as 1965 and it is still unknown (see Open Problems 1.2.2/ inWREkther erasing productions
increase their expressi\/{ﬁ;yMoreover, this question remains unanswered for forbigldamdom
context grammars. In addition, until recently, the probleas open for permitting random
context grammars, which have been introduced in 1984 byif@te(see Open Problems 1.3.1
in [2]).

There are two versions of matrix grammars: with or withoupegrance checking. Here, we mean those
without appearance checking.

2In [B, Theorem 2.1, p. 106], it is claimed that erasing praiuns cannot be avoided. However, none of the
given references contains a proof for this claim andin i, problem is again denoted as open.
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However, in recent years, several re-

Grammar model Status .

sults have shed light on these ques-
Context-free grammars = tions. Specifically, it has been shown that
Forbidding random context gramm. ?  in valence grammars over commutative

Indexed grammars monoids [4], permitting random context

Ol

Matrix gramm. with app. checking grammarsl[[8], Petri net controlled gram-
Matrix grammars 2 mars [8,[7], and vector grammars| [7],
Ordered grammars 2 erasing productions can be avoided. The
Periodically time-variant grammars 2 results on Petri net controlled grammars
Permitting random context gramm. _ and vector grammars are consequences
- of a sufficient condition for erasing pro-
Petri net controlled grammars = ductions to be avoidablé[7]. In addi-
Programmed grammars a tion, for matrix grammars, a partial result
Progr. gramm. with empty fail. fields ?  and reformulations have been presented
Regularly controlled grammars ? 86,1
Random context grammars £ This talk gives an overview of these
Scattered context grammars £ results. A more comprehensive account
Unordered scattered context gramm. 2  of results on erasing productions as well
Unordered matrix grammars ? as further references can be foundlin [5].

For an introduction to the topic of regu-
lated rewriting, we refer the reader 0 [2]
and [1].

Table[1 presents the status of the prob-
Jem of erasing productions for most clas-
sical types of regulated rewriting. Here,
the symbol =" means that in the corresponding grammar model, erasingugtons can be
avoided. Moreover,=/is assigned to those models where erasing productionsesaessary to
generate all languages. Finally, ‘?’ means that (to theaisknowledge) it is an open problem
whether in this model, erasing productions increase thergéine capacity.

Unordered vector grammars =
Valence gramm. over comm. monoids =
Vector grammars =

Table 1: Generative capacity of erasing production

2. Grammarswith Control Languages

Some grammar models are defined by adding unique labels frdkections of context-free
grammars and then letting languages over these labelshgpleeivalid derivations. Thus, a
(labeled) context-free grammar together with a language the labels constitutes gram-
mar with a control languageRestricting the control languages to a certain class @uages
therefore yields a class of grammars. Roughly speakifig(C) andCF(C) denote the class of
languages generated by grammars controlled by languagmestifre clas€ with and without
erasing productions, respectively. For any language ¢lag® writeS(C) for the closure of
with respect to letter substitutions, i.e., substitutitreg map each letter to a (finite) set of let-
ters. Furthermord)(C) denotes the closure Gfwith respect to shuffling with Dyck languages
over one pair of parentheses. The first theorem provides pergound fonCFA(C) in terms of
non-erasing controlled grammars and a transformationeoldiss of control languages.

Theorem 2.1 ([7]) For any language clasg, we haveCF*(C) C CF(S(D(C))).
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Clearly, this implies that erasing productions can be a@idrovided that the class of control
languages is closed against letter substitutions and sigafith Dyck languages (over one pair
of parentheses).

Corollary 2.2 ([7]) Let C be closed under letter substitutions and shuffling with Dhack
guages. TherGF*(C) = CF(C).

Petri net controlled grammarare grammars with a Petri net language (defined using reach-
ability of a final marking) as its control language. The |laage classes generated by these
grammars are denoted IBN* andPN (for grammars with and without erasing, respectively).
Since the class of Petri net languages is well-known to bgedainder letter substitution as
well as shuffling with Dyck languages, we obtain the follogin

Theorem 2.3 ([8,7]) PN* = PN.

Vector grammarsre grammars controlled by languages of the fért) in which V' is a
finite set of words and'™ denotes the iterated shuffle Bf The language classes generated by
these grammars are denoted\byandV. Let L1 K be the shuffle of the languagésand K.
Then, we havé’™' . D = (VU {ab})* if D denotes the Dyck language withas the opening
andb as the closing parenthesis. Furthermore, i§ a letter substitution, them(V*) = o(V')".
Thus, the following is also a consequence of Corollary 2.2.

Theorem 2.4 ([7]) V* = V.

A valence grammar over a monoid is a grammar controlled by a language of the form
¢~ 1(1), wherep : '* — M is a monoid homomorphism. The language classes generated by
these grammars are denoted\W_* (/) andVAL(M). Fernau and Stiebe have shownlih [4]
that valence grammars over commutative monoids admit Ckypared Greibach normal forms.
This means in particular that erasing productions can beiredited.

Theorem 2.5 ([4]) VAL*(M) = VAL(M) for any commutative monoit.

A matrix grammaris a grammar controlled by a language of the fa¥fri, in which M is
a finite set of words. The language classes generated bydgrasenars are denoted byAT*
and MAT. As mentioned above, the question of whether each matrimigra has a non-
erasing equivalent remains open. However, there has beartial pesult and reformulations
of the problem. The partial result interprets the problenthasquestion of whether arbitrary
homomorphic images of languagesMAT are again contained MAT. The weaker statement
of the partial result then restricts the kind of languagewels as the kind of homomorphisms
applied to them. LeLy be the class of Petri net languages (with non-empty tramsiéibels). It
is a well-known fact thaty C MAT*. A homomorphisni : £* — I'* is called dinear erasing
on a languagé if there is a constarnit such thatw| < k- |h(w)| for everyw € L. H'"(Lo) is
the class of all languagés L) whereL is in Lo andh is a linear erasing oh.

Theorem 2.6 ([8]) H'"™(Lo) € MAT.
For reformulations of the strictness problem\oAT C MAT?, seel[8] and[17].

Conjecture 2.7 ([6]) MAT* = MAT.
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3. Random Context Grammars

Random context grammaextend context-free grammars by equipping each produetitn
two sets of nonterminals: therbiddingand thepermitting context Then, a production can
only be applied if, in the sentential form, each of the syrsholits permitting context appears
and none of the symbols in its forbidding context occurs. Shletype ofpermitting random
context grammarsestricts the forbidding context to be empty. The corresioog language
classes are denoted bRC* andpRC.

Theorem 3.1 ([6]) pRC* = pRC.

Another open question concerns whether the inclusR C MAT is strict (see Open Prob-
lems 1.2.2 in[[2]). Since ir [6], a language has been predehtg seems to lie iMAT \ pRC,
the following conjecture has been made. Thedrem 3.3 thamlgl®llows from Theorem 3]1.

Conjecture 3.2 ([6]) pRC # MAT.

Theorem 3.3 ([6]) Of the conjectures 2.7 aind 3.2, at least one holds.
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Zusammenfassung

Wir beschreiben eine SAT-basierte Minimierung fur nicktedministische Bichi-Au-
tomaten (NBA). Fur einen gegebenen NBAindet das Verfahren einen aquivalenten NBA
Amin Mit der minimal notwendigen Zahl an Zustéanden. Dies erfoidem sukzessiv Au-
tomaten berechnet werden, dleannéahern, in dem Sinne, dass sie bestimmte positive Bei-
spiele akzeptieren und negative Beispiele ablehnen. Infeldes Verfahrens werden diese
Beispielmengen schrittweise vergroRert. Wir verwenderreiSAT-Solver um zu den Bei-
spielmengen einen passenden NBA zu finden. Wir verwenders&gabasierte Komple-
mentierung um die Aquivalenz der Kandidaten mitzu tiberpriifen. Gilt die Aquivalenz
nicht, so erzeugt der Gleichheitstest neue positive odgative Beispiele. Wir haben das
Verfahren an nichttrivialen, im Sinne von schwierig von Hau minimierenden, Beispie-
len getestet. Der Flaschenhals des Verfahrens ist die Kammggitierung.

1. Einleitung

1.1. Definition von Blchi-Automaten

Bichi-Automaten sind eine Mdglichkeitregulare Sprachen zu beschreiben, das sind Sprachen
unendlich langer Worter. Formal bestrachtet sind Buchiefaten ein Tupe{®,Z, qo, F',0),
wobei () eine endliche Menge isk, ein endliches Alphabety € Q der Startzustands” C

die Menge der Endzustande uhd@ x = — 2¢ die Ubergangsfunktion ist.

Ein (unendlich langes) Wort wird vom Automaten akzeptifaits es einen Lauf gibt, der immer
wieder bei einem Endzustand vorbeikommt.

1.2. Komplexitat

Wahrend das Minimierungsproblem fir endliche determgtgbe Automaten noch in P liegt,
liegt das Minimierungsproblem fir deterministische Budhitomaten (da sie NP-schwer ist
[4] und in NP liegt[2]).

Im Falle nichtdeterministische Automaten ist das Minimaiggsproblem allerdings, da es fir
endliche Automaten bereits PSPACE-vollstandig ist (sagdion das Berechnen der Grol3e
des minimalen Automatens ist PSPACE-vollstandig [3] SBiteSatz 3), im Falle von Blichi-
Automaten nicht komplizierter, es ist ebenfalls PSPACHst@Ndig.



22 Stephan Barth, Martin Hofmann

2. Konzept

2.1. Annaherung durch gute und bése Warter

Wir berechnen zu einem NBA (Zustandszaht, AlphabetY) Annaherungen!’, die in dem
SinneA annahern, dass sie bestimmte positive Beispiele akzept{an folgenden gute Wérter
bezeichnet) und negative Beispiele ablehnen (im folgeihdse Worter bezeichnet).

Die kleinste Annaherung a# hat hochstens Zustande, dal’ = A bereits eine Annaherung
an A mit Zustandszahth ist, unabhangig davon, welche Listen an guten und bésenéWort
gewahlt wurden. Nun gibt es aber Uber dem Alpha&baber nur endlich viele Automaten mit
hdchstens: Zustanden (fur jede der endlich vielen Zustandszahlenegibtur endliche viele
Automaten, da es nur endlich viele Variationen der Endnagtaind endlich viele mégliche
Ubergangsfunktionen gibt).

Fangt man nun mit einer beliebigen Liste an Wortern an, so kaan sich zu dieser Liste
an Wortern den kleinsten Automateti suchen. Mit diesem trifft man auf einen von zwei
maoglichen Fallen

e Der Automat stimmt mitA Gberein. Dann ist man fertig, man hat den minimalen mit
A Ubereinstimmenden Automaten gefunden, da dieser Autoerdtldinste ist, der die
Beispielworter korrekt klassifiziert.

e Hat man jedoch einen Automaten, der bei dieser ListeAnitbereinstimmt, allerdings
nicht zu A aquivalent ist, so kann man effektiv ein Gegenbeispiel bagebei welchem
beiden Automaten nicht Gbereinstimmen. Mit diesem Gegsple kann man nun die
Beispielliste erweitern und so ausschlie3en daf3 diesshialnndherung ad nochmals
gefunden wird. Da es allerdings, wie anfangs in diesem Atitichesagt, nur endlich
viele Buchi-Automaten mit hochstemsZustanden gibt, so wird dieser Fall nur endlich
oft auftreten.

Bei diesem Verfahren ist es ausreichend Schleifenwortgir(@®/w der Gestalt: Es gibt
a,b € Z* mit w = ab”) in der Wortliste zu verwenden, da die Menge der Worte, beiede
der AutomatA mit dem gefundenen Kandidateti nicht Gbereinstimmt regular ist und damit
(sofern sie nicht leer ist) mindestens ein Schleifenwott&iih

2.2. Finden von Annéaherungen mit SAT

Zu gegebenen Listen guter und bdser Woérter und einer Zustahtln kann man nun mithilfe
eines SAT-Solvers (wir verwenden Minisat [1]) einen Autaemakonstruieren, oder die Infor-
mation erhalten, daf3 es einen solchen nicht gibt. Iteriart dieses Verfahren von = 1 ab fur
ansteigende:, so erhalt man den kleinsten Automaten, der bei den Beigprgdrn passt.

Dazu definiert man Variablelf; (Zustand: ist ein Endzustand) ung ; , (man kann mit
Buchstabex von Zustand nach Zustand kommen), die den Automaten beschreiben und tber
eine Reihe von Hilfsvariablen schlielich Variableyy, (das Wortab” wird vom Automaten
akzeptiert). Nimmt man diese die Hilfsvariablen definieleAusdriicke zusammen, sowig,
fir alle guten Worterw = ab® und -z, fur alle bésen Worter = ab“, so erhalt man einen
SAT-Ausdruck, dessen Losung den gesuchten Automaten tedisiltoder eben nicht I6sbar ist,
wenn die Zustandszahl zu klein gewabhlt ist.
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3. Implementation

3.1. Pseudocode

Der Minimierer ist in der Programmiersprache ocaml impletiegt, als SAT-Solver wird das
Programm Minisat[1] verwendet. Der Programmfluf3 ist im Wiggghen der folgende:

A = zu minimierender Automat;
negA = Komplement A;
G =B = []; (x Die Listen guter und boser Worter. x*)
n-=1;
Schleifenanfang
versuche A’ = SAT-Solver (SAT-Ausdruck G B n)
Fehlschlag -> (* gibt keinen Kandidaten mit n Zust&nden. *)
n=n+1;
falls n = |A| gibt A zuriick;
Zurick zum Schleifenanfang;
Erfolg -> (x A’ ist nun ein Kandidat fiir den minimierten Automaten. *)
xB = Schnitt A’ negh;
falls xB nichtleer
push B (einschleifenwortaus xB); (* neues boses Beispiel. *)
Zurick zum Schleifenanfang;
sonst
neghA’ = Komplement A’;
xG = Schnitt A negh’;
falls xG nichtleer
push G (einschleifenwortaus xG); (* neues gutes Beispiel. *)
Zurick zum Schleifenanfang;
sonst
Gib A’ zuriick.

Folgende Erweiterungen sind gegeniber dem reinen Konmpidch eingeflossen:

e Fur die erweiterten Listen guter und bdser Woérter wird nielteils von 1 nach dem
minimalen Automaten gesucht, sondern man beléddsti dem Wert, den es bei kiirze-
ren Wortlisten hatte, da eine Erhéhung der Beispielwortadgiich zu einer kleineren
minimalen Losung fuhren kann.

e Gleichheitstest wurde implementiert durch Leerheitstasf den Schnitten AN A’ und
AN=A'. Ferner sucht man erstmal N A’ nach einem Beispielwort ab und sucht nicht
gleich die ganze symmetrische Differenz ab, da man dane gelundene Kandidaten
nicht komplementieren muf3. Dies steigert die Effizienz, daaschenhals eben die
Komplementierung ist.

e Wenn man Automaten der Grofkesucht, so wird gleich der Originalautomat zurtck-
gegeben, was gultig ist, da man hier bereits weil3, dass ae k&@ineren dquivalenten
Automaten geben kann. Dieser trivial Gberprifbare Falestst mitunter fr einen merk-
lichen Anteil der verwendeten Rechenzeit verantwortlich.
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3.2. Berechnungsbeispiele

Zur Veranschaulichung wird hier noch eine Auswahl von Zigf@rzeugten Blchi-Automaten
gegeben, sowie die von dem Programm gefundenen aquivalentémalen Automaten.
Minimierter Minimierter

Originalautomat Automat || Oniginalautomat Automat

Erwahnenswert ist, dass man in keinem der Falle den miniemi&kutomaten durch reines
Vereinigen und Weglassen von Zustanden erhalten hétte.

4. Fazit

Durch seinen allgemein gehaltenen Ansatz kann man mit midé&fahren prinzipiell jeden
NBA minimieren. Fir viele Praxisanwendungen lauft das &erén zwar zu langsam, wie es
bei einem PSPACE-vollstandigem Problem zu erwarten wamaieh kdnnen eine Reihe von
nicht-trivialen NBAs damit in vertretbarer Zeit minimiexerden.

Die Komplementierung ist momentan eindeutig der Flaschksr{iber 90% des Programm-
laufes steckt in der Komplementierung), daher sollteni@igtiungen primar hier ansetzen.
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Abstract

We propose a genetic algorithm for learning restrictedards of restarting automata
from positive and negative samples. Experiments compahiagoroposed genetic algo-
rithm to algorithms RPNI and LARS on sample languages inditaat the new algorithm
is able to infer a target language even from a small set of k&np

1. Introduction

Restarting automata [[6] were introduced as a model for Istgally motivated method of
checking correctness of sentences of a natural languageepwise simplification of the in-
put sentence while preserving its (non)correctness.

A restarting automaton can be represented as a finite settafimsructions defining pos-
sible reductions of a current word. In a general restartirigrmaton, each reduction consists in
rewriting a short subword by even shorter word. The possilitb apply a meta-instruction is
controlled by the content of the whole tape to the left andheortght from the place of rewrit-
ing. The left and right context must belong to given reguderguages which are comprised by
the meta-instruction as regular constraints.

Several variants of restarting automata were studied inemans papers [6]. In this paper
we propose more restricted variant of restarting auton@tavhich the possibility to apply
a meta-instruction is controlled by a fixed finite size cohtmound the rewritten subword —
restarting automata with limited context-R-automata). We propose a special version of a
genetic algorithm to learlk-R-automata from both positive and negative samples. Dueeio th
simpler definition, the learned-R-automata are much easier to interpret by humans than gen-
eral restarting automata.

In Section 2 we introducke-R-automata and their several more restricted variantsidegt
presents the proposed genetic algorithm for learfisiRrautomata from positive and negative
samples. Then we compare the proposed algorithm with welkk learning algorithms —
RPNI [5] and LARSI[3].

This work was patrtially supported by the Grant Agency of tze Republic under Grant-No. P103/10/0783
and P202/10/1333.
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2. Definitions and Notations

Let A denote the empty word and| denote théengthof the wordw.

Definition 2.1 A limited context restarting automatple-R-automaton for short, is a system
M = (2,I',I), whereX is an input alphabetl” is a working alphabet containing, and/ is a
finite set ofmeta-instructionsf the following form(¢ | x — y | r), wherex,y € I'* such that
lz| > |y|, £ € {\,¢}-Z"andr € - {\, $}.

An lc-R-automatonM = (Z,I",I) induces a reduction relatior,; as follows: for each
w,v € ['*, ukps v if there exist words:iq, up € '™ and a meta-instructiofl | x — y | r) in I
such thatu = uizup, v = uiyup, ¢ is a suffix ofcuy andr is a prefix ofuy$. Letk3, denote
the reflexive and transitive closuretef,;. The language accepted by theR-automaton)/ is
L(M)={weZ|wk* A}

An lc-R-automaton) accepts exactly the set of input words which can be reduced to
Obviously,\ isin L(M), for eachlc-R-automaton\/.

Example 2.2 Let M = ({a,b},{a,b},I), wherel = {(a | abb — X |b),(¢|abb— \|$)}, be an
|c-R-automaton. Theaaabbbbbb - zM aabbbb 5, abb=§, A and the wordi*b® belongs tal.(M).
It is easy to see thdt(M) = {a™b"" | n > 0}.

We consider several restricted variantdeR-automata. We say, thét is of type :
Ro if I is arbitrary finite set of rules without any restriction.

R1 if I contains only rules of the following two forms|z — A|v) and (u|z — a|v), where
acl,ue{\¢} M oel - {\$}andzel".

Ro if I contains only rules of the following two forms|z — A|v) or
(u|r — alv), wherea € T, u € {\,¢} andv € {\,$} andx € '*.

Rz if I contains only rules of the following two form@:|xz — A|$) or (u|z — a|$), where
ael ue{\c¢}tandz erl™.

Basovnik in [1] studied the power ¢d-R-automata.lc-R-automata of typé:g recognize
exactly the class of growing context-sensitive languade&-automata of typéR, recognize
exactly the class of context-free languages lariRkautomata of typ& s recognize exactly the
class of regular languages.

The problem of inferring att-R-automaton for a target language_ 2* consists in learning
its set of rewriting meta-instructions. In this wolk;R-automata are inferred from an input set
of positive and negative samplés, , S_), whereS, C L, S_ C 2*\ L, using genetic algorithm
[4]. Every individual in a population is a set of rewritinges. Its fitness is

1(|1E: -5 |E_]
F=100{1-2 + ,
( 2( ENERREN

whereFE, is a set of rejected positive samplés, is a set of accepted negative samplesand
is a bonus for partially reduced rejected positive samples:

b < =1

5]

Y

seby
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wheres’ is the shortest word, that can be created froasing rewriting rules of the evaluated
individual.
The genetic algorithm uses three operators:

1. Selection: a tournament selection with elitism — 3 fittadividuals are copied into the
new generation without any change; in a tournament two iddals are randomly se-
lected and with probability 0.75 the individual with highH#ness is used for constructing
the new generation.

2. Crossover: a random shuffle of rules of two individualsseifne individual is left without
rules, a random rule is added to it.

3. Mutation: one of the following changes in an individuainade:
¢ with probability 0.1 a randomly chosen rule is deleted,
¢ with probability 0.35 a random rule is added,
¢ with probability 0.55 a randomly chosen rule is edited:

— with probability 0.1 a random symbol is deleted,
— with probability 0.45 a new symbol is randomly inserted,
— with probability 0.45 a randomly chosen symbol is rewritten

Each initial population contains individuals with a singlée of the form(¢, w, $), wherew
is one of the positive training samples of minimal length.

3. Results

We have compared learning fR-automata using genetic algorithms with two well-known
methods for grammatical inference — regular positive arghtiee inference (RPNI{_[5]) for
inferring regular languages and learning algorithm forrgmg systems (LARS;([3]) for in-
ferring languages represented by string rewriting systé®sause restarting automata can be
interpreted as a regulated string rewriting systems, tobe dlgorithms were compared on
two sets of languages: 15 regular languages used by Dupf#tjtand the following 7 context-
free languages:{a™V" | n > 0}, {a"cb" | n > 0}, {a"b?" |n >0}, {ww?|w € {a,b}*},
{w|w=wkwe {a,b}*}, the Dyck language of matching parentheéesmd), and another
Dyck language of matching parentheses of two types], |.

After thorough experiments, we fixed parameters of the gea&jorithm: population size
200, epoch count 400, mutation rate 0.2, crossover raten0.8uxiliary symbols were allowed
(working alphabet coincided with the input alphabet). Fatetested languadge we generated
two setsS,, S_ of positive and negative samples of si¥e= |S,| = |5_|.

Positive samples were generated by breadth-first searcérivbtions according to a fixed
grammar forL, wherei-th generated word was inserted irfig with a probabilityﬁ +0.5,
until we obtainedV positive samples. While negative samples were generateidnaly.

For each tested language there were generated 100 setsitdfepasd negative samples.
Each set was randomly split into (i) training samples caonitgj ¢,, positive andt,, negative
samples and (ii) testing samples containipgositive and; negative samples for the learned
language V =t,, + ;). In all our experimentg;, = 50.
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Table 1: Mean values of the fithess function on test sets asthiby the tested algorithms together with
their standard deviations.

regular languages | context-free languages
=100 | t,=10 tn =10
RPNI || 996+1.2 | 849+184 753+186
LARS || 97.3+9.1 | 80.8+19.8 72.3+206
lc-R 982+45|918+106 926+123

Learning of restarting automata was performed for all retsdn types fromRg to R3 and
the best result was used. In the first experiment we compdérinlele methods on large training
sets of samples( = 100) of regular languages. The best method was RPNI, bue#raihg
restarting automata had similar result and for some langgi#tgwas even better than RPNI
algorithm. During the second and the third experiment thenieg methods were tested on a
small training sets of samples,(= 10) from the regular languages and from the context-free
languages, respectively. The learning of restarting aatarwas significantly the best method
in these experiments. We can say, that the developed Igamé&thod is well-generalizing,
particularly for non-regular languages.

Beside general nondeterminisiiieR-automata we have proposed their deterministic version
in which the meta-instructions are applied in fixed order amthe leftmost position only. Such
automata performed similarly as the nondeterministiR-automata but much faster.

References

[1] S. BAsOvNiK, Learning Restricted Restarting Automata using Genetiodtdgm. Master thesis,
Charles University, Faculty of Mathematics and PhysicagRe, 2010.

[2] P. DupoONT, Regular grammatical inference from positive and negatamples by genetic search:
The GIG method. In:Proc. 2nd International Colloquium on Grammatical Infecen— ICGI '94
LNAI 862, Springer-Verlag, 1994, 236—245.

[3] R. EYRAUD, C.DE LA HIGUERA, J.-C. ANODET, Representing Languages by Learnable Rewrit-
ing Systems. In: G. RLIOURAS, Y. SAKAKIBARA (eds.),|ICGI 2004 LNAI 3264, Springer, Berlin,
2004, 139-150.

[4] D. E. GOLDBERG, Genetic Algorithms in Search, Optimization, and Machinarbang. Addison-
Wesley, Reading, Mass., 1989.

[5] J. ONCINA, P. GaRCIA, Inferring regular languages in polynomial update time. W P. DE LA
BLANCA, A. SANFELIU, E. VIDAL (eds.),Pattern Recognition and Image Analydidachine Per-
ception and Artificial Intelligence 1, World Scientific, $mpore, 1992, 49-61.

[6] F. OTTO, Restarting automata. In: Z.9ik, C. MARTIN-VIDE, V. MITRANA (eds.),Recent Ad-
vances in Formal Languages and ApplicatioBsudies in Computational Intelligence 25, Springer,
Berlin, 2006, 269-303.



’7/'H-EOR|E_ J. Dassow und B. Truthe (Hrsg.): Theorietag 2011, Allrodar@), 27.—29.9.2011
AG 2011 Otto-von-Guericke-Universitat Magdeburg S.29-3

Netze evolutionarer Prozessoren
mit subregularen Filtern

Jurgen Dassow  Florin Mang€a  Bianca Truthe

Otto-von-Guericke-Universitat Magdeburg, Fakultét fiifolrmatik
PSF 4120, 39016 Magdeburg

{dassow,manea,truthe}@iws.cs.uni-magdeburg.de

Zusammenfassung

In dieser Arbeit entwickeln wir eine Hierarchie von Klassam Sprachen, die von
Netzen evolutionarer Prozessoren erzeugt werden, benaiead-ilter zu speziellen Klas-
sen von regularen Mengen gehdren. Wir zeigen, dass mitrfriias den Klassen der
geordneten, nicht-zdhlenden, potenzseparierendemyjéiek, suffixabgeschlossenen, ver-
einigungsfreien, definiten und kombinatorischen Spradiergleichen Sprachen erzeugt
werden kdnnen wie mit beliebigen reguléren Filtern und daggede rekursiv-aufzéhlbare
Sprache erzeugt werden kann. Beim Verwenden von Filtemndr endliche Sprachen
sind, werden nur reguldre Sprachen erzeugt aber nicht gedére Sprache ist erzeugbar.
Mit Filtern, die Monoide, nilpotente Sprachen oder komniugaregulére Sprachen sind,
erhalten wir eine andere Sprachklasse; sie enthalt nifiektfreie Sprachen aber nicht
alle regulare Sprachen.

1. Definitionen

Wir gehen davon aus, dass der Leser mit grundlegenden Ktamedpr Theorie formaler Spra-
chen vertraut ist (siehe z. B.|[4]). Wir geben hier einige ifégund Notationen, die in dieser
Arbeit verwendet werden.

Es seil” ein Alphabet. Mitl’* bezeichnen wir die Menge aller Worter tbdéfeinschliellich
des Leerwortes).

Eine Regelgrammatik ist ein Quadrugél= (N, T, P,S), wobei N eine endliche Menge
von Nichtterminalen ist]” eine endliche und ziv disjunkte Menge von Terminalen igt, eine
endliche Menge von Ableitungsregeln geschrieben in demkor— 5 mita € (NUT)*\ T*
undg e (NUT)* ist sowieS € N das Startwort (Axiom) ist.

Mit REG CF und RE bezeichnen wir die Klassen regularer, kontextfreier bakursiv-
aufzahlbarer Sprachen.

Diese Arbeit wurde auf der LATA 2011 vorgestellt.

(4) Auch: Faculty of Mathematics and Computer Science, Unitieo$ Bucharest, Str. Academiei 14, RO-010014
Bukarest, Ruméanierf {manea@fmi .unibuc.ro). Florin Manea wurde von déexander-von-Humboldt-Stiftung
gefordert.
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Zu einer Spraché Uber einem Alphabét” setzen wir

CommL) ={aj...a;, |a1...ap, € L, n > 1, {i1,ip,...,in} ={1,2,...,n}},
Circ(L) = {vu|w e L, u,v € V*},
Suf(L) ={v|uweL, uyveV"}

Wir betrachten die folgenden Einschrankungen regulareac®en. Es seieh eine Sprache

undV = alph(L) das Minimalalphabet voh. Wir sagen, die Sprachkist

— kombinatorisclgenau dann, wenn sie in der Foim= V* A fur eine Teilmenged C V
darstellbar ist,

— definitgenau dann, wenn sie in der Fofin= AUV * B mit endlichen Teilmenged und
B vonV* darstellbar ist,

— nilpotentgenau dann, wenn sie endlich oder die komplementare Spiaché endlich
ist,

— kommutati\genau dann, wenh = Comn{L) gilt,

— zirkular genau dann, wenh = Circ(L)gilt,

— suffixabgeschlosseggenau dann, wenn zu jedem Watt € L fur Worterz,y € V* auch
y € L qgilt (oderSuf(L) = L gilt),

— nichtzahlendoder sternfrei) genau dann, wenn es eine Zahl 1 so gibt, dass fir be-
liebige Wérterz,y, z € V* das Wortzy* ~ genau dann il liegt, wenn das Worty* 12
in L liegt,

— potenzseparierengenau dann, wenn zu jedem Wert VV* eine natirliche Zahin > 1
so existiert, dass entwedéf’ N L = () oderJ" C L gilt mit J* = {z" | n > m},

— geordnetgenau dann, wenh von einem endlichen Automatet = (Z,V, 6, 20, F') ak-
zeptiert wird, wobe{ Z, <) eine geordnete Menge ist und fur jeden BuchstaberV” die
Beziehung: < 2/ die Beziehung(z,a) < §(Z,a) impliziert,

— vereinigungsfregenau dann, wenh durch einen regularen Ausdruck beschreibbar ist,
der nur aus Konkatenation und Kleene-Abschluss gebildet wi

Mit COMB, DEF, NIL, COMM, CIRC, SUF, NC, PS ORD und UF bezeichnen wir die

Klassen der kombinatorischen, definiten, nilpotentenyléggn kommutativen, regularen zir-
kularen, regularen suffixabgeschlossenen, regularenzaiclenden, regularen potenzseparie-
renden, geordneten bzw. vereinigungsfreien Spracheneeffh bezeichn®ON die Menge
aller Sprachen der Forii*, wobeiV” ein Alphabet ist (wir nennen diese Sprachen monoidal).
Es sei

G = {FIN,MON, COMB, DEF, NIL, COMM, CIRC, SUF,NC, PS ORD, UF }.

Die Klassen aug wurden z. B. in[[3] und[5] untersucht.

Wir nennen eine Ableitungsregel—

— eine Substitutionsregel, falls| = | 5| = 1 gilt, und

— eine léschende Regel, falls| = 1 undg = X\ gelten.

Aus einem Wort wird ein Wortw abgeleitet, geschrieben als—=- w, wenn zwei Worter:, y
und eine Regek — [ so existieren, dass= zay undw = x[y gelten.

Einfugen wird als Gegenstiick zum Léschen angesehen. Wieibem\ — a, wobeia ein
Buchstabe ist. Mittels einer einflgenden Regeb a wird aus einem Wortw jedes Wortwiaw;
mit w = wiwo erzeugt.

Wir definieren nun Netze evolutionarer Prozessoren (kureyE
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Definition 1.1 Es seiX eine Familie von regularen Sprachen.
(i) Ein Netz evolutionarer Prozessoren (der Grofdemit Filtern aus der MengeX ist ein
Tupel
N = (V,N1,Nz,..., Ny, E,j),

wobei
— V ein endliches Alphabet ist,
- N; = (M;, A;, 1;,0;) fur 1 < i < n ein evolutionérer Prozessor ist, bei dem
— M, eine Menge von Regeln eines gewissen Typdistt {a —»b|a,b eV}
oderM; C{a— A|acV}oderM; C{A\—blbeV},
— A; eine endliche Teilmenge vofi ist,
— I; undO; Sprachen Uber dem Alphabétaus der MengeX sind,
— F eine Teilmenge vofil,2,...,n} x {1,2,...,n} istund
— j eine naturliche Zahl miL < j < n ist.
(i) Eine KonfiguratiorC' von ist einn-TupelC = (C(1),C(2),...,C(n)), wobeiC' () fur
1 <i <n eine Teilmenge vol* ist.
(i) EsseierC' = (C(1),C(2),...,C(n))undC’ = (C'(1),C"(2),...,C"(n)) zwei Konfigura-
tionen vonV. Wir sagen, dass aus der Konfiguratiéhdie KonfigurationC” in einem
— Evolutionsschritt abgeleitet wird (geschrieben éls—> "), falls C’ (i) fur alle
Zahleni mit 1 <1i < n aus allen Worternv € C(7), auf die keine Regel au¥/;
anwendbar ist, und aus allen Wortetn zu denen es ein Worte C'(¢) und eine
Regelp € M; derart gibt, dass —,, w gilt, besteht, und in einem
— Kommunikationsschritt abgeleitet wird (geschriebencals C’), falls firl <: <n

C'(i) = (C(i)\O;) U U (C(k)NOrNI;)
(kjg)eE

gilt.
Die Berechnung eines evolutiondren Netxésst jene Folge von Konfigurationen
Cy = (C(1),C4(2),...,C¢(n)) mitt > 0 derart, dass
— Co=(A1,42,..., Ap) qilt,
— aus C; die KonfigurationCy;1 in einem Evolutionsschritt abgeleitet wird (fur
t > 0) und
— ausCy1 die KonfigurationC; . » in einem Kommunikationsschritt abgeleitet wird
(far ¢t > 0).
(iv) Die von einem Net&” erzeugte Sprache(N) is definiert als

LWN) = Gi()),

>0
wobeiCy = (C(1),C4(2),...,C¢(n)), t > 0 die Berechnung volY ist.

Zu einer KlasseX C REGbezeichnen wir die Klasse der Sprachen, die von Netzenevolu
tionarer Prozessoren erzeugt werden, bei denen alle EiltdflasseX gehdren, mi€ (X).

Es ist offensichtlich, dass fur zwei Teilklassé&hund Y von REGmit X C Y auch die
Inklusion&(X) C £(Y) gilt.

Es ist bekannt, dass REG = REgilt (siehe z. B.[[1]).
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2. [Ergebnisse

Die erhaltenen Resultate sind in folgendem Diagramm dgeliies

RE=£(REQ = £(PS) = £(NC)
= £(ORD) = £(SUF) = £(CIRC)
= £(DEF) = £(COMB) = £(UF)

/

CF
R,LG £(MON) = £(NIL)
i
£(FIN) NIL COMM

FIN N MLN

Eine gerichtete Kante von einer Sprachklaiseu einer Sprachklass3¢é steht fir die echte
InklusionX C Y.

Die in dieser Arbeit betrachteten Klassen subregularesi@@n sind Gber kombinatorische
oder algebraische Eigenschaften der Sprachen definid@] imurden Unterklassen vVOREG
betrachtet, die Uber Beschreibungskomplexitat definiedt £s seREG, die Menge der regu-
laren Sprachen die von deterministischen endlichen Autemeakzeptiert werden. Dann gilt

REG CREG CREG C---CREG,C---C REG

Da die Klass& (MON) nicht-semilineare Sprachen enthélt, erhalten wir nachiBeziehun-
gen
E(REG) C E(MON) Cc £(REG) =¢(REG) =---=RE

und aus([2] auBerdem die Unvergleichbarkeit §(¢dREG, ) mit REGundCF.
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Zusammenfassung
In dieser Arbeit untersuchen wir die Machtigkeit von CDG$ Yalenzregeln.

1. Einleitung

Grammatiken mit Valenzregeln und kooperierende vert@hiammatiksysteme (CDGS) wur-
den in den Arbeiter [2,/7] im Abstand von etwa 10 Jahren eiifgefEine Kombination dieser
Mechanismen gestattet die Betrachtung einer Vielzahl n8peachfamilien; dieser Aufgabe
widmeten wir uns in([5]. Hier wollen wir nur einen Abriss dergeébnisse skizzieren. Fir ein
CDGSG mit Valenzregeln Giber dem MonoM = (M, o,e) legen wir fest:

IMG) = {weT*|(S,e) =] (ar,e) =L ... =] (am-1.¢) =] (am,e)
mitm>1,1<i; <n,1<j<m,oy,=w}.
LYG) = {weT*|(S.e)=] (ar,01) =] ... =] (0m-1,7m-1) =]
(am=w,zm=¢e)Mitm>1 1<i;<nz;e€ M,1<j<m}.
Hierbei ist f einer der bekannten CDGS-Modi. Die entsprechenden Sgnadlign notieren
wir mit Lint(CD, X, f,M) bzw. Lext(CD, X, f,M), wobei X den Kernregeltyp angibt (regular,
kontextfrei). Allgemein kdnnen wir festhalten:

Lemmal.l Fir X € {REGCF}, Y € {int,ext}, k € N und MonoideM = (M, o,e¢) gilt:
Ly(CD,X,%,M) C Ly(CD, X, >k M).

Dem mit den genannten Mechanismen vertrauten Leser dimf@etspiel am ehesten hel-
fen, unsere Notationen zu verstehen.

Beispiel 1.2 Betrachte das Systeti= ({S, A, B},{a,b,c},{P1, P>, P3, P4}), wobei

P ={(S—S,41),(S — AcB,-1)},

P, = {(A— ada,+1),(B — aBa,—-1)},

P3 = {(A— bAb,+1),(B — bBb, 1)}, sowie
Py={(A—c,+1),(B—c,—1)}.



34 Henning Fernau, Ralf Stiebe

Als den Valenzen zugrunde liegendes Monoid betrachtenief{, +). Flr die im= 2-Modus
mit Zwischentests erzeugte Sprache gilt:

L"(@) = {wewewew® | w e {a,b}*}.

Die durchG mit Schlusstests erzeugte Sprache ist wesentlich grél3er.

2. CDGS mit Zwischentests

Der regulare Fall wurde bereits von Sorina Vicolov(-Dussttu) [8] unter der Bezeichnung
CDGSmit Registerruntersucht. Wir fassen unsere Ergebnisse mit ihren zusamme

Satz 2.1 Fur beliebige Monoidé/l = (M, o, e) gilt:

— Lint(CD,REG, x,M) ist eine volle abstrakte Familie von Sprachen.

— IstM von E endlich erzeugt, so isfjy:(CD,REG, x,M) gerade die vori (£) erzeugte volle
abstrakte Familie von Sprachen.

Hierbei fassen wity als Alphabet auf und(£) sei die Menge alletv € E*, welche zur
Identitate evaluieren, wenn wir die Konkatenation als Monoidoperatiinterpretieren.

Folgerung2.2 e Fur endliche Monoidé gilt: £int(CD,REG *,M) = L(REG).
e Lint(CD,REG %,Z"™) ist eine volle AFL, erzeugt durch:
Ly, ={we{a1,...,an,b1....b,}" | |w]a, = |wlp,;, 1 <i <n}.
Insbesondere isti:(CD,REG, *,Z) eine echte Teilklasse der Einzéhlersprachen [1].

e Fur die freie Gruppefy, mit k > 2 Erzeugern gilt:
Lint(CD,REG, %, I},) = L(REG, F,) = L(CF) [6].

Satz 2.3 Lint(CD,REG, *,Z"™) und Lint(CD,REG, *,Q. ) sind nicht schnittabgeschlossen.

Beweis.SeiL = {a"*1ba™b|n > 0}. Mit L sindL; = L* und L, = a*bL*bin L(CD,REG *,7Z),
aber die Léngenmentiél("z—”) |n> 1} von LyN Ly = {a"ba™b---abb|n > 1} ist nicht se-
milinear, also giltLy1 N Ly ¢ Lint(CD,REG, *,Q4.). O

Satz 2.4 Fir f € {t,>k} undM = (M, o,e) gilt: Lint(CD,REG, f,M) = Lint(CD,REG, *,M).
Satz 2.5 Fiir f € {=k, <k} undM = (M, o,e) gilt: Lint(CD,REG, f,M) = L(REG).
Satz 2.6 Firjedes MonoidV und allek > 2 erhalten wir:

Lint(CD,CF, x,M) C Lint(CD,CF,> k,M) C Ljnt(CD,CF,%,M x Z).

Beweis.Konstruktionsskizze fur die zweite Inklusion: Zu ein&mValenz CDGS~ = (N, T, S,
Pi,...,P;) seiM x Z-Valenz CDGSY' = (N',T,5", Py, Py, ..., P}): N' = NU{S", X1,..., X} },
Py={(5" = 5X;,(e,0)) |1 <i <k}, Pl ={(A— a,(m,1))| (A — a,m) € B}U{(X; —
X, (e,=k)|11<j<Ekni#j}U{(X; = Xi,(e,-1)),(Xs = A\, (e,—k))},furl<i<k. O
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Folgerung 2.7 Fur k > 2 gilt: Lint(CD,CF,>k,Z) O L(MAT,CF).
Satz 2.8 Fur k> 2und f € {<k,=k} kdnnen wir zeigenLjnt(CD,CF, f,Z) = L(MAT,CF).
Lemma 2.9 Fir bel. MonoideM gilt: Lint(CD,CF,=1,M) = Ljnt(CD,CF,<1,M) = L(CF).

Satz 2.10 Lint(CD,CF.t,Q,) = Lint(CD,CF,t,Z") = Lint(CD,CF,t,Z) = £L(RE) mitn > 1,

Der Beweis erfolgt tber ETOL-Systeme mit Valenztests [4].

3. CDGSmit Schlusstests

Valenztransduktionen wurden inl [4] eingefuhrt, rationBl@nsduktionen verallgemeinernd.

Satz 3.1 Fur alle Modi f ist jede Sprachd. € Lext(CD,CF, f,Z*) das Bild einer Sprache
L' € Lext(CD,CF, f) unter einerZ”-Valenztransduktion.

Satz3.2 Furk>2,n>1undf € {>k,=k} erhalten wir:
Lext(CD,CF, f,Q.) = Lext(CD,CF, f,Z") = Lex{(CD,CF, f,Z) = L(MAT ,CF).

Folgerung 3.3 Fur k> 2und f € {>k,=k} ist L(MAT,CF) der Abschluss vod(CD, CF, f)
unterZ-Valenztransduktionen. Daher enth8¢CD, CF, ) Sprachen, die nicht semilinear sind.

Satz 3.4 Fur beliebige Monoidé/ und Modif kennzeichnefext(CD,REG, f,M) die regulé-
ren M-Valenzsprachen.

Satz 35 Fiurk>1,n>1undf € {<k,x,=1} kennzeichnefexi(CD, CF, f,Z") die kontext-
freienZ"-Valenzsprachen.

Folgerung 3.6 Fir k> 1und f € {<k,*,=1} gilt: Lext{(CD,CF, f,Q.) = L(UV,CF).

ETOL-Systeme mit Valenzen wurden [ [4] definiert.

Satz 3.7 Fur n > 1 gilt: Lexi(CD,CF,t,Z™) kennzeichnet die von ETOL-Systemen it
Valenzen erzeugten Sprachen.

4. Ausblick und Zusammenfassung

Bekannt ([3, Lemma 14])C;4t(CD,CF,*,Z) 2> L(MAT,CF). Ob diese Inklusion echt ist oder
auch Lint(CD,CF, x,Z") C Lint(CD,CF,*,Z"*1), bleibt unklar; Satz2]6 mag hilfreich sein.
Folgerung 3.B mag einen Hinweis fur die Frage liefern, obrmkusionen J, .y £(CD,CF,=k)

C L(MAT,CF) bzw.Uen £(CD,CF, > k) C L(MAT,CF) echt sind oder nicht. Umgekehrt er-
geben sich zahlreiche neue Fragestellungen, z.B.:

— Bei den Zwischentests sind die Moderk nicht voll klassifiziert.

— Fragen der Beschreibungskomplexitat wurden tiberhaapt betrachtet.
— Ebensowenig wurden hybride CDGS mit Valenzen untersucht.
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Fur Z-Valenzen fassen wir zusammen; auch dabei werden offegefideutlich:
Satz 4.1 Fur kK K" k" > 2 qilt:

L(CF) = £t(CD,CF,= 1,7)
C Lext(CD,CF,= 1,7) = Lex(CD,CF, <k, Z)
C L£(MAT,CF) = Lint(CD,CF, <k, Z) = Lex{(CD,CF,> k", Z)
C Lint(CD,CF,> k", 7)
C Lint(CD,CF.t,Z) = L(RE).

In [5] haben wir aul3erdem den Effekt von Valenzen bei CDG8istt; welche nicht ein-
zelnen Regeln, sondern ganzen Komponenten zugeordnegnvéases Konzept entspricht in
naturlicher Weise den in [4] betrachteten Tafelvalenzestdtinlicherweise tbertragen sich die
Ergebnisse tiberhaupt nicht leicht. Insbesondere bleidagrob CDGS mitV-Komponenten-
valenzen imt-Modus die Sprachklasse kennzeichnen, welche durch ETGtefie mitM-
Tafelvalenzen beschrieben wird.
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Abstract

The monograph on regulated rewriting by Jirgen Dassow amb@he Run [2] gave

a first comprehensive overview on the basic concepts of ageglirewriting, especially for
the string case. As it turned out later, many of the mechanmmsidered there for guiding
the application of productions/rules can also be appliedther objects than strings, e.g.,
to n-dimensional arrays or graphs or multisets. For compaieggenerating power of
grammars working in the sequential derivation mode, wenthice a general model for
sequential grammars, with regulating mechanisms onlychasdhe applicability of rules,
without any reference to the underlying objects the rulesnrking on, and establish some
general results not depending on the type of the underlyiagqmars.

1. A General Model for Sequential Grammars

For the basic notions and concepts of formal language thtbemeader is referred to the mono-
graphs and handbooks in this area [2].

A (sequential) grammaé: is a constructO, Or,w, P,—>¢) whereO is a set ofobjects
Or C O is a set ofterminal objectsw € O is theaxiom (start object) P is a finite set of
rules and=—;C O x O is thederivation relationof . We assume that each of the rules
p € P induces a relatior=-,C O x O with respect to—=> fulfilling at least the following
conditions: (i) for each object € O, (z,y) € =, for only finitely many objectg; € O; (ii)
there exists a finitely described mechanism as, for exanapliring machine, which, given
an objectz € O, computes all objectg € O such that(z,y) € =>,. Arulep € P is called
applicableto an objectr € O if and only if there exists at least one object O such that
(x,y) € =, we also writext =, y. The derivation relatioe=> is the union of all=-,,

I.e.,=g= Upecp =p. The reflexive and transitive closureef> is denoted by= .

In the following we shall consider different types of grammdepending on the compo-
nents ofGG (where the set of object3 is infinite, e.g.,V*, the set of strings over the alphabet
V), especially with respect to different types of rules (eapntext-free string rules). Some
specific conditions on the elements @f especially on the rules i®, may define a special

(4)The results presented in this paper originate from the aststay at the Otto-von-Guericke-Université in
Magdeburg around twenty years ago, based on many integesstich fruitful discussions with Jirgen Dassow as
well as Gheorghedun and later on, among others, especially also with Herframgau and Marion Oswald. A
more detailed presentation and further results can be foujg].
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type X of grammars which then will be callegrammars of typeX. Thelanguage gener-
ated byG is the set of all terminal objects (we also assume O to be decidable for every

v € O) derivable from the axiom, i.e[, (G) = {v €O0r|w=¢ v}. The family of languages

generated by grammars of typé is denoted byl (X). A type X of grammars is called a
type with unit rulesf for every grammarG = (O, Op,w, P,—>¢) of type X there exists a

grammarG’ = <O,OT,w,PUP(+),:>G/> of type X such that—=( C = and (i)
PH) = {p<+> Ipe P}, (ii) for all z € O, p*) is applicable ta: if and only if p is applicable

to z, and (iii) for all z € O, if p{*) is applicable tor, the application op(*) to z yieldsz back
again;X is called aype with trap rulesf for every grammarz = (O, Op,w, P,—>¢) of type X

there exists a grammar = (O,OT,w,PUP(—),:m/) of typeX suchthat=¢ C =
and () P(-) = {p<—> |pe P}, (i) for all z € O, p{~) is applicable tor if and only if p is ap-

plicable toz, and (iii) for all z € O, if p{~) is applicable ta, the application op(~) to = yields
an objecty from which no terminal object can be derived anymore.

Instead of the common notatiagig = (N, T, w, P), in the general framework as defined
above, astring grammarGg is represented a§(N UT)", T*,w,P,=>p), whereN is the
alphabet ofnon-terminal symbolsT is the alphabet oferminal symbolsNNT =0, w €
(NUT)™, Pis a finite set ofulesof the formu — v with . € V* (for generating grammars,
u € V) andv € V* (for accepting grammars,c V1), with VV := NUT; the derivation relation
for u — v € P is defined byruy =, zvy for all z,y € V*, thus yielding the well-known
derivation relation—=>¢, for the string grammats.

As special types of string grammars we consider string graranwith arbitrary rules,
context-free rules of the forml — v with A € N andv € V*, and (right-)regular rules of
the form A — v with A € N andv € TN U{A}. The corresponding types of grammars are
denoted byARB, C'F, and REG, thus yielding the families of languag€y ARB), i.e., the
family of recursively enumerable languages, as well &'F'), andL (REG), i.e., the families
of context-free, and regular languages, respectively.

Observe that the typesRB andC'F’ are types with unit rules and trap rules (fo= w —

v € P, we can take*) = w — w andp(~) = w — F whereF ¢ T is a new symbol — the trap
symbol), whereas the typREG is not a type with unit rules. Therefore, we also consider the
type REG’ with regular rules of the most general fouin— v with A € N andv e T*NUT*

and axiomsy € (NUT)", and denote the corresponding family of languageg bR EG’).

A multiset grammar([1]G,, is of the form ((NUT)?,T° w, P,=¢,,) WhereN is the
alphabet ofnon-terminal symbolsT is the alphabet oferminal symbolsNNT = (), w is
a non-empty multiset ove¥’, V := NUT, and P is a (finite) set of multiset rules yielding
a derivation relation—-¢,, on the multisets oveV’; the application of the rule — v to a
multisetx has the effect of replacing the multisetontained inx by the multisetv. For the
multiset grammac,,, we also write{ N, T, w, P,=>¢,,)-

As special types of multiset grammars, which became of nésvest in the emerging field
of P systems [5], we consider multiset grammars \aithitrary rules,context-freeules of the
form A — v with A € N andv € V°, andregular rules of the formA — v with A € N and
v € T°NUT?; the corresponding types of multiset grammars are denotediyA RB, mCF,
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andmREG, thus yielding the families of multiset languag@égX ). Observe that all these types
mARB, mCF, andmREG are types with unit rules and trap rules (fo= w — v € P, we
can takep*) = w — w andp(~) = w — F whereF is a new symbol — the trap symbol). Even
with arbitrary multiset rules, it is not possible to get (£ (ARB)) [4]:

Ps(L(REG)) = L(mREG) = L(mCF)= Ps(L(CF))
G L(mARB) G Ps(L(ARB)).

Regulating mechanisms

A graph-controlled grammagfwith appearance checking) of typéis a constructGgc =
(G,g,Hi,Hf,:mC) whereG = (O,Op,w, P,—>¢) is a grammar of type&X'; g = (H, E, K)
is a labeled graph wher# is the set of node labels identifying the nodes of the grapa in
one-to-one mannek, C H x {Y,N} x H is the set of edges labeled byor N, K : H — 2P
is a function assigning a subset Bfto each node of,, H; C H is the set of initial labels, and
Hy C H is the set of final labels. The derivation relaties> ;¢ is defined based oa=-¢ and
the control graply as follows: For any, j € H and anyu,v € O, (u,i) =>g¢ (v, ) if and only
if either (i) v =, v by some rulep € K (i) and(¢,Y, j) € £ (success casedr (i) v = v, no
p € K (i) is applicable ta:, and(i, NV, j) € E (failure case) The language generated by
is defined byL(Ggc) = {v €Or | (w,i) =5, (v.]), i€ Hyj e Hf}. If H; = Hy = H,
thenGg¢ is called aprogrammed grammarThe families of languages generated by graph-
controlled and programmed grammars of typeare denoted by (X-GC,.) and L (X-P,.),
respectively. If the sely contains no edges of the forfi, IV, j), then the graph-controlled
grammar is said to bwithout appearance checkinthe corresponding families of languages
are denoted by (X-GC) andL (X-P), respectively. The notiowithout appearance checking
(ac for short) comes from the fact that in the original definitibre appearance of the non-
terminal symbol on the left-hand side of a context-free w#e checked; in our general model,
the notionwithout applicability checkingvould even be more adequate.

A matrix grammarof type X is a constructiy; = (G, M, F, :>GM) where the underlying
grammaiGG = (O,Or,w, P,—>() is a grammar of typ&, M is a finite set of sequences of the
form (py,...,pn), n > 1, of rules inP, andF C P. Forw,z € O we writew = ¢,, 2 if there
are a matriXp1, ...,p,) in M and objectsv; € O,1<i <n+1, such thatv = w1, z = wy41,
and, for all 1< i <n, either (i)w; =g w;+1 or (ii) w; = w; 11, p; IS not applicable tav;, and
pi € F. L(Gy) = {v €O0r|w=y,, v} is the language generated BY,. The family of

languages generated by matrix grammars of type denoted by (X-M AT,.). If the setF'is
empty, then the grammar is said toweahout appearance checkinthe corresponding family
of languages is denoted B/ X -M AT).

A random-context grammaF g of typeX isa construc(G, P, :>GRC) where the gram-
marG = (0,07, w, P,=>¢) is of type X, P’ is a set of rules of the forrty, R, Q) whereg € P,
RUQ C P, =¢Is the derivation relation assigned €orc such that for anyr,y € O,

T =@, vy if and only if for some rulgq, R,Q) € P', * =, y and, moreover, all rules from
R are applicable ta as well as no rule frond) is applicable toc. A random-context grammar
Gro = (G, P, :>GRC) of type X is called agrammar with permitting contexts of typeif for
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all rules(q, R,Q) in P’ we haveQ = 0, i.e., we only check for the applicability of the rules in
R. G is called agrammar with forbidden contexts of typeif for all rules (¢, R, Q) in P’ we
haveR = (), i.e., we only check for the non-applicability of the rules). The language gen-

erated byG ro is L(Gro) = {v €Or |w :>ch v}. The families of languages generated by

random context grammars, grammars with permitting costeattd grammars with forbidden
contexts of typeX are denoted by (X-R(C), L (X-pC), andL (X-fC), respectively.

An ordered grammaiG of type X is a construct(G,<,:>GO) where the underlying
greammaiG = (O,Op,w, P,—>¢) is a grammar of typeX and < is a partial order relation
on the rules fromP. The derivation relation assigned @, is = ¢, where for anyr,y € O,
r =q, y if and only if for some rule; € P © =, y and, moreover, no rulg from P with

p > q is applicable tar. L(Gp) = {v €Or|w=, v} is the language generated 6.
The family of languages generated by ordered grammars efXyjs denoted by (X-O).

2. Results

Based on the definitions given in the preceding section, déHewing relations between the
specific regulating mechanisms can be shown, most of themfevarbitrary typesX:

Theorem 2.1 The following inclusions hold
— for any arbitrary typeX,

- - for any typeX with unit rules,
... for any typeX with unit rules and trap rules:

L(X-GCfe)
/ \
L(X—Pac) »C(X-MATCLC)
‘ L(XIG//E(X -|RC)
L(X-P) L(X-MAT) (X-/C)
L(X-pC) |
‘ //ZC(X—O)
L(X)

Figure 1: Hierarchy of control mechanisms for grammars péty .

Special resultsfor strings

The regulating mechanisms considered in this paper cadd@ray generating power to reg-
ular grammars, i.e., for any € {O,pC, fC,RC,M AT, M ATy, P, Pye, GC,GCy.}, Wwe have
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L(REG-Y)= L(REG), as any non-terminal string derivable from the start synial regu-
lated regular grammar contains exactly one non-termirmalk®y that is able to store all neces-
sary informations needed to guide the derivation. Yet if Wenathe axiom to be an arbitrary
string, then the situation changes completely: for exantple the even non-context-free lan-
guagelL = {a"b"c" | n > 0}; thenL € L(REG'-Y).

Moreover, it is well-known[[2] that” (CF-RC) = L(ARB). As CF is a type with unit
rules and trap rules, according to Theofem 2.1 we immedfiattdr £ (CF-Y) = L (ARB) for
Y € {RC,M AT,.,GC,.} without needing any specific further proofs.

Special Resultsfor Multisets

As in the case of multisets the structural information covdd in the sequence of symbols
cannot be used, arbitrary multiset rules are not sufficemdbtaining all sets i®s (L (ARB)).
Yet we can easily show that using a partial order relationhenrtiles is sufficient to obtain
computational completeness; in connection with the gémesalts obtained above, we obtain
the following:

Theorem 2.2 ForanyY € {O, fC,MATy.,GCu}, L(MARB-Y) = Ps(L(ARB)).
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Zusammenfassung

Die meisten modernen Implementierungen von regulareniokdn gestatten die Ver-
wendung von Variablen (oder Riickreferenzen). Die daratstedrenden erweiterten regu
laren Ausdriicke (die in der Literatur auch als praktisclgulé@e Ausdricke, rewbr oder
regex bezeichnet werden) kénnen nichtregulare Sprachkeugen, wie zum Beispiel die
Sprache aller Worter der Foramw.

Die vorliegende Arbeit zeigt, dass erweiterte regularedhiiske weder in Bezug auf
ihre L&nge, noch in Bezug auf ihre Variablenzahl, berecaentinimiert werden kdnnen,
und dass der relative GroRenunterschied zwischen ertegitend ,klassischen” regula-
ren Ausdriicken durch keine rekursive Funktion beschré&tkAulRerdem wird die Unent-
scheidbarkeit verschiedener Probleme fiir erweiterteléeguusdriicke bewiesen. Uber-
raschenderweise gilt all dies sogar dann, wenn die Ausdriick eine einzige Variable
verwenden.

Eine ausfuhrlichere Darstellung der Inhalte dieses Aldikadet sich in den Arbeiten [4] 5].

1. Einleitung

Regulare Ausdriicke zahlen zu den am weitesten verbreiBetschreibungsmechanismen und
werden sowohl in der theoretischen, als auch in der prdidis¢nformatik auf verschiedenste
Arten angewendet. Allerdings haben sich im Lauf der Jahmzaeim Theorie und Anwendung
zwei unterschiedliche Interpretationen dieses Konzapisiekelt.

Wahrend die Theorie weitestgehend der klassischen Definfblgt und regulére Aus-
driicke betrachtet, die exakt die Klasse der regularen 8pralseschreiben, erlauben die meis-
ten modernen Implementierungen von reguléaren AusdriickeB8gkzifikation von Wiederho-
lungen mittelsVariablen (auchRuckreferenzegenannt). Die daraus resultierendamveiter-
ten reguléaren Ausdrickednnen durch diese Wiederholungen auch nichtregularecBenabe-
schreiben.

Beispielsweise erzeugt der erweiterte regulare Ausd((ek b)*)%zx = die nichtregulére
Sprache{ww | w € {a,b}*}. Hierbei kann der TeilausdrugKa | b)*)%:z ein beliebiges Wort
w € {a,b}* erzeugen, wahrend gleichzeitig dieses Woder Variablen: als Wert zugewiesen
wird. Weitere Vorkommen von erzeugen wiederum exakt das gleiche Wort
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Andererseits fuhrt die Verwendung von Variablen nicht zgsdaufig zu Nichtregularitét;
beispielsweise erzeugen (fiir> 1) Ausdriicke der Form

ozn::(ga | b) o (a] bl)%xx

nmal(a|b)

die endliche (und daher reguléare Sprache) aller Warterc {a,b}*, die die Lange 2 ha-
ben. Hierbei fallt auf, dagdassische reguléare Ausdricka:. h. Ausdriicke, die keine Variablen
enthalten) fur diese Sprachen exponentiell langer sindialdwusdrickey,,.

Dieser Artikel befasst sich hauptsachlich mit den folgenawei Fragen: Erstens, kénnen
erweiterte reguléare Ausdricke — in Hinsicht auf ihre Landercauf ihre Variablenzahl — ef-
fektiv minimiert werden? Und zweitens, um wie viel kompakit¢ die Beschreibung von re-
gularen Sprachen durch erweiterte regulare Ausdricke igl&leh zu klassischen reguléaren
Ausdriicken?

Da die in der Praxis verwendeten erweiterten regularen vege oft nur ungenau definiert
sind (meist nur im Sinne einer ,Definition durch Implementigg”) ist es fur eine theoretische
Betrachtung dieser Modelle notwendig, eine theoretiseifliarere Definition zu finden. Hier-
fur wurde eine Vielzahl unterschiedlicher Mechanismemgeschlagen, unter anderem Aho [1],
Campeanu et al. [3] und Bordihn et all [2]. Aus Platzgrindemenden wir im vorliegenden
Artikel nur eine informelle Definition durch Beispiele; diger vorgestellte Syntax und die be-
absichtigte Semantik stammen aus [1]. Dennoch lassen Ealohestellten Resultate auf alle
dem Autor bekannten verwandten Modelle tUbertragen, imstolse auf die aus|[3] undl[2].

2. Resultate

Wir bezeichnen die Menge aller regularen Ausdriicke in dériehstens: Variablen vorkom-
men mit RegEXk). Folglich ist RegEx0) die Menge der klassischen reguléaren Ausdricke.
Hauptgegenstand der Untersuchung sind die folgendendtnebiiir RegE&k):

Allspracheneigenschaft: Gegebenv € RegEXk), ist L(a) = Z*?

Koendlichkeit: Gegeberx € RegEXk), ist>* \ L(«) endlich?

RegFEz(l)-itat: Gegebeny € RegEXk), existiert eins € RegEX!) mit L(«) = L(3)?
Fir den Fall = 0 sprechen wir anstelle von RegBX-itat vonRegularitét

Theorem 2.1 Fir RegEX1) ist Allspracheneigenschaft nicht semientscheidbar; Iddehkeit
und Regularitat sind weder semientscheidbar, noch kosesaeeidbar.

Beweis. (Skizzdn Beweis von Theorerm 2.1 werden Probleme zum Definitioresblervon
Turingmaschinen auf die in drei Probleme fur RegBxeduziert. Dazu wird jede zu untersu-
chende Turingmasching! zuerst in eine sogenanrgewneiterte Turingmaschin& konvertiert.
Diese erweiterteren Turingmaschinen verwenden das zweéitige Bandalphabg0d, 1} und
verfligen zusatzlich zu den ublichen Instruktionen (Halied schreibende Kopfbewegungen)
Uber die Instruktion CHECK. Wird jene ausgefihrt, so Gberprift die Maschine die kotaple
te (unendlich lange) rechte Seite des Bandes. Findet sidhkdm Vorkommen von 1 (also
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ausschlief3lich 0), so geht die Maschine in eine Folgezdsider. Ansonsten geht sie in eine
(nichtakzeptierende) Endlosschleife.

Wir definieren nun eine Menge VALX') C {0,#}* vongultigen Berechnungeron X" wie
im Folgenden beschrieben. EikenfigurationC' = (¢;,t1,a,tg) von X wird durch folgende
Bestandteile charakterisiert:

1. den momentanen Zustang

2. den Inhalt des Bandes an der Kopfposition
3. die linke Bandseitey,,

4. die rechte Bandseitg;.

Um C in einem Worte(C') zu kodieren, interpretieren wir die beiden Bandseitenndty als
Binarzahlerb(t) undb(tr), wobei jeweils die Bandzelle, die dem Kopf am néachsten &ty d
Bit mit dem niedrigsten Wert entspricht. Durch diese Kodrgr lassen sich alle Bandoperatio-
nen mittels der Grundrechenarten beschreiben.

Die Kodierunge(C') der KonfigurationC' = (g;,t1,,a,tr) definieren wir als

e(C):=00PtL) 00 R #O0#T .
Eine FolgeC = (1, ...,C, von Konfigurationen kodieren wir als
e(C)):=#He(Cr)##- - - #H#e(C), ) ##.

Die Menge VALQ X') definieren wir nun als die Menge alle(C) fir die C eine Folge von
Konfigurationen ist, so dass die erste bzw. letzte Konfigomader Folge eine Startkonfigura-
tion bzw. akzeptierende Konfiguration vanist, und jeweils zwei aufeinanderfolgende Konfi-
gurationen dem korrekten Ablauf vatl entsprechen.

Schlief3lich definieren wir INVALCY ):={0,#}* \ VALC (X'). Nun l&sst sich ein Ausdruck
a € RegEX1) konstruieren, so dads(a) = INVALC (X). Insbesondere ist

1. L(«a) = {O,#}* genau dann, wen&’ (und somitM) keine Eingabe akzeptiert, und

2. L(«) ist regular genau dann, werri«) koendlich ist, was genau dann der Fall ist, wenn
X (und somitM) endlich viele Eingaben akzeptiert.

Anschaulich betrachtet beschreiballe méglichen Fehler, die Worter in INVALLY') aufwei-
sen konnen. Die meisten dieser Fehler lassen sich mitdsiklcher regularer Ausdriicke, also
ohne die Verwendung von Variablen, modellieren. Variablenden nur fur die Beschreibung
Fehler auf einer der beiden Bandseiten benétigt (wenn aiso bbergang der Weitt,) oder
b(tr) der Folgekonfiguration zu grof3 oder zu klein ist).

Da der Inhalt einer Bandseite der Folgekonfiguration nur vonalt der selben Seite und
dem Inhalt der Kopfzelle abhangt, kénnen BeschreibungenRahlern der linken Seite die
Inhalte der rechten Seite ignorieren (und umgekehrt). Adegfa beginnen alle Beschreibungen
von Bandfehlern mit dem gleichen Teilausdruck, namliéh #)*#(0*)%zx. Daher lasst sich
dieser Ausdruck ,ausmultiplizieren®, so dass in der Taeaimzige Variable ausreicht.
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Die Grade der Unentscheidbarkeit fur die genannten PrabligmRegEX1) folgen nun
unmittelbar aus den Graden der Unentscheidbarkeit fur eligl@ichbaren Probleme fir Tu-
ringmaschinen. O

Aus der Unentscheidbarkeit der Allspracheneigenschigt fonmittelbar, dass die Lange
von Ausdriicken aus RegEk) nicht berechenbar minimiert werden kann. Die Unentsclaidb
keit der Regularitat zeigt dies fur die Minimierbarkeit d@riablenzahl. Da Regularitat nicht
einmal kosemientscheidbar ist, folgt mittels der Konstirk von Hartmanis[[6] (siehe auch
Kutrib [[7]) die Existenz nichtrekursiver Tradeoffs zwischRegEx1) und RegEX0).

Als praktische Konsequenz lasst sich feststellen, dabstsgie Verwendung einer einzigen
Variable zwar deutlich kompaktere Ausdriicke erlauben Kavas sich natirlich auch positiv
auf die Geschwindigkeit Abgleichens von Wértern mit Austkeén auswirkt), dass aber ande-
rerseits dieser Vorteil aufgrund der zu Gberwindenden thetechenbarkeiten nicht generell
nutzbar ist.
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Zusammenfassung

Zwei Normalformen fir regulédre Ausdriicke sind die StermiNalform [1] und die
darauf aufbauende starke Stern-Normalfoim [2]. Beide Niformen basieren auf der
Entfernung bestimmter Redundanzen aus einem AusdruckAidsetruck wird dabei mdg-
licherweise verklzt, zumindest ist die Normalform einggutéren Ausdrucks nicht lan-
ger als der Ausdruck selbst. Beide Normalformen sind in &imeit konstruierbar, wes-
wegen sie sich zur effizienten Verkiirzung reguléarer Auddrianbieten. Die starke Stern-
Normalform wird hier unter Erhalt der erwédhnten Eigenstdrafauf regulare Ausdriicke
mit dem Operator fir positive Iteration erweitert.

1. Grundlegende Notation

Die Menge der regularen Ausdricke tber dem Alphabeird REs notiert und gentgt nach-
stehender EBNF:

REs ::= RE; -RE; | REs +REs | RE} | RES | REZ | 5.

Hier bezeichnet* die positive Iteration des AusdrucksEine Summes1 +s2+---+ s,
wird auch alsy ;,<, s; notiert. Die von einem Ausdruck beschriebene Sprache i5tr).
Ausdriicke, die die gleiche Sprache beschreiben heégenalentund wir schreibem; = r»
falls r1 und r, aquivalent sind. Das leere Wort Uber einem beliebigen Alphavird als\
notiert. EinA\-Ausdruckist ein Ausdruck- mit A € L(r). Man beachte, dass die Spraclfieimd
{A} nicht durch Ausdriicke in obiger Form beschreibbar sinde Zettlere reguléare Sprache ist
beschreibbar.

2. Schwache Unare Normalform

Zunachst wird ein Ersetzungssystem angegeben, welcliassdriicke von gewissen Redun-
ganzen befreit. Dazu I6schen und erzeugen die Ersetzuragkarmen der unéren Operatoren
7 und .

Eine Marke gibt an, wie sich ein Ausdruck zur Menge detAusdricke verhalt oder ob
der Operator® an bestimmten Stellen im Ausdruck steht. Marken werden stfRReNotation
an Teilausdriicke gesetzt. Es wird zwischeriwarts und Abwartsmarkemnterschieden. Auf-
wartsmarken sinf, [y, [» und[, Abwartsmarke ist,. Die intuitive Bedeutung der Marken ist
wie folgt:
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r [\ bedeutet, dassein \-Ausdruck ist
— 1|y bedeutet, dasskein A-Ausdruck ist

r|» bedeutet, dasskein A\-Ausdruck ist, jedoch aus einemAusdruckr’ durch Loschen
von Vorkommen des Operatot$iervorgeht.
r|x bedeutet, dasskein A-Ausdruck ist und eine positive Iteration enthélt.
— r|\ bedeutet, dass bestimmte Vorkommen voim  durch* ersetzt und bestimmte Vor-
kommen vor? geldscht werden diirfen.

Marken ,wandern“ vermoge der Ersetzungen durch einen Ausdbzw. dessen Syntax-
baum. Eine Aufwéartsmarke wandert dabei zur Wurzel, wahmnd Abwéartsmarke zu den
Blattern wandert. Das Ersetzungssystem enthalt fir jeqeera@or und jede Kombination von
Marken an dessen Operanden eine Regel. Im folgenden isyriimstrische Operandenpaare
bei binaren Operatoren jeweils nur ein Fall aufgefuhrt.

— Produkt
iy sly— (rs)ly rlysh— (rs)ly iy sl (7’3?) ' iy sl = (rs)ly
rixshve (rs)Ih riasl= (rs) I rlasho (rs) Ix
rloslo— (r?s7) M\ rlo sk — (r?s) X
T % S[X’_)(TS b(
— Summe
rly+sly—=(r+s)ly riy+sh—=(r+s)\ rlxy+slo—= (r+s)l> riy+six— (r+s)x
rixtsh= (r+s)h rixtsle= (r+s)le i +slx = (r+slh)
rlo4slo= (r+s)l2  rlo+shx = (r+s[y)h
7“[x+5rx'—>(7’+5)[><
— Iteration
b P e PR - ol PR M )Y
— Positive Iteration
r[;HrX[X IS =y iy Iy rIg =T
— Option
r[;I—H‘[? ’f‘f)\?'—>7‘f)\ rfgl—w"[? 7’[3»—)7‘],\

Die Ersetzungsregeln fir die Abwartsmartkesinda|\+— a flr a € Z, sowie
(rs)la—rs, (r+s)h—=riy+sly, = r" r*—r" und =

Zu einem Ausdruck: wird der literalmarkierte Ausdruck: | gebildet, indem jedes Alpha-
betsymbol mify markiert wird. Das angegebene Ersetzungssystem termaiémarkierten
Ausdriicken in eindeutigen Normalformen. Eine Normalforestieht in einem regularen Aus-
druck mit einer exakt einer Marke, die den gesamten Ausdmarkiert. Lasst man diese Marke
weg, ergibt sich dischwache unare Normalforwon r, dier™ geschrieben wird.

Lemma 2.1 Fir jeden Ausdruck gilt 7= = rundr~+ = r~.
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Beispiel 2.2 Es seir,b € 3. Jeder der Ausdriicke+ b7, (a+b*)? unda’+b* hat die schwa-
che unére Normalforra+ b*.

Ein Ausdruck istin schwacher unarer Normalform, falts= »~ gilt. Im Folgenden ist eine
aquivalente Charakterisierung von Ausdricken in Nornmaifgegeben. Diese zeigt die Red-
undanzen auf, die bei Uberfiihrung eines Ausdrucks in Ndomalentfernt werden.

Satz 2.3 Der Ausdruck- ist in schwacher unarer Normalform= r~, genau dann wennden
folgenden Bedingungen genugt:

1. Ists? oders* ein Teilausdruck vom, so gilt A ¢ L(s)
2. Ists? oders* ein Teilausdruck von mit s = Y1<i<nSi» SO Qilts; #t* fUr1<i<n

3. Ists = ¥ 1-,<, s; €in Teilausdruck von, so gilt

(@) s; =t”impliziert\ ¢ L(s;,) undsy, # v* fur 1<k <nundk # j
(b) s; =t* impliziert A ¢ L(s)

3. Unéare Normalform
Definition 3.1 Die Operatorer?, © und*® sind aufREs wie folgt definiert:
- []°ra® i=a, v =00, rX =1, ¥ =10, (r+5)° 1= 1r°+5°, und

o r°+s°, falls\e L(rs)
(rs)” =
TS, sonst.

- % a®i=a, (rs)®:=rs, (r+s5)° 1 =1r°+°, 177 =97, rXC = p*® = p*
- Ho: a® = a, (’I“S). - 7“.8., (7’+S)' — 7’.+S., T’?. — ’I“.?, rXe — 7,<>o><’ Pre 1 O

Die Iterations-Normalfornvonr ist r®. Die unéare Normalfornvonr istr* :=r~*

Beispiel 3.2

1. Der Ausdruck1 = (a*+b)* isin schwacher undrer Normalform. Die Iterations-Normal-
form und die undre Normalform van sindr1® = (a+b)* sowier1™ = (a+0b)*.

2. Der Ausdrucky = (a+0b*)* istin Iterations-Normalform. Die schwache unére Normal-
form und die undre Normalform van sindr,™ = (a+b*)* sowier,* = (a+b)*.

Lemma 3.3 Fur jeden Ausdruck gilt »* = r undr** = r*,

Satz 3.4 Der Ausdruckr ist in unarer Normalformy = r*, genau dann wenndie folgenden
Bedingungen erfullt:

1. Ists®, s* oders* ein Teilausdruck von, so folgt\ ¢ L(s)
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2. Ists?, s* oders* ein Teilausdruck von mit s = > 1<i<nSi» SO Qilts; At* fur1<i<n

3. Ists =Y 1<,<, s; €in Teilausdruck von, so gilt
(@) s; =t? impliziert A ¢ L(sg) undsy, #u* fir 1 <k <nundk # j
(b) sj =t* impliziert \ ¢ L(s)

Die alphabetische Weiteines Ausdrucks € RE;s ist die Anzahl an Zeichenvorkommen aus
> in r, sie wird|r|s geschrieben. Die Anzahl an Vorkommen der Operatérénind* in r wird
unére Weitevon r genannt und alg-|,, notiert.

Lemma 3.1 Fir jeden Ausdruck gilt |r*|s = |r|s, [7¥], < |r|w und|r¥|, < |r¥|s.
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Zusammenfassung

Die Beschreibungskomplexitéat Prdd) einer kontextfreien Sprachieist die minimale An-
zahl von Regeln, die eine kontextfreie Grammatik benétigt, L zu erzeugen. Fir eine
Operationr auf kontextfreie Sprachen werden kontextfreie Spradhen. ., L,, beliebiger
Beschreibungskomplexitat so gesucht, dass @rath, ..., L, )) eine beliebige natlrliche
Zahl annimmt. Alsr wurden die AFL-Operationelereinigung Konkatenation Kleene-
AbschlussHomomorphismysnverser Homomorphismusnd Schnitt mit reguléren Spra-
chengewahlt.

1. Einleitung

Eine kontextfreie Grammatik: erzeugt eine kontextfreie Spraclie Die GrammatikG be-
steht aus Regeln. Deren Anzahl, die Beschreibungskonttexiricken wir durch Prddr)
aus. Die Beschreibungskomplexitat Pg6g einer kontextfreien Sprachieist Prod G’), wenn
G’ eine kontextfreie Grammatik mit minimaler Regelanzahldst L erzeugt. Wenden wir ei-
ne Operation, wie beispielsweise Vereinigung, auf zweitéxifreie Spracher; und L, an,
mochte man wissen, wie grol3 die Beschreibungskomplexatéify U Lo, also ProdL, U Ly),
gilt. Wir gehen hier allerdings der Frage nach, ob fir gegeb®atirliche Zahlems, no und

k kontextfreie Sprachefi; und Ly mit Prod L1) = n1 und ProdL,) = ny So existieren, dass
Prod L1 U Lp) = k ist. Wir wollen also wissen, ob es Sprachen beliebiger Besisghngskom-
plexitat gibt, die nach der Vereinigung eine beliebige Besibungskomplexitat annehmen.
Sinnvoll ist derlei Untersuchung, wenn wir uns vorstelldass kontextfreie Grammatiken ab-
gespeichert werden und Speicherplatz eine wesentlichie Rpielt. So ware es sinnvoll, die
GrammatikenG1 undG> fur die Spracher.; bzw. L, zu speichern anstatt fur L1 U Lo, falls
Prod G1) +Prod G2) < Prod Gy) (umgekehrt gilt das gleiche).

Dassow und SrieBE sind in [1] der gleichen Problemstellung nachgegangen,dass
hier nicht die Anzahl der Regeln, sondern die Anzahl der ttécinal als Komplexitatsmaf3
verwendet wurde. Weiterhin haben sie neben der Vereinigimdibrigen AFE-Operationen
Konkatenation, Kleene-Abschluss, Homomorphismus, seeomomorphismus und Schnitt
mit regularen Sprache betrachtet. Urspringlich geht diélEmstellung auf bezlglich der An-
zahl der Zustande minimale endliche Automaten, die regularachen akzeptieren, zurick.
Wir verweisen auf die Arbeiten [3] und![4].

LAbstract Family of Languages
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Fir einekontextfreie Grammatiks = (N, T, P,S) (N ist das Nichtterminal- und” das
Terminal-Alphabet,P ist eine endliche Menge von Regeln der FoAm— w fur A € N und
we (NUT)*, S € N) bezeichnen wir die Anzahl der Regeln véhmit Prod G) = |P| und
die Anzahl der Symbole vo& mit Symi(G) = 5 4_,,cp |w|+2 (w| ist Anzahl der Zeichen
in w). Die Beschreibungskomplexitéiner kontextfreien Spracheist

K(L) =min{K(G)|G ist kontextfreie Grammatik und(z) = L }

fur K € {Prod Symb} (L (G) ist dieSprache voidr). In dieser Arbeit untersuchen wir die folgen-
de Fragestellung: Es seien eimestellige AFL-Operatiornr fur n € N undma,...,m,,k € Ng
gegeben. Gibt es kontextfreie SpractignK(L;) =m; fur 1 <i <nso,dass(L1,...,L,) =k
gilt?

2. Anzahl der Regeln unter Vereinigung

Wir geben zunachst einige Sprachen und Satze an, die werspitt Beantwortung der Frage-
stellung bendétigen.
Das nachstehende Lemma lasst sich basierend auf Satz @]beweisen.

Lemma2.1 Es seienl” ein Alphabeta € T und L,, ,,, = {azi ‘n <3< m} far n,m € N,
n < m. Dann giltProd L,, ,,) = m —n+1.

Lemma 2.2 Es seienl’ ein Alphabeta € T und L, , = {a'l|i >p} fir p € No sowieq €
N. Dann gilt Prod L, ,) = 2. AuBerdem existiert fir jede kontextfreie Grammaitik, mit
L(Gp,q) = Lpq undProd G, 4) = Prod L, ;) die AbleitungS =* xSy fur gewisser,y € {a}",
xy # A, wobeiS das einzige Nichtterminal i&"), , ist.

Beweis. Fir die kontextfreie Grammatik
Gpq={S}.{a},P,4,S) mit P, , ={S —alS,S — a"?}

gilt L(Gpq) = Lyp,4 und folglich ProdL,, ;) <Prod G ) = 2. Wie wir uns leicht klar machen,
kann eine unendliche Sprache mit nicht weniger als 2 Rege&ugt werden. Daher gilt insge-
samt ProdL, ) = 2.

Wenn es mehr als nur ein Nichtterminglin einer kontextfreien Grammatik, , mit
L(Gp,q) = Lp4 und ProdG,,) = Prod L, ,) gabe, gébe es zwangsweise mehr als 2 Regeln.
Da|L, 4| = IN| gilt, folgt dannS =* xSy fur gewisser,y € {a}", xy # ), fur G, 4. O

Der kommende Satz zeigt, dass sich die Vereinigung zweieac8pn nicht einfacher Be-
schreiben lasst als die Summe der Beschreibung der eimz8lorachen, sofern die Sprachen
keine gemeinsamen Buchstaben besitzen und das Leexwatt enthalten.

Satz 2.3 Es seienl.; und L, zwei kontextfreie Sprachen, fur die
A|ph(L1) ﬂA|ph(L2) =@ undX ¢ L1, A ¢ Lo

gelten. AuRBerdem seigre {1,2} sowieG; = (N;,T;, P;, S;) eine kontextfreie Grammatik mit
L(G;) = L;, Prod G;) = Prod L;), fiir die ohne Beschrankung der Allgemeinhéjtn N, = ()
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und S ¢ N1 U N» gelten. Des Weiteren soll es faf; im Falle von|L;| = |N|, keine kontext-
freie GrammatilG, = (N,, T;, P, S;) mitL(G,) = L(G;), Prod G,) = Prod G;) so geben, dass
Sy =7, .Sy, fur alle z,, y, € T,%, w,y, # A, nicht existiert, wents; =, TiSiYi flr gewisse
i,y €T, 2y = ), existiert.

Unter diesen Voraussetzungen gibt es eine kontextfreien@iatikG mit L(G) = L1 U Ly
undProd G) = Prod L1 U L) sowie nachstehenden Eigenschaften: Fjiy; € T;*, x;y; # A,
i € {1,2} gelten

° PI’OC(G) = PI’OC(Gl) + PI’OC(Gz), falls 51 :>El 15191 undS, :>*Gz 225212 nicht geI-

ten oder fallsL (G1) = () oderL(G2) = 0 ist,

e ProdG)=ProdG1)+ProdG;)+2, falls Sy :%1 15191 Und Sz :%2 252y gelten,

e ProdG) = ProdG1) +Prod G) + 1, fur j € {1,2} undk € {1,2}\ {;}, falls S; =G,
x;Sjy; nicht gilt undsSy, =7, xSy gilt sowieL (G;) # 0 ist.

Das folgende Lemma liefert konkrete kontextfreie Spradiiedie Vereinigung sowie deren
Beschreibungskomplexitaten. Es deckt einen grol3en Tenaérlichen Zahlen ab.

Lemma24 Firn>7,4<m<nundb6 <k <n sowie
n=n-3m'=m-3,k=k-6,

Lue={a?|1<i<k ol [W+1<i<a }uler,

Lm:{b}*u{c?‘lgigm’}
geltenProd(L,, ) = n, Prod L,,,) = m undProd(L,, ; U L,,) = k.

Beweis.Wir zerlegen die Sprachi, ,, = A, UB,, ,UC, indemwirA;, = {azi ’ 1<i<Fk }
Bni = {bzi F+1<i< n’} undC = {c}" setzen. Nach Lemnia 2.1 erhalten wir Rrdg) =

k" und ProdB,, ;) = n’ — k" sowie ProdC) = 2 nach Lemma2]2. Durch zweimalige Anwen-
dung des Satzés 2.3 ergibt sich dann

Prod L, ) = Prod A;) + Prod B, ) +Prod C) + 1
=k'+n' —k'+3=k—6+n—-3—(k—6)+3=n.

Analog errechnen wir fur.,,, die Regelanzahl Prdd.,,,) = m.
Die Vereinigung der Spracheh, ,, und L,,, liefert

Ly pULp = {azi ‘ 1<i< k’}u{b}+u{c}+
Durch Verwendung derselben Lemmata und Satze wie im vagydier\bsatz ergibt sich

Prod(L,, ;U L) = Prod({azi ‘ 1<i<Fk }) +Prod {b}) + 1+ Prod {c}’) +1
— K +34+3=k—6+6=F.
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Satz 2.5 Die nachstehenden Tabellen zeigen an, ob zwei kontex8prschen’.; und L, mit
Prod L1) = n1, Prod Ly) = np fir n1,n2 € Np so existieren (Hakchen), daBsod L1 U Lp) = k
fur k € N gilt, oder nicht (Kreuz):

n m k Maoglich n m k Moglich
>212<m<n n+m+2 [l >714<m<n|6<k<n 0
2 1 5 0 >4 2 4<k<n 0
>211<m<n n+m-+1 O >0 0 #n O
1 1 3<k<4 0 >2 >0 1 0
>0 0<m<n|n<k<n+m [l >1 >0 0 [l

Fir Firn > 7, 4<m <n und 6< k < n haben wir in Lemma&_2]4 kontextfreie Sprachen
angegeben. Die Tabelle ist nicht vollstandig, da noch riightille Falle Sprachen gefunden
werden konnten oder bewiesen werden konnte, dass es kbine gi

3. Ergebnisse

Bezuglich der Anzahl der Regeln konnte die Beschreibungghkexitat fir Homomorphismus,
inverser Homomorphismus und Schnitt mit regularen Spraciudistéandig aufgedeckt wer-
den. Im Falle der Vereinigung (siehe Saiz 2.5) und des Kl@drsehlusses ist dies noch nicht
vollstandig bekannt (wenige Falle fehlen) und fur die Kaekation ist noch kein Ergebnis
verfiigbar.

Bezuglich der Anzahl der Symbole konnte die Beschreibuoiggitexitat fir Homomor-
phismus und Schnitt mit regularer Sprache vollstandig gefhiwerden. Noch unvollsténdig
sind hingegen Vereinigung und inverser Homomorphismus Baischreibungskomplexitat un-
ter Konkatenation und Kleene-Abschluss sind zurzeit gdiffen.
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Abstract
The chop or fusion operation was recently introduced in [SBABU, P. K. FANDYA :

Chop Expressions and Discrete Duration Calculisdern Applications of Automata The-
ory, World Scientific, 2010], where a characterization of reguanguages in terms of
chop expressions was shown. Simply speaking, the chop imnfa$ two words is a con-
catenation were the touching letters are coalesced, if letttrs are equal; otherwise the
operation is undefined. We investigate the descriptionaiptexity of the chop operation
and its iteration for deterministic and nondeterministiité automata as well as for regular
expressions. Moreover, we also consider the conversidolgmobetween finite automata,
regular expressions, and chop expressions.

1. Introduction

Recently, an alternative characterization of regular leggs in terms of so callethop expres-
sions(CEs) was introduced in[1]. These expressions are inspiyddgic, to be more precise
by the duration calculus, which is an interval logic for reéale systems. Simply speaking a CE
is nothing but a RE, where the operations of concatenatidrkéeene star are replaced by the
chop operation and its iterated version. The chop operatonbe seen as a generalization of
concatenation that allows one to verify whether the end effitst word overlaps by a single
letter with the beginning of the second word. It is definedhia tollowing way: Foru,v € Z*
let
{u’av’ if u=1v'aandv=av’, foru/,v' € ¥* anda € %,
UuOU = . .
undefined otherwise,

which naturally can be extended to languages. Furtheratigulage operations chop staand
chop plusp can be defined similarly to Kleene star and plus, where tha@tion of the chop
operation is defined to be the &ein contrast to the Oth iteration of the ordinary concatemati

We concentrate on two topics: (i) the operation problem Far ¢thop operation and its
iteration, and (ii) on conversion problems between autanREs, and CEs. For the operation
problem we obtain tight bounds in the exact number of state®FAs and NFAs, which will
be discussed in Sectidnd 2. Finally, Secfion 3. presentsasuilts on the complexity of CEs.

This is an extended abstract of: M. Holzer, S. JakoBhop Operations and Expressions: Descriptional
Complexity Considerationsn G. Mauri, A. Leporati (eds.): Proceedings of the 15th ins&tional Conference on
Developments in Language Theory, number 6795 in LNCS, p2@4s275, Milan, Italy, July 2011. Springer.
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2. State Complexity of Chop Operations

We investigate the state complexity of the operations), and®. Since® is some sort of con-
catenation, the results in this section are very similantsé for concatenation and its iteration.
Let us briefly recall the known results from the literature édomparison reasons. For DFAs
with m andn states, respectively, tight boundsref 2" —t - 21 for concatenation, where
is the number of accepting states of the “left” automatou, 2iv1 + 2"~ for Kleene star and
Kleene plus in the exact number of states for DFAs were showW@]i For NFAs the situation
is slightly different as proven in[7], where tight boundsof+ n states for concatenation;+ 1
for Kleene star, and for Kleene plus can be found for NFAs. For the chop operatamewts,
we obtain a similar scenario since these operations wilheap for NFAs but costly for DFAs.
On the other hand, some of the tight bounds for the considgpedations will depend on the
size of the alphabet. Tablé 1 summarizes these results. Motiee state complexity of chop
operations, in particular on unary and finite languagesbesiound in[6].

| Operation| NFA | DFA |
® m4+n m_zn_t‘zn—min(|2|,n)+l
m+n m-2" —t.2n1
® n+2 2" —1+min(|z],n)
% n+1 on—1y on—2
@ n+1 2"
+ n 2n—l+2n—2

Table 1: Nondeterministic and deterministic state conipleaf the chop operation and its iterations
compared to the state complexity of concatenation anctiveraHerem is the number of states of the
“left” automaton, and is the number of its accepting states.

3. Complexity of Chop Expressions

We consider the descriptional complexity of conversionsfiICEs to finite automata or RES,
andyvice versa Briefly recall what is known for REs and finite automata. Thepest way

to transform REs into automata is Thompson’'s construc@nvhich yields an NFA with a
linear number of states, and simple examples show that thisdis asymptotically tight. For
the backward conversion from finite automata to REs, mostial approaches are based on
the same underlying algorithmic ideagiite eliminationi2], which produces REs of alphabetic
width at most 2™, wheren is the number of states of the finite automaton over an alghabe
polynomial inn. Recent research effoft|[4, 5] resulted in a tight lower wbah2(™ for this
conversion, even for binary alphabets.

Now let us turn to the descriptional complexity of CEs. Hdri furns out that chop ex-
pressions are exponentially more succinct than regularesgns, while still having a linear
descriptional complexity bound for the conversion to firtgomata. Our results on upper and
lower bounds for conversion problems for CEs are summaiizdable[2, where the polyno-
mial upper bound for converting REs to CEs is fram [1]. In cast to this, we can show an

exponential lower bound of%n™?) alphabetic width for the backwards conversion, i.e. from
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| Convert...to...] NFA | RE | CE |
NFA — 200 for|Z|>2 |29, for |3| = nO(
RE — Z[-O(n?)

CcE O(n) | 220" for |5| = O(n) j
20(n) for |2| = n9W

Table 2: Upper and lower bounds for conversions between)deterministic finite automata (NFA),
regular expressions (RE), and chop expressions (CE). Famaita the size is the number of states, while
for expressions the measure of alphabetic width is useddppptely generalized to chop expressions).
For comparison we have listed also the known conversionsdast NFAs and REs.

CEs to REs, if the size of the alphabet is linear compareddadethgth of the CE. This is done
by using a result from [3] on the star height of a specific laggiand a result from|[5] relating
the star height of regular languages with their alphabeitiithw On the other hand we can show
that for a constant size alphabet, a single application@ttiop star operation on RESs results
only in a polynomial increase of size 0f2%) . n* alphabetic width.
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The operation problem on a language family is the questioroef of operations on lan-
guages from this family with respect to their representetio More than a decade ago the
operation problem for regular languages represented lrrdatistic finite automata (DFAS)
as studied in[21, 22] renewed the interest in descriptionaiplexity issues of finite automata
in general. It is well known that given somestate NFA one can always construct a language
equivalent DFA with at most'2states([19] and, therefore, NFAs can offer exponentialregsvi
in space compared with DFAs. In fact, later it was shown ireeeently in[15, 17, 18] that this
exponential upper bound is best possible. Recently,lint[idjpis shown that this exponential
tight bound for the determinization of NFAs also holds whestricting the NFAS to accept only
subregular language families such as star languages\#};gided) comet languages [3], star-
free languages [16], prefix-closed languages, etc. On tier dtand, there are also subregular
language families known, where this exponential bound ismet. Prominent examples are the
family of unary regular languages [7, 8] and the family oftirlanguages [20]. The significant
different behavior with respect to the relative succinstnef NFAs compared to DFAs is also
reflected in the operation problem for these devices. Theatipa problem for NFAs was first
investigated in[[11]. It turned out that in most cases whemperation is cheap for DFAs it
is costly for NFAs andice versa. All these results are for general regular languages. %o, th
guestion arises what happens to these bounds if the opepaibblem is restricted to subregular
language families.

In fact, for some subregular language families this quastias recently studied in the
literature [4/5] 6/ 9, 10, 12, 13, 14] mostly for DFAs. An examfor a subregular language
family whose DFA operation problems meet the general bododsnost operations is the
family of star-free languages|[6], while prefix-, infix-, asdffix-closed languages![5], bifix-,
factor-, and subword-free languages [4] show a diversesb@h@ostly not reaching the general
bounds. For a few language families, in particular prefixd suffix-free regular languages, also
the operation problem for NFAs was considered [9, 10, 12, d4]for the exhaustively studied
family of star-free languages it is still open. The familystér-free (or regular non-counting)
languages is an important subfamily of the regular langsiaglich can be obtained from the
elementary languagds:}, for a € Z, and the empty set by applying the Boolean operations

This is an extended abstract of: M. Holzer, M. Kutrib, K. MetiNondeterministic Sate Complexity of Sar-
Free Languages. In B. Bouchou-Markhoff, P. Caron, J.-M. Champarnaud, D. Mb(eds.): Proceedings of the
16th Conference on Implementation and Application of Auatemnumber 6807 in LNCS, pages 178-189, Blois,
France, July 2011. Springer.
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union, complementation, and concatenation finitely offEmey obey nice characterizations in
terms of aperiodic monoids and permutation-free DFAS [16].

Here we investigate their operation problem for NFAs witbpect to the basic operations
union, intersection, complementation, concatenatioagKé star, and reversal. It turns out that
for arbitrary star-free languages in most cases exactlgdnee tight bounds as in the general
case are reached. This nicely complements the resultstigobtained for the operation prob-
lem of star-free languages accepted by DFAs [6]. Thesetesstd summarized in Table 1 where
we also list the results for DFAs accepting star-free laggsd6], for comparison reasons.

Star-free language accepted by |..
Operation DFA | NFA

U mn m+n—+1

N mn mn

~ 277,
(m—1)2n 4271 m+n

s =1y on=2 n+1

R 2n—1<.<2n n+1

Table 1: Deterministic and nondeterministic state conipiesxfor the operation problem on star-free
languages summarized. The results for DFAs are fiam [6].

For unary star-free languages the bound of the general sasetifor the Kleene star and
for reversal. The lower bound for concatenation is in theesander of magnitude as the upper
bound, i.e.@(m+n). In case of the complementation of such a language the umgperdof
O(n?) that can also be met in the order of magnitude. The lower béanthe union of two
unary star-free languages misses the upper bound of theajease by a single state. The
only still open case is for the intersection of two unary-$tae languages. We can provide an
upper bound of mifmax{zm —x —m,yn—y —n}+ 1, mn} wherex denotes the length of the
shortest word unequal toaccepted by the:-state automaton angthe length of the one of the
n-state automaton. Whether the upper bound can be met isrstilown. At the moment the
best lower bound is given by mim,n}. We summarize our results in Talle 2 and also list the
results for DFAs accepting unary star-free languages @Jjcdémparison reasons.

Star-freeunary language accepted by ...
Operation DFA | NFA
U max{m,n} m+n<-<m+n+1
N max{m,n} | min{m,n} <. <min{max{zm —z—m,yn—y—n}+1Lmn}
~ O(n?)
: m+n—1 O(m-+n)
* n?—7Tn+13 n+1
R n n

Table 2: Deterministic and nondeterministic state conipéexfor the operation problem on unary star-
free languages summarized. The results for DFAs are fronTje numbers: andy denote the shortest
words unequal to of the languages accepted by thestate respn-state automaton.
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Abstract

We study restarting automata with window size one that @amely regular languages.
Moreover we describe two methods to assoctadesductions (that is, binary relations)
with restarting automata of these types. We prove that thesabf input-output relations
of some restarting automata with window size one coincidéhk the class ofrational
relations. Then we define theestarting automaton with output and we focus on its com-
putational power in comparison to the classical model.

1. Introduction

Automata with a restart operation were introduced origynal describe a method of grammar-
checking for the Czech language (see, el.g., [5]). Thesaermitostarted the investigation of
restarting automata as a suitable tool for modeling theadleaanal ysis by reduction, which is a
technique that is often used (implicitly) for developingrf@l descriptions of natural languages
based on the notion afependency [6, (9]. In particular, the Functional Generative Descopti
(FGD) for the Czech language (see, eld., [7]) is based omtétbod.

FGD is a dependency based system, which translates giveanses into their underlying
tectogrammatical representations, which are (at leastintiple) disambiguated. Thus, the
real goal of performing analysis by reduction on (the eretcform of) an input sentence is not
simply to accept or to reject this sentence, but to extradcrrimation from that sentence and
to translate it into another form (be it in another naturagiaage or a formal representation).
Therefore, we are interestedtiransductions (that is, binary relations) and in ways to compute
them by certain types of restarting automata.

Here we only study restricted types of restarting automatta window size one. First we
identify those restarting automata that characterizedgelar languages. Then followind [4] we
associate a binary relation with thlearacteristic language of a restarting automaton, motivated
by the way in which the so-callgatoper language of a restarting automaton is defined. In this
way we obtain a characterization for the classatfonal relations (see, e.g./]1,/2]) in terms of
monotone deterministic nonforgetting restarting aut@wath window size one.

The second part of our work concerns the relation betweeaut@maton described above
and restarting automata with output.
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2. Restarting Automata with Window Size One

A large variety of types of restarting automata has beenldped over the years. Here we are
only interested in th&R-automaton with window size one. Such an automaton consisds
finite-state control, a single flexible tape with end markarsl a read/write window of size one.
Formally, it is described by a 7-tuple = (Q,Z,¢,$,q0,1,9), whereQ is a finite set of states,

> is afinite input alphabet, the symbalsbeZ = are used as markers for the left and right border
of the work space, respectively € @ is the initial state, 1 denotes the size of tead/write
window, and/ is thetransition relation.

Without looking at details (an overview can be found.in [8i¢ tomputation of these kinds
of automata can be controlled by different modes of opeamnatidere we distinguish between
monotone, deterministic and nonforgetting restartingenatta. Further, restarting automata
with window size one can be seen as an extension of finite-siateptors, thus the class of
regular languages is a subclass of the class of languageptaddy restarting automata. On
the other hand we show that there are several types of detistioj monotone, nonforgetting
restarting automata that characterize the regular laregui@j.

Obviously these types of automata are of special interesnvadealing with rational rela-
tions. Therefore we want to study transductions that arepcted byRR(1)-automata. Let
M =(Q,T,¢,%$ qo0,1,0) be anRR(1)-automaton working of, which contains the proper sub-
alphabetz (input alphabet) and theutput alphabet A = N\ Z. By Pr* andPr® we denote the
projections froml* onto ~* andA*. Then with A/ we associate the followingput/output
relation:

Relio(M) = { (u,v) € =* x A* | Jw € L(M) : u = Pr*(w) andv = Pr(w) }.

This definition leads to the characterization of the ratioelations by several types of restarting
automata.

3. Restarting Transducer

Instead of associating a relatidd to a classical restarting automaton, we propose to com-
pute a relation by a restarting automaton with output. Tonfdize this idea, we introduce
the so-calledestarting transducer (or RR(1)-Td, for short). ARR(1)-Td is an 8-tuplel’ =
(Q,Z,A,¢,%$,q0,1,0), where everything is defined as for the corresponding rasieautoma-
ton, but additionallyA is a finite output alphabet, andis extended such that the transducer
outputs some symbols ovArin each restart or accept step.

With 7" we now associate a relatidRel(7) that consists of all pairs of words:,v), for
which started on input € Z*, T" accepts and produces the output A*. We show that the re-
lations computed by several types of restarting transdweith window size one are proper sub-
classes of the classes of input/output relations that argpuated by the corresponding restarting
automata. In this way we obtain characterizations for sambelasses of the rational relations.
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1. Introduction and Definitions

Calude, Salomaa and Roblot [1] introduced finite-state dexily, a variant of Kolmogorov
complexity using a restricted definition of one-way finitate transducers. In this paper, we
consider two modifications of finite-state complexity, lthea restricted definitions of push-
down transducers and two-way finite-state transducensectisely.

In algorithmic information theory, the Kolmogorov compiigxof a string is defined as the
length of the shortest description of the string. Usuahllis ts accomplished by giving a string
representation of a Turing machine and an input such thatuhiag machine halts and outputs
the expected string.

Finite-state complexity restricts the descriptions totéirgtate machines. The finite-state
complexity of a string is the length of the shortest deswipof the string using only a finite-
state transducer and its input. Without loss of generalty,restrict ourselves to finite-state
transducers where every state is a final state¢).e. Q.

More formally, the finite-state complexitys(z) of a stringz is defined as the shortest string
representing a transducer and an input string such thatahsducer gives the output strimg
i.e.

min o co(y)=xa},
Lmin_ {lol+1yl:o(y) =<}

whereS is a set of strings representing transducers_gnd the alphabet. In the following, we
will only use the two-letter alphabg0, 1}, unless otherwise specified.

This definition can easily be repurposed to allow not onlyet@ray) finite-state transducers,
but also two-way finite-state transducers and pushdowsdrarers. In the following, we will
useCy for one-way finite-state complexity?,g for two-way finite-state complexity, ar(dg’ for
pushdown complexity, with regard to some Setontaining string representation of transducers.

2. Encoding

A string representation of a transducer, or an encoding &restiucer into a string € {0,1}*
can be constructed in several ways. Throughout the papewxilugse a simple encoding, with
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states numbered and encoded by the binary representatitie ofumber (the initial state is
always assigned the number 0), symbols are retained verbadin-empty strings are prefixed
with a 0, the empty word is mapped to 1, and, if applicable,@$ymbol code for the direction
of movement. After every character, a 0 will be placed if ttieng continues, and a 1 if it ends,
therefore forming a prefix-free code and ensuring no ambegui

The input state and symbol and pushdown input symbol (ifiagple) are not represented
in the encoding; rather, only the outputs are encoded, ateted such that the first two outputs
correspond to the outputs for state 0 and input O and 1, régpl¢ the next two outputs
represent the transitions of the input state 1; and so on.

As an example, consider the (simplified; we assume that alléstare also final states,
and we restrict ourselves to a binary alphabet) two-waysttaoer? = (Q, qo,9) (with § C
@ %x{0,1}* x{0,1}* x @ x {L, R, S}) where

Q= {q0. 01}
6 =1{(90,0,¢,90, ), (90,1,01,q1, R),(q1,0,10,¢1, L) }
U{(q1,1,¢,92,L),(q2,0,¢,42,5),(q2,1,¢,42,5) }
We construct the encoding as follows:

e (o is assigned the number §, is assigned 1y, is assigned 10.
e [ is assigned OR is assigned 15 is assigned 10.

¢ (40,0,e,qo0, R) is encoded as 1/101 | 11.

¢ (g0,1,01 ¢41,R) is encoded as 0000111 11.

q1,0,10,¢41, L) is encoded as 0010011 | O1.

q1,1,e,q2, L) is encoded as 1[11011| O1.

(
(
(
(
e (42,0,¢,q2,5) is encoded as 111011 1001.

(

e (q2,1,e,q2,5) is encoded as 1/11011| 1001.

The transducer can therefore be unambiguously represastélde string 1101 | 11 ||
000011/ 11|11/ 001001/ 11| 01| 11|1011| 01|/ 11| 1011| 1001|[ 11|1011|1001.

3. Complexity Results

Some results follow immediately; for instance, it is easgde that given a reasonable encoding
S, forall z € {0,1}*, C%2 < c-Cs+d andCE < ¢-Cg+d, i.e. the two-way finite state com-
plexity and the pushdown complexity of a given string doxte&ed the one-way finite-state
complexity by more than a constant multiplicative factor.

On the other hand, it is also easy to see that there are strisigsh than =c-Cg+dand
C§ =c-Cg+d, i.e. strings whose descriptional complexity can not beroued by using two-
way finite-state transducers or pushdown transducersadhsteone-way finite-state transducers.
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We give a series of mappings to show there is no constant upperd for the possible
improvements; there are no constan@ndd such thatC3 > ¢-Cs+d andCL > ¢-Cg+d
holds for allz € {0,1}*, but show the improvements are within polynomial boundsbfath
two-way finite transducers and pushdown transducers.

4. Simulation Results

We show that every two-way finite transducer can be simulayea one-way finite transducer,
with a polynomial input blow-up, allowing us to give an upp@und.

Since the number of reversals is bounded by the number efssaaid the number of letters
in the alphabet, this can be achieved by repeating (andsieggithe input. Markers need to be
inserted to allow the one-way finite transducer to find theestiiocation in the string; they can
either be represented as additional symbols or be encoddditidnal states have to be added
to encode the target and the current location.

If additional symbols are used, the number of symbols in ipleabet of the one-way finite-
state transducer is bounded by the number of symbols in gfebét of the two-way finite-
state transducer, plus the length of the input and the lepfgtie input increases by a constant
multiplicative factor.

In the case of additional symbols not being used and the @efinite-state transducer
being confined to a two-letter alphabet, the length of thetimb the two-way finite-state trans-
ducer is inO(nlogn) of the input of the one-way finite-state transducer, sineyesymbol of
the input needs to be preceded with a distinct binary number.

In both cases, the number of states of the one-way finite-sttsducer is bounded linearly
in the number of states in the two-way finite-state transdaoéd the length of the input (of
the one-way finite-state transducer), since both the cusynbol of the two-way finite-state
transducer and the already processed parts of the numiter afitrent symbol need to be stored
in the state. This is necessary even in the case of a pushdamsdticer simulating a two-way
finite-state transducer.

5. Final Remarks

We conclude our paper with general remarks on the power ofx@yefinite transducers, two-
way finite transducers and pushdown transducers by showatgnthile every mapping that
can be performed by a one-way finite transducer can also erpexd by a two-way finite
transducer or a pushdown transducer, there are mappingh wdun only be performed by two-
way finite transducers, but not by pushdown transducersyiaed/ersa.

Finally, we consider the state complexity of two-way finitartsducers in comparison to
pushdown transducers (the case of one-way finite transsligcavial for state complexity of
two-way finite-state and pushdown transducers, since taypfimite-state transducers require
at least the same number of states, and pushdown transdacessnulate every one-way finite
transducer with a constant number of states) and give upypkioaer bounds with witnesses.
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Abstract

We introduce and investigate string assembling systemshaioirm a computational
model that generates strings from copies out of a finite saseémbly units. The underly-
ing mechanism is based on piecewise assembly of a doubledstl sequence of symbols,
where the upper and lower strand have to match. The geneiatauditionally controlled
by the requirement that the first symbol of a unit has to bedhsesas the last symbol of the
strand generated so far, as well as by the distinction ohalslyeunits that may appear at
the beginning, during, and at the end of the assembling psod&e start to explore the gen-
erative capacity of string assembling systems. In pagicuye prove that any such system
can be simulated by some nondeterministic one-way two-finiid automaton, while the
stateless version of the two-head finite automaton marksrtesxtent a lower bound for
the generative capacity. Moreover, we obtain several imeoability and undecidability
results and present questions for further investigations.

1. Introduction

The vast majority of computational models in connectiorhw@énguage theory processes or
generates words, that is, strings of symbols out of a finite Blee possibilities to control the
computation naturally depend on the devices in questioner @e years lots of interesting
systems have been investigated. With the advent of inasiitgs of devices and operations
that are inspired by the study of biological processes, hadjtowing interest in nature-based
problems modeled in formal systems, a very old control meisina has been rekindled. If
the raw material that is processed or generated by compnghtnodels is double stranded in
such a way that corresponding symbols are uniquely rel&ee(to be identical, for example),
then the correctness of the complementation of a strandiisaily given. The famous Post’s
Correspondence Problem can be seen as a first study showimpwer of double-stranded
string generation. That is, a list of pairs of substrifigs, v1), (u2,v2),..., (ur,vx) iS used to
generate synchronously a double-stranded string, wheraigber and lower string have to
match. More precisely, a string is said to be generated ifcarygl if there is a nonempty finite
sequence of indices, ip, ..., 7, such thatu; u;, - - -u;, = v;,vi,---v;,. Itis well-known that it

is undecidable whether a PCP generates a string at all [6]o/e mecent approach are sticker
systems([1, 3,/5], where basically the pairs of substringg b@aconnected to form pieces that
have to fit to the already generated part of the double stiaretidition, for variants the pieces
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may be added from left as well as from right. So, the genergiiocess is subject to control
mechanisms and restrictions given, for example, by theesb&the pieces.

Here we consider string assembling systems that are alddedstranded string generation
systems. As for Post’s Correspondence Problem the bagimédsunits are pairs of substrings
that have to be connected to the upper and lower string gexdesa far synchronously. The
substrings are not connected as may be for sticker systerosaever, we have two further
control mechanisms. First, we require that the first symbal gubstring has to be the same as
the last symbol of the strand to which it is connected. Oneicegine that both symbols are
glued together one at the top of the other and, thus, just ppeaas in the final string. Second,
as for the notion of strictly locally testable languageg9fijve distinguish between assembly
units that may appear at the beginning, during, and at thegthe: assembling process.

2. Definitions

As mentioned before, a string assembling system generakestde-stranded string by assem-
bling units. Each unit consists of two substrings, the firet & connected to the upper and the
second one to the lower strand. The corresponding symbdtiteafpper and lower strand have
to be equal. Moreover, a unit can only be assembled when #tesfimbols of its substrings
match the last symbols of their strands. In this case thelmmagsymbols are glued together
on at the top of the other. The generation has to begin withitsfr@m the set of initial units.
Then it may continue with units from a different set. When & tnom a third set of ending
units is applied the process necessarily stops. The gemeiatsaid to be valid if and only if
both strands are identical when the process stops. Morésphgc

Definition 2.1 A string assembling syste(®AS is a quadruple(X, A, T, E), whereX is the
finite, nonempty set acfymbolsor letters A C X x 7 is the finite set ohxiomsof the forms
(uv,u) or (u,uv), whereu € £+ andv € £*, T C £t x Z7 is the finite set ofassembly units
andE C I x X7 is the finite set oending assembly unitsf the formgvu, u) or (u,vu), where
ue Xt andv € Z*.

The next definition formally says how the units are assembled

Definition 2.2 LetS = (%, A, T, E) be an SAS. Theerivation relation=- is defined on specific
subsets 0E" x 1 by (uv,u) = (uvx,uy) if

i) uv=ta,u=sb, and(az,by) e TUE, fora,bez, z,y,s,t € *, and
i) vx=yzorvrz=y,forzez".

(u,uv) = (uy,uvx) if
i) uwv=ta,u=sb,and(by,ax) € TUE, fora,b €z, x,y,s,t € *, and

i) vx=yzorvrz=y,forzez*.
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A derivation is said to beuccessfuf it initially starts with an axiom fromA, continues with
assembling units frord’, and ends with assembling an ending unit frBinThe process neces-
sarily stops when an ending assembly unit is added. The4séls andE' are not necessarily
disjoint.

ThelanguageL(S) generatedy S is defined to be the set

L(S)={w e Z"| (p,q) =" (w,w) is a successful derivatign

where=-* refers to the reflexive, transitive closure of the derivatielation=-.
In order to clarify our notation we give a meaningful example

Example 2.3 The following SASS = ({a,b,c}, A, T, FE) generates the non-context-free lan-
guage{ a™b"c™ |n>1}.

A={(a,a)}, T=T,UT,UT,, E={(cc)}, where
To = {(aa,a),(ab,a)}, Tp={(bb,aa),(bc,ab)}, T.={(cc,bb),(c,bc),(c,cc)}.

3. Generative Capacity

Theorem 3.1 Let S = (X, A, T, E) be an SAS. There exists a nondeterministic one-way two-
head finite automatof/ that acceptd.(.5).

The previous theorem and its preceding discussion togethkrthe proper inclusion oNL
in NSPACE(n), which in turn is equal to the family of context-sensitivadaiages, reveals the
following corollary.

Corollary 3.2 The family of languages generated by SAS is properly indliddL and, thus,
in the family of context-sensitive languages.

Combining Theorern 311 and Example]2.3 we obtain the follgwelations to context-free
languages.

Lemma 3.3 The family of languages generated by SAS is incomparalihetingtfamily of (de-
terministic) (linear) context-free languages.

Although the basic mechanisms of sticker systems and saasgmbling systems seem
to be closely related, their generative capacities difteyeatially. While the copy language
{$1w$ow$3 | w € T } is generated by an SAS, it is not generated by any stickeesys$o, to
some extent, SAS can copy while sticker systems cannot.

Conversely, some variant of the mirror langudge| w € {a,b}* andw = w’} is generated
by many variants of sticker systems (that can generatenaati context-free languages), but
cannot be generated by any SAS, since it cannot be acceptuylnondeterministic one-way
two-head finite automaton. So, to some extent, sticker gsystan handle mirrored inputs while
SAS cannot.
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Following the discussion preceding Theoienm 3.1, the sitiar@f SAS by nondeterministic
one-way two-head finite automata gives only a rough uppenthéor the generative capacity of
SAS. Interestingly, the stateless version of the two-heatefautomaton marks to some extent
a lower bound for the generative capacity. More precisglypuat most four additional symbols
in the words generated, any stateless nondeterministiovaewo-head finite automaton can
be simulated by some SAS. Actually, such a stateless auboniga one-state device so that
the transition function maps the two input symbols curgeatianned to the head movements.
Therefore, the automaton cannot accept by final state.dti®jf any of the heads falls off the
tape or if the transition function is not defined for the catr&gtuation. If the transition function
instructs both heads to stay, the automaton halts and ad&:\é].

Theorem 3.4 Let M = ({s},Z,6,0>, <, s,0) be a stateless nondeterministic one-way two-head
finite automaton and, # 2, ! ¢ =. There exists a string assembling systesuch that any word
generated bys contains each of the symbafs#, 2, ! at most once, ané(L(S)) = L(M), for

the homomorphist($) = h(#) = h(?) = h(!) = X andh(a) = a, fora € .

Stateless multi-head finite automata are studied in detfi2li8]. Though itis an open prob-
lem whether the additional symbols used in the simulatiotmefprevious proof are necessary,
there is a language generated by SAS which is not acceptedybstateless nondeterministic
one-way two-head finite automaton.

Lemma 3.5 The languagd «®* | n > 1} is generated by an SAS but not accepted by any state-
less nondeterministic one-way two-head finite automaton.

4. Decidability Problems

It seems to be an obvious choice to proof the undecidabifityegeral problems for SAS by
reduction of Post’'s Correspondence Problem (PCP) (seexéomple,[[7]).

LetZ be an alphabet and an instance of the PCP be given by twelistg;, uo, ..., u, and
B=1wv1,09,...,v, of words fromZ ™. Itis well-known that it is undecidable whether a PCP has a
solution [6], that is, whether there is a nonempty finite szope of indices,, o, ... ,7; such that
Uiy Uiy - Uiy, = Vi Uiy -+ 05, . INthe sequel we calh, iz, ... 35, as well asu;, u;, - - - u;, a solution
of the PCP. We start to show that emptiness is undecidabbe ¥which further undecidability
results follow.

Theorem 4.1 Emptiness is undecidable for SAS.

From the construction in the proof of Theoréml|4.1 and the cidédility of emptiness we
can derive several further undecidability results immesdya

Theorem 4.2 Finiteness, infiniteness, equivalence, and inclusion adegidable for SAS.

Since SAS have been seen to generate even non-contexa+igeealges, the questions whether
regularity or context-freeness are decidable arises inatedyl.

Theorem 4.3 Regularity and context-freeness are undecidable for SAS.
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Abstract

Two-way nondeterministic pushdown automata (2PDA) arssital nondeterministic
pushdown automata (PDA) enhanced with two-way motion oifrthat head. In this paper,
the subclass of 2PDA accepting bounded languages and nmatkingst a constant number
of input head turns is studied with respect to descripticoatplexity aspects. In particular,
the effect of reducing the number of pushdown reversals tmatant number is of interest.
It turns out that this reduction leads to an exponential blgnin case of nondeterminis-
tic devices, and to a doubly-exponential blow-up in caseatédninistic devices. If the
restriction on boundedness of the languages consideredratite finiteness of the num-
ber of head turns is dropped, the resulting trade-offs artomger bounded by recursive
functions, and so-called non-recursive trade-offs arevsho

1. Introduction

Descriptional complexity is an area of theoretical compstagence in which one of the main
guestions is how succinctly a formal language can be destily a formalism in comparison
with other formalisms. A fundamental result is the exporsmtade-off between nondetermin-
istic and deterministic finite automata [11]. A further erpatial trade-off is known to exist be-
tween unambiguous and deterministic finite automata, vesdiee trade-offs between alternat-
ing and deterministic finite automata [8] as well as betwesteministic pushdown automata
(PDA) and deterministic finite automata [12] are bounded buyldy-exponential functions.
Other doubly-exponential trade-offs exist between themlement of a regular expression and
conventional regular expressions [4], and between constaght PDA and deterministic finite
automatal[1].

Summary of a paper presented at DCFS 2011, Limburg, Germany.
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Apart from such trade-offs bounded by recursive functidvieyer and Fischer [11] first
showed the existence of trade-offs which cannot be bounglexhi recursive function — so-
called non-recursive trade-offs — between context-freengnars generating regular languages
and finite automata. Nowadays, many non-recursive trafdeaoé known, and surveys on re-
cursive and non-recursive trade-offs may be foundin|3, 5].

In this paper, we study the descriptional complexity of tway pushdown automata (2PDA)
which are conventional PDA with the possibility of movingtmput head in both directions.
2PDA are a strong computational model: it is currently umtaevhether their computational
power equals that of linear bounded automata. Moreoves,ribt known whether or not non-
deterministic and deterministic variants describe theeslanguage class. Thus, we consider
here the subclass of those 2PDA where the number of reverishle input head is bounded by
some fixed constant. These head-turn bounded 2PDA have enidathle properties when the
languages accepted are letter-bounded (bounded, fo) steirtthey are subsets ofa;- - - a;,,,
whereas,ay,...,a,, are pairwise distinct symbols. In this case, the languagesped are
semilinear[[6] and, due to decidability results on semdinknguages shown in![2], one ob-
tains that the questions of emptiness, universality, sioly, and equivalence are decidable. It
is shown in[[7] that these questions are decidable also terainistic 2PDA where the number
of turns of the pushdown store is bounded by some constant.

The results of the paper are as follows. Concerning recaitsade-offs for 2PDA accepting
bounded languages, we first consider the nondeterminateand compare head-turn bounded
2PDA (htb-2PDA) versus head-turn bounded and pushdownkounded 2PDA ((htb,ptb)-
2PDA). It turns out that the reduction of pushdown reverkadsdls to an exponential trade-off.
This generalizes a similar result for one-way PDA: the traffdetween PDA and PDA with
a fixed finite number of pushdown reversals is non-recursivennarbitrary languages are con-
sidered([9] whereas the trade-off becomes exponentialda ohbounded languages [10]. As
a second result, we convert head-turn bounded nondetetroiand deterministic 2PDA into
equivalent deterministic devices which are additionalipdown-turn bounded, obtaining a
doubly-exponential trade-off. The main idea in the conegrss to reduce membership of
bounded languages generated by context-free grammart/iogslinear systems of Diophan-
tine equations, which is shown to be manageable by detestiti@PDA. In a second step, we
generalize this result for the conversion of 2PDA with derfaoperties.

Finally, we consider arbitrary languages instead of bodndeguages. We get non-recur-
sive trade-offs between two-way and one-way devices. Euribre, non-recursive trade-offs
exist between 2PDA with an arbitrary and a constant numbédreatl reversals both in the
deterministic and nondeterministic case.

2. Results

Theorem 2.1 Let L C aja5---a;, be accepted by some htb-2PDA of sizeThen,L can also
be accepted by some (htb,ptb)-2PDA of &26&”).

Theorem 2.2 Let L C aja3---a;, be accepted by some htb-2PDA of sizeThen,L can also
be accepted by some (htb,ptb)-2DPDA whose size is boundeddybly-exponential function
of O(n?).
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Considering unbounded languages instead of bounded lgaguae obtain the following
non-recursive trade-offs.

non-rec on-rec

(htb, ptb)-2DPDA™2*’DPDA and (htb,pth)-2PDA2*ppA.

It is currently unknown whether or not 2PDA and 2DPDA have shene computational
power. Thus, it is not clear whether there is a recursive ormgursive trade-off between
2PDA and 2DPDA.

If the restriction on the boundedness of the head turns ievethadditionally, we obtain
machines which may accept non-semilinear bounded languagg obtain the following non-
recursive trade-offs.

non-rec on-rec

2DPDA " htb-2DPDA and 2PDA*htb-2PDA
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Abstract

Periodicity is a long investigated property on words. Onthefgeneralizations regard-
ing this concept was introduced by L. Kari et al., and congisle& word to bé-periodic, if
it is the prefix of a word consisting of concatenations oflitaad the application of a mor-
phic (antimorphic) involution to it. Starting from this,alauthors investigate the minimum
length a word should have, such that, if it has two diffeeperiodsm andn, then it also
has anothef-periodt¢ given by the root of the two words that give the initial pesodn
this paper, we extend the notion &fperiodicity to arbitrary functions, and investigate the
problem both from the combinatorial and algorithmical pafiview.

1. Introduction

Let VV be a nonempty finite set of symbols calledadphabet and every element<c V' aletter.

A wordw overV is a (finite) sequence of letters frov, while thelengthof it is denoted byw|
and represents the number of letters in the sequenceempey words the sequence of length
zero and is denoted by

A word u is afactor of a wordv if v = xuy for somex,y. We say that the word is a
prefixof v if © = ¢ and asuffixof v if y = <. We denote byw[i] the symbol at positionin w,
and byw(i..j] the factor ofw starting at positioni and ending at positiog, consisting of the
concatenation of the symbald], ..., w[j], where 1< i < j <n.

Theperiodof a partial wordw overV' is a positive integep such thato[i] = w[j] whenever
we havei = j mod p. In such a case, we sayis p-periodic.

For a morphismyf : V* — V*, we say thatv is f-periodic if it is a prefix oft{¢, f(t)},
for some wordt of length smaller thaw. If w € t{t, f(t),..., f**1(t)}*, for some word and
some minimal integek such thatf**1 is the identity, we callv f*-periodic.

The powers of a word are defined recursively by® = ¢ andw” = ww™ 1, forn > 1. We
say thatw is a f-power, ifw € t{t, f(¢)} T, for some word.

For a complete view on basic combinatorial definitions wened [1, 2] 6], while definitions
needed to follow the algorithms are found|in [5]. We stresloat all time bounds provided in
this paper hold on thenit-cost RAM model

(4)The work of Robert Mercas is supported by tlexander von Humboldt Foundation.
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2. Results

These following two results generalize the case of the waigiine and Wilf theorem [3], as
well as the case of involutions, presented by Kari et.[al4]2,

Theorem 2.1 Let v and v be two words over an alphabét and f : V* — V* a bijective
morphism such thaf(a) € V, for all « € V.. Letk > 0 be the minimum integer such thgl+!

is the identity (clearlyk < |V]). If the wordsu{u, f(u),..., f*(u),v, f(v),..., f*(v)}* and,
respectivelyy{u, f(u),..., f*(u,v, f(v),..., f¥(v)}* have a common prefix of length greater or
equal to|u| + |v| —gcd(|ul, [v]), then there exists<€ V* such thatu,v € t{t, f(t),..., fF(t)}*.
Moreover, the boun¢| + |v| — ged(|ul, |v|) is optimal.

A similar results does not hold for antimorphisms, even ifallew the size of the common
prefix to be arbitrarily large.

Example 2.2 Let us consider the words= abc andv = ab, and the antimorphisrh described
by f(a) =-e, f(b) =d, f(c)=c¢, f(d) =0, f(e) =a. Itis easy to see that is even more an
involution. The infinit wordw = ab ¢ (de)* can be writen ag = uf(v)* =vf(u) f(v)¥, where
by z* we denote an infinite repetition of the ward It is easy to see that all three words
andw are f -aperiodic.

Theorem 2.3 Let v and v be two words over an alphabét and f : V* — V* a bijective
antimorphism such that(a) € V, for all a € V. Denote byt > 0the minimum integer such that
fE*1is the identity. Ifu{u, f(u)}* andv{v, f(v)}* have a common prefix of length greater or
equal to2|u| +|v| —ged|ul, [v]), then there existsc V+, such that, v € t{t, f(t),..., fF(t)}*.

Next, we give some algorithmical results concernfiageriodicity on words.

Problem 1 Given an anti-/morphisnf : V* — V* and a wordw, determine ifw is f- or f*-
periodic.

Theorem 2.4 Let f be an uniform anti-/morphism. We can decide whethea lengthn word,
is f-periodic in timeO(nloglogn).

Theorem 2.5 Let f be an uniform anti-/morphism. We can decide whethea lengthn word,
is f*-periodic in timeO(nloglogn), where the constant depends only on the degrefe of

Theorem 2.6 Let f be an arbitrary increasing anti-/morphism. We can decideethbrw, a
lengthn word, is f-periodic in timeO(nlogn).

We continue by considering the following problem:

Problem 2 Givenw € V*, with |w| > 2, decide whether there existsan anti-/morphism ofr
such thatv is f-periodic.

First notice that one can always give a positive answer tgtoblem. Indeed, ify = aw’,
we just takef as a anti-/morphism witlf (a) = w’, and we obtain thatv = af(a). Next we
consider several more difficult cases of this problem andrasdirst thatf is a morphism.
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If we consider the problem “Givew € V*, with |w| > 2, decide whether there exists a
morphismf on V, such thatw € ¢{t, f(t)}*, where the length of is upper bounded by a
constant:”, we easily obtain that this problem is decidable in polymartime, but the degree
of the polynomial depends on the constant

Also, the problem “Givenv € V*, with |w| > 2, decide whether there exists an uniform
morphismf onV, such thatw is f-periodic” can be solved in polynomial time. If we restrict
ourselves to finding a morphsim witlf(a)| = k for all the lettersa € V, we obtain that the
previously mentioned problem can be solveditmloglogn) time, where the constant hidden
by the© denotation depends dn

Finally, the problem “Givenw € V* and/ < |w|, with |w| > 2, decide whether there exists
an arbitrary increasing morphisghon V, such thatw is in t{¢, f(¢)}*, with 2 < |¢| > ¢", is
NP-complete.

A quite similar discussion can be made for antimorphisms.

First, if we consider the problem “Given € V*, with |w| > 2, decide whether there exists
an antimorphisny on V' such thato = ¢ f(¢)”, we easily obtain that this problem is decidable
in polynomial time.

Also, if we consider the problem “Givem € V*, with |w| > 2, decide whether there exists
an antimorphisny onV such thatw € t{t, f(¢)} ", where the length ofis upper bounded by a
constant:”, we obtain again that this problem is decidable in polyralrtime, but the degree
of the polynomial depends on the constant

It is not surprising to see that the problem “Givere V*, with |w| > 2, decide whether there
exists an uniform antimorphisghon V' such thatw is f-periodic” can be solved in polynomial
time. Moreover, when we restrict ourselves to finding anmatphsim with| f (a)| = & for all
the lettersa € V, we are able to solve this problem @(nloglogn) time, where the constant
hidden by the® denotation depends dn

Finally, the problem “Givenw € V* and/ < |w|, with |w| > 2, decide whether there exists
an arbitrary increasing antimorphisfnon V' such thatw is in ¢t f(¢){t, f(t)} T Ut2{¢t, ()},
with 2 < |¢| > ¢7, is NP-complete.
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Abstract

In this paper we investigate several periodicity-relatégb@hms for partial words.
First, we show that all periods of a partial word of lengtlare determined i©(nlogn),
and provide algorithms and data structures that help usensnconstant time queries
regarding the periodicity of their factors. For this we negd(n?) preprocessing time and
aO(n) updating time, whenever the words are extended by addingjea. |én the second
part we show that substituting letters of a wardvith holes, with the property that no two
holes are too close to each other, to make it periodic can be uooptimal timeO(|w|).
Moreover, we show that inserting the minimum number of hsl&sh that the word keeps
the property can be done as fast.

Keywords: Combinatorics on Words, Periodicity, Partial Words.

Let A be a nonempty finite set of symbols calledadphabet Each element € A is called
aletter. A full word over A is a finite sequence of letters from while apartial word over A
is a finite sequence of letters from, = AU {¢}, the alphabet! with the hole symbob.

Thelengthof a partial wordu is denoted byu| and represents the total number of symbols
in u. Theempty words the sequence of length zero and is denoted. #y partial wordw is a
factor of a partial wordv if v = zuy for somez,y. We say that: is aprefixof v if z =cand a
suffixof v if y =e. We denote by.[:] the symbol at positionin «, and byuli..j] the factor of
u starting at positior and ending at position consisting of the concatenation of the symbols
uld],...,u[j], where 1< i < j <n.

The powers of a partial wordare defined recursively by’ = ¢ and forn > 1, u” = uu" 1.
The period of a partial wordu over A is a positive integep such thatu[i| = u[j] whenever
uli],u[j] € A andi = j mod p. In such a case, we sayis p-periodic. If u is p-periodic and
lu| > p we say that is non-trivially periodic.

If « andv are two partial words of equal length, theis said to becontainedin v, denoted
by u C v, if u[i] = v[i], for all u[i] € A. Partial wordsu andv arecompatible denoted by 1 v,
if there existsw such that: C w andv C w.

A partial wordw is said to bel-valid, for some positive integef, if u[:i..i +d — 1] contains
at most one-symbol, for all 1< ¢ < |u| —d+ 1.
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For a complete view on the basic definitions regarding coatbimncs on words and partial
words we refer the reader tol[5,/9, 1]. The basic definitioreded to follow the algorithms
presented here are found In [8]; we just stress out thatra# thounds provided in this paper
hold on theunit-cost RAM model

Let us first consider the problem of computing all the periofla given partial word, as
well as the following problem.

Problem 1

1. Given a partial wordv, of lengthn, over an alphabét, preprocess it in order to answer the
following types of queries:

Is wli..j] p-periodic? denotegper (i, j,p), wherei < ji,j,p € {1,...,n}.

Which is the minimum period ab [i..j]?, denotedninper (i, 7), wherei < j,i,7 € {1,...,n}.

2. Consider the following update operation for a partial waerdadd a symbol € V U {¢} to

the right end ofv, to obtainwa. Preprocess and define a method to update the data structures
constructed during the preprocessing process, in ordardeexr in constant timper queries,

for a word obtained after several update operations werkeghio w.

The results we obtain are the following:

Theorem 1 Letw be a partial word of length.

1. All the periods ofv can be computed in tim@(nlogn).

2. The partial wordv can be processed in tin@(n?) in order to answer in constant tirper
andminper queries. After an update operation, the previously congtlidata structures are
updated inD(n) time, and bothper andminper queries are answered in tindg1).

This result is particularly useful in two applications: find the minimal period of a partial
word and deciding whether a word is primitive. We are awatbetlaims and proofs that these
problems can be solvable in linear time (s€e [3] and, reamdgt[2]). However, the algorithms
proposed in these papers are relying on the fact that onermhalfifactors of a partial wordw
that are compatible with in linear time, by extending to the case of partial words ssiniag
matching algorithms for full words, that work in linear tim&he proof of this fact was not
given formally, and we are not convinced that such resulisadly hold. We refer the reader,
for instance, to the discussions in [7].

The result represents also an improvement of the resulsepted in[[6]. In that paper
the preprocessing time needed to answer in constant timéequasking whether a factor of a
word is ak-repetition,k-free or overlap-free, wherk is a positive integer, i€ (n?), and the
time needed for updating the data structure®{alogn) in a worst case analysis ar@(n)
in an amortized analysis. Moreover, several complicatead dgiuctures are used there. It is
immediate howper queries can be used to answer,(iil) time, queries asking whether a
factor is a repetition, in fact a particular casepef queries, and, as shown in [6], all the other
types of mentioned queries. Thus, following the reasoninthe afore mentioned paper, one
can easily obtain that the preprocessing time needed toeanswonstant time queries asking
whether a factor of a word is &repetition, k-free or overlap-free, for some positive integer
k, is O(n?), and the time needed for updating the data structuréy(ig in the worst case.
Furthermore, the data structures that we need here aresiuipée.
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In the following we change our focus to constructing, in #inéme, ap-periodic partial
word, starting from a full word, by replacing some of its systsowith holes such that no two
consecutive holes are too close one to the other:

Problem 2 [4] Given a wordw € V*, and positive integers$ andp, d,p < |w|, decide whether
there exists a-periodicd-valid partial word contained im.

The input of this problem consists of the woxdand the numbergs andd. The alphabel”
can be arbitrarily large, but, clearly, we can assume |fHaK » (that is, we do not care about
symbols that do not appearin).

We were able to improve the algorithmic result from [4] asdofs.

Theorem 2 Probleni P can be decided in linear tirt%|w|). A solution for this Problem can
be obtained in the same time complexity.

The proof of this result is based on a linear time algorithat transforms an instance of Prob-
lem[2 to an instance of tH2 SAT problem.
More over, we can consider the following optimization pesil

Problem 3 Given awordv € V* and two positive integersandp, both less thahw|, construct
ap-periodicd-valid partial word contained i, and having a minimum number of holes.

In this case, we get the following result, by combining th&uson of Probleni 2 with a
dynamic programming strategy:

Theorem 3 Probleni B can be decided in linear time. A solution for thistfem can also be
obtained in the same time complexity.

Once again this result is optimal, with respect to the tintagiexity.
For an extensive presentation of the results of this papeyding their proofs, see [10] and
the technical report [11].
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Abstract

Pushdown automata with translucent pushdown symbols esepted. Such a device is
a pushdown automatal/ that is equipped with a ‘transparency relation’ln a transition
step, M does not read (and replace) the topmost symbol on its pushdtove, but the
topmost one that is only covered by translucent symbols. kWeepthat these automata
accept all recursively enumerable languages. Then we ntrate on a restricted version of
pushdown automata with translucent pushdown symbols thek iw real-time or in quasi-
real-time. We compare the corresponding language classathér classical complexity
classes, and we study closure properties for these langlegges.

1. Introduction

Thepushdown automatofpda, for short) is one of the most basic and most importactima
models considered in computability and formal languagerhésee, e.g.[ [5]). It characterizes
the context-free languages, and this characterizatioairenwvalid even in the absence of states.
On the other hand, a (deterministic) pda with two pushdowrestcan simulate a single-tape
Turing machine, and hence, it is a model of a universal comgutevice. Further, nonde-
terministic pdas with three pushdown stores running in-tiea characterize the clas¥ of
quasi-real-time languagesvhich coincides with the complexity claBST IME(n) of languages
that are accepted by nondeterministic Turing machinesaali time([2].

In the literature also many other variants of pdas have bemhesl. For example, thetack
automatons a pda that has a two-way read-only input, and that can $eacomplete contents
of its pushdown store (see, e.d., [5]).flip-pushdown automataos a pda that can reverse the
contents of its pushdown stack [4, 11]. Andlin [6] the so-e@d#hadow-pushdown automaton
is introduced, which has a ‘half-translucent’ copy for eathts pushdown symbols. Each

(4)The first author was supported by the TAMOP 4.2.1/B-09/1/K&2010-0007 project, which is implemented
through the New Hungary Development Plan, co-financed bithepean Social Fund and the European Regional
Development Fund.
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pushdown operation accesses the topmost ‘normal’ pushdgmivol on the pushdown store
together with the half-translucent symbol directly abaveBy putting certain restrictions on
this type of pushdown automaton, all the classes of the Ckphisrarchy can be characterized.

Here, motivated by recent work on finite-state acceptors @mhdown automata with
translucent input symbolg,8,/9], we introduce and study pushdown automata wathslucent
pushdown symbals

2. Pushdown Automatawith Translucent Pushdown Symbols

A pushdown automaton with translucent pushdown symbeR{# for short) is a usual push-
down automaton that is equipped with an additional ‘transpey relation’r:

M = (Q,Z,r7$aJ—7QO7F757T)7

whereby( is a finite set of internal states,is the input alphabetf; is the pushdown alphabet, $
is a right end marker for the input tape,is the bottom symbol of the pushdowp,is the initial
state,F’ is a set of final states, aridis the transition relation. To each péir,a) consisting of
an internal statg of M and an input symbat, 7 assigns a subset of pushdown symbols that
are ‘translucent’ (not visible) for stateand input symbot. Accordingly, in a corresponding
transition stepM does not read (and replace) the topmost symbol on its pushdtmwe, but
the topmost visible one that is only covered by translucgntl®ls, that is, by symbols from
the setr(q,a).

In general a tl-PDA is nondeterministié: C (Q x (ZU{$,e}) x (TU{L})) x (Q xT*).
If, however, the transition relation is a partial function (Q x (XU {$,e}) x (TU{L})) —
(Q xT*), thenM is adeterministic pushdown automaton with translucent pushmsymbols
abbreviated as tl-DPDA. Here it is required thé&y,a, B) = () for all « € ZU{$} andall B €
FrU{L},if d(q,e,A) # 0 for someA € TU{L}. Thus, in statg ane-step is applicable only
if in that particular state, no other transition can be udelaThis restriction is stronger than
the corresponding restriction for traditional deterntigipushdown automata because of the
transparency relation.

At the beginning of each computation a tl-(D)PDW is in the initial state, the pushdown
store is empty (except for the-symbol), the input word followed by the right end marker $ is
placed on the input tape, and the input tape window is postiat the first symbol of the input.
The automatord/ accepts the input if, beginning at the initial situatiorrgches a final state
and the input has completely been read (the input tape winslpasitioned on the $-symbol).

The language classes characterized by deterministic amdieterministic tl-PDAs are de-
noted withL(tl-DPDA) and L(tl-PDA).

We say that a tl-(D)PDA works in real-time if it processes akaone input symbol in
each computation step and moves the window of the input tapeposition to the right. It
works in quasi-real-time if there exists a constasb that the automaton is allowed to apply at
mostc computation steps between processing two input symboksaatimg the $-symbol. The
according language classes are denoted @ittl-(D)PDA) and Ly (tl-(D)PDA).
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3. Reaults

Our main result is the computational universality of tl-PPAven in the deterministic case
(L(tl-(D)PDA) = RE). We prove this with a step-by-step simulation of a deterstiic on-
line Turing machine with a single working tape (on-DTM This device consists of a finite
control, a one-way read-only input tape with a right end reafif and a working tape (see, e.g.,
[1] or [10] for further details), and it is well-known that aiccepts all recursively enumerable
languages.

The simulation can also be applied to nondeterministic % as well as to (deterministic
and nondeterministic) machines that work in real-time, rebg real-time is defined for on-
line Turing machines similar as for the tl-PDAs. For the d®iaistic case we show that this
inclusion is even proper using a result of [Z]{(on-DTM1) C L(t-DPDA), Lit(on-TM7) C
L(tl-PDA)). Moreover all on-DTMs with multiple working tapes can bensiated by quasi-
real-time t-DPDASsYJ;~1 £L(on-DTMy,) C Lgr(tl-DPDA).

Further, it is shown thaf(tl-DPDA) is not a subset of (on-DTMy,) for anyk > 1.

In addition, the set of quasi-real-time langua@esan be accepted by tl-PDAs working in
quasi-real-timeQ C Lqn(tl-PDA)). This class is known as the set of all languages accepted
by any on-line multi-tape Turing machine working in reaé [2] and coincides with the class
NTIME(n).

The table below shows some closure properties for the layeyukasses considered. The
meaning of the operations are from left to right as followsiom, intersection, complemen-
tation, intersection with a regular language, concatenatpplication of ar-free morphism,
and inverse morphism. The +-symbol denotes that a languagegis closed under a particular
operation and the question mark denotes that this is stlhop

Typeof tl-PDA Operations

ulny| ¢ |Ngreal: | he h1
Lri(t-DPDA) | 22|+ | + |?|?] ?
Lqn(tkDPDAY [+ |+ |+ | + |?| 2| +
Li(t-FPDA) [+|?2] 2| + |+ +| ?
Lart(t-PDA) |+ |+ | 2| + [+ + | +

4. Conclusion

The tlI-PDA is a quite powerful machine model, as all recuefsivenumerable languages are
accepted by it. Even when restricted to real-time computatithe deterministic tl-PDA accepts
languages that are not even accepted by deterministicinealen-line Turing machines with
any fixed number of working tapes. In the nondeterministgecall quasi-real-time languages
are accepted by tI-PDAs that run in quasi-real-time. Howetveemains open whether this
inclusion is proper. Also it is still open whether each reale t-DPDA can be simulated by a
deterministic on-line Turing machine running in real-tiamel using multiple working tapes or if
deterministic on-line Turing machines with more than onekivagy tape can be simulated by tl-
DPDAs both working in real-time. Finally, we have estabdidla number of closure properties
for the language classes that are defined by deterministio@ndeterministic tl-PDAs running
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in real-time or quasi-real-time. However, we have not bedae 8 establish any non-closure
properties yet. This is certainly an area where more worklsézbe done.
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On the Interval-Bound Problem for
Weighted Timed Automata
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During the last yearsyeighted timed automaf2), [3] have received much attention in the
real-time community. A weighted timed automaton is a timatbmaton [[1] extended with
weight variables, whose values may grow or fall linearlyhatime while being in a state, or
discontinuously grow or fall during a state change. As ameda (taken from[[5]), consider
the weighted timed automaton in FIg. 1. It shows a finite aatimm with three states, one real-
valued clock variable: and one real-valued weight variahle The initial value ofz is zero.
The value ofr grows continuously while time elapses in a state, whereashhnge from one
state to another does not cost any time. At edges one may imét Iestrictions on the value of
x; for instance, the edge froms to s; can only be taken if the value afequals 1. Moreover,
one may reset the value ofto zero, indicated by the label:= 0. The initial value ofw is set
to 2. While being in a state, the value ofgrows linearly with time depending on the rate of
the state. For instance, in statgthe value ofw decreases with rate 3, whereas in staté
increases with rate 6. One may also discontinuously addhirastt some value from the value
of w during a state change (not shown in this example). In this wajghted timed automata
can be used to model both continuous and discrete produatidrconsumption of resources,
like energy, bandwidth or money. This allows for interegtapplications e.g. in operations
research, in particulagptimalscheduling.

Recently [5], three interesting resource scheduling poisl for weighted timed automata
were introduced: the existence of an infinite run during Wwhie values of the weight variables
never fall below zerol¢wer-bound, never fall below zero and never exceed a given upper
bound (nterval-bound, and never fall below zero and never exceed a giweakupper bound,
meaning that when the weak upper bound is reached, the valhe aveight variable is not
increased but maintained at this leviever-weak-upper-bound For instance, the weighted
timed automaton in Fid.l1 allows for an infinite run such thn value ofw is always within
the intervall0, 2]: One may always spend exactly two third time units in stat@ecreasing the
value ofw to 0) and one third time units isp (increasing the value af back to 2). In contrast
to this, there is no infinite run such that the valueuofs always within the interval0, 2] if

S1 52 53

Figure 1: A weighted timed automaton with one clock variadne one weight variable.
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the initial value ofw is 1%. However, there is an infinite run if we consider 2 aseakupper
bound [5].

For weighted timed automata with one clock and one weightlt, the lower-bound-
problem and the lower-weak-upper-bound-problem are détgdn polynomial time[5], albeit
with the restriction that the weighted timed automaton daesllow for discontinuous updates
of the weight variables at the edges. [In [4] it is proved that lower-bound-problem is also
decidable if this restriction is lifted and if the values lbétweight variables may not only change
linearly but also exponentially in time. The interval-badproblem is undecidable for weighted
timed automata with one clock and one weight variabla game settingn the corresponding
existential setting, however, the problem was open.

In a recent paper [10], we show that the interval-bound-emlbs undecidable for weighted
timed automata with two clocks and two weight variables (ore). The proof is a reduction
from the infinite computation problem for two-counter mangs [9]. The undecidability proof
does not require discrete updates of the weight variabléseaedges of the automaton. A
similar proof idea can be used to show that the interval-depnoblem is also undecidable
for weighted timed automata with one clock, two weight Vviales and discrete updates of the
weight variables.

As a second main result, we show that the interval-bountpno isPSPACE-complete if
we restrict the time domain to the natural numbers. Thisltrésurespective of the number of
clocks and weight variables. The proof f8$PACE-membership is based on a polynomial-time
reduction to the recurrent reachability problem for timatbanatal[7, 1]. We show that one can
encode the values of natural-number valued weight vasahte the values of clock variables.

For real-valued clocks, Bouyer and Markey recently prowead the interval-bound-problem
is undecidable for weighted timed automata with two cloakd ane weight variable [6]. The
undecidability of the same problem for weighted timed awtarwith one clock, two weight
variables and discrete updates of the weight variablesidapendently shown by Fahrenberg et
al. [8]. Table 1 summarizes the results known so far for vadked clocks and weight variables.
The grey cells indicate instances of the problem for whi@rehs no result known so far. For
instance, the decidability of the interval-bound problemweighted timed automata over the
reals with exactly one clock or one weight variable is stilliateresting open problem.

One clock, one weight variableTwo clocks, two weight variables
without with without with

Finfinite run?| edge weight edge weight edge weight edge weight

w; € [0,00] P [5] EXPTIME [5]

w; € [0,u] undecidable[10] undecidable [10]
Two clocks, one weight variableOne clock, two weight variables
without with without with

Jinfinite run?| edge weight edge weight edge weight edge weight

w; € [0,00]

w; € [0,u] undecidable [6] undecidablel[10,!8]

Table 1: Results for the Interval-Bound-Problem



On the Interval-Bound Problem for Weighted Timed Automata 95

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

R. ALUR, D. L. DiLL, A theory of timed automatal heoretical Computer Sciend26 (1994) 2,
183-235.

R. ALUR, S. LA TORRE G. J. RPpPAS Optimal Paths in Weighted Timed Automaieoretical
Computer Sciencgl8 (2004), 297-322.

G. BEHRMANN, A. FEHNKER, T. HUNE, K. LARSEN, P. REETTERSSON J. ROMIJN, F. VAAN-
DRAGER, Minimum-Cost Reachability for Priced Timed Automata. M. D. D. BENEDETTOQ,
A. SANGIOVANNI-VINCENTELLI (eds.),HSCC LNCS 2034, Springer, 2001, 147-161.

P. BOUYER, U. FAHRENBERG, K. G. LARSEN, N. MARKEY, Timed Automata with Observers
under Energy Constraints. In: K. HOBANSSON W. Y| (eds.),Proceedings of the 13th Interna-
tional Conference on Hybrid Systems: Computation and @bitiSCC’10) ACM Press, Stock-
holm, Sweden, 2010, 61-70.
http://www.lsv.ens-cachan.fr/Publis/PAPERS/PDF/BFLM-hscc10.pdf

P. BOUYER, U. FAHRENBERG, K. G. LARSEN, N. MARKEY, J. RBA, Infinite Runs in Weighted
Timed Automata with Energy Constraints. In: FA€SEzZ C. ARD (eds.),FORMATS LNCS
5215, Springer, 2008, 33-47.

P. BOuYER-DECITRE, N. MARKEY, Personal communication.

C. COURCOUBETIS M. YANNAKAKIS, Minimum and Maximum Delay Problems in Real-Time
SystemsFormal Methods in System Desi@r{1992), 385-415.

U. FAHRENBERG, L. JUHL, K. G. LARSEN, J. RBA, Energy Games in Multiweighted Automata.
In: ICTAC 2011 2011. To appear.

M. MINsKY, Computation: Finite and Infinite Machine®rentice-Hall, Englewood Cliffs, NJ,
1967.

K. QuAAS, On the Interval-Bound Problem for Weighted Timed Automaita A. H. DEDIU,
S. INENAGA, C. MARTIN-VIDE (eds.),LATA 2011 LNCS 6638, Springer, 2011, 452—-464.


http://www.lsv.ens-cachan.fr/Publis/PAPERS/PDF/BFLM-hscc10.pdf




’7/'H-EOR|E_ J. Dassow und B. Truthe (Hrsg.): Theorietag 2011, Allrodar@), 27.—29.9.2011 i A
AG 2011 Otto-von-Guericke-Universitat Magdeburg S.97-10%g

HR* Graph Conditions Versus
Counting Monadic Second-Order Graph Formulas

Hendrik Radke

Carl von Ossietzky-Universitat Oldenburg
hendrik.radke@informatik.uni-oldenburg.de

Abstract

Graph conditions are a visual formalism to express praggedf graphs as well as access
conditions for graph transformation rules. Since nestegblyiconditions are equivalent to
first-order logic on graphs, non-local conditions cannogkgressed by them. We propose
HR* graph conditions as a generalization of nested graph dongitvhich can express
a multitude of interesting non-local properties (like thastence of a path of arbitrary
length, circle-freeness or an even number of nodes). Thashgved by using hyperedges
as placeholders and substituting these according to a éggerreplacement system. We
compare the expressiveness of Higaph conditions to counting monadic second-order
graph formulas.

1. Introduction

Increasing complexity in software systems calls for designcepts that allow an intuitive
overview of a system. We use graph transformation systemhsrendel states by graphs and
state changes by graph programs. Structural system piegpeain be described by nested graph
conditions[[4]. However, nested graph conditions cannstdiee non-local properties like con-
nectedness or circle-freeness [1], which are of interesbirstraints or application conditions.
We therefore propose an extension of nested graph conglifi@h can express such properties.
This extension is called HRconditiond]7], and adds variables in the form of hyperedges to the
conditions. These hyperedges serve as placeholders fargamd can be substituted according
to a given hyperedge replacement system.

2. HR* Graph Conditions

HR* graph conditions combine graphs (or rather: graph morpé)isvith first-order logic oper-
ators and hyperedge replacement.

Definition 2.1 (HR* (graph) conditions) A HR* (graph) condition ovel is of the formtrue,
(P — C,c), or 3(P J C,c), wherec is a HR* condition overC. Furthermore, Boolean
expressions over conditions ovér (i.e. ¢Ad or —c) are conditions overC. The follow-
ing abbreviations are used/(P — C,c) abbreviates-3(P — C,—c), 3(P — C') abbreviates
(P — C,true) and3(C, c) abbreviatesd(P — C,¢) if P is clear from the context (i.e. P is
the empty graph or the condition is a subcondition in somgdrigondition).
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All HR* graph conditions in this paper are conditions over the ergpiph(), so the last
abbreviation is used extensively to make the conditionstshand easier to read. To each
HR* graph condition belongs a hyperedge replacement systeohwégulates the substitution
of variables. The semantics of FiIRraph conditions is straightforward: To check whether a
graph satisfies a HRcondition, the variables in the condition are substitutbdn the graphs
in the condition are matched to the graph in question.

Definition 2.2 (semantics oHR* graph conditions) A graph GG satisfies conditiorr, short

G E ¢, iff there is a substitution according to the hyperedge replacement system, and a mor-
phismp: ) — G satisfiesc by 0. A morphisnp: P — G satisifies conditiord(P — C,¢) by

o iff there is an injective morphisim: o(C') — G such thatp = goo(a) andq satisfies: by o.

p satisfies conditiod(P J C,c) by o iff p(a(C)) C p(a(P)) andp(c(C)) satisfiesc. Every
morphism satisfiesue by o. The satisfaction of the Boolean operators is as usual.

Example 2.3 The following exampléHR* condition expresses the property “There is a path
where every node has (at least) three more outgoing edgé$ei@at nodes”.

eeoo
(e * o V(e * e Je ~o” ))) with o;o = e——e| o*mim
1 2 1 2 3 3 1 2 1201 2

The existence of the path is defined by the first part and thenegge replacement system
given. The universal quantifier quantifies over all nodesefgath, and finally, the innermost
quantor ensures the existence of three outgoing edgedéostht nodes.

Theorem 2.4 For finite graphs, the problem whether a grag@tsatisfies atHR* conditionc is
decidable [5]

Proof sketch In a naive approach, one could, for every hyperedge iterive every graph
permitted by the corresponding replacement system. A#iatsy it is easy to eliminate sub-
conditions of the formd(P 1 C,¢) by checking inclusion of” in P, yielding either—true or

c. The resulting conditions are nested graph conditionswfach the satisfaction problem is
decidable([6]. Since every hyperedge replacement systarhetransformed into a montonous
one [3] and no condition with a generated graph larger thanay be satisfied, the number of
nested graph conditions to check is finite.

3. Expressiveness

Since HR graph conditions are a generalization of nested graph tiondj they are at least
as expressive as first-order logic on graphs. That meansamexpress properties like “every

a-labeled node has an incoming edge from a c-labeled ntv’((, 3(@@)).

We have also shown in[5] that they are more expressive tharadio second-order logic
(MSO): Every MSO formula can be transformed into an equivaléR* condition. An MSO
property like “the graph contains no circle” can easily bpressed by the HRcondition

. + +
—-J( e >+ )with e——e ::= e——e|e—e—e .
1 2 1 2 1 2
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The condition
3 ((even, # (ievene )) with [even::= 0 | ;[even

corresponds to the property “the graph has an even numbesd#sh, which cannot be ex-
pressed in MSO, but inountingMSO, which leads to the next theorem.

Theorem 3.1 For every counting MSO formula over nodes (CM$®, there is an equivalent
HR* graph conditionCond f).

CMSO; (as defined in[[2]) is an extension of MSO by an additional ‘faouwg” quantor
3m)z.4(z). A graph satisfies such a formula if{ z) holds for exactlyn nodes in the graph
with n =0 (modm).

This can be translated into a FIRondition by using hyperedge replacement to count the
nodes: It is easy to construct a grammar which generatesatkte graphs (i.e. with no edges)
with n xm nodes, wheren is a fixed number and € N is variable. For all nodes inside
the generated subgraph, the property to be counted is ahe@so, the property must not
hold for any node outside of the generated subgraph. For a@M@&mula f = 3™ z.¢(x),

let Cond /) = 3([¥} V(e C[¥],Condg(x))[z/ ¢]) A B(Y] ®,Condg(z)[x/ ¢ ]))), with the

hyperedge replacement systéfit:= () | D,,, whereD,, is the discrete graph consisting
of exactlym nodes.

Proof sketch:Assume that the theorem holds fori.e. G = Cond¢) <= G = ¢. Using
the semantics of HRconditions, a grapli' satisfies Con@@ ™) z.4(z)) iff there is a substituion
for Y such that all nodesin Y fulfill Cond(¢(x)), and no node outsideY” fulfills Cond(4(z)).
This implies that the number of nodes that fulfill Céndlis equal to the number of nodeslh
It is easy to show that” can be substituted by exacthy m nodes, wheren is a fixed number
andn € N arbitrary. By our assumption, it follows that the number oflas inG satisfy ¢ is
exactlyn xm, vulgo 0 modmn.

Summarizing the above, we can say that'HfRaph conditions are a graphical formalism to
express graph properties that is at least as strong as neosemiind order formulas on graphs
with node counting. Future work will give more insights iritee expressiveness of the con-
ditions. For example, it is still unknown whether HBraph conditions are as strong as MSO
formulas withedgecounting, though the author suspects that this is not the damight also
be worthwile to compare the power of the conditions to seamngigr formulas on graphs.
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Abstract

We introduce and investigate Nondeterministically Bouhb®dulo Counter Automata
(NBMCA), which are automata that comprise a constant nurobmodulo counters, where
the counter bounds are nondeterministically guessed,hasdstthe only element of non-
determinism. This model is tailored for languages defineddmkreferencing.

1. Languages Defined by Backreferencing

It is a common and convenient way to define a formal languagsbyifying a pattern that all
words in the languages need to follow. Such a pattern is afbeisidered to be a factorisation
with conditions on the factors. An example is the regulara$etll wordsw € {a,b,c}* with
w=u-v,u € {a,b}*, |u| > 10, or the set of all words’ € {a,b,c}* with v’ = u1-uz-u3-us,
lutla = |uglas [u2ls = |usly (Where|u|, denotes the number of occurrences of symbl v),
which is a context-free language. The special conditiohgbeaeral factors of the factorisation
need to be identical is calledmckreference Using backreferences we can easily define lan-
guages that are not even context-free anymore, e. g., téaéwordsw that can be factorised
intow =wu-v-v-u. Thisis exactly the concept that is used in the models ofaleapattern
languagess introduced by Angluin [1], their extensions, axtended regular expressions with
backreference@REGEXfor short) (see, e. g..[2]). REGEX languages can be corsidzigen-
eralisation of pattern languages. While backreferencearlgl increase the expressive power,
they are also responsible for the membership problem okthlasyuage classes to become
NP-complete. This is particularly worth mentioning as tgddext editors and programming
languages (such as Perl, Python, Java, etc.) use individtiaihs of extended regular expres-
sions, and they all provide so-callREGEX engine® conduct anatch testi. e., to compute
the solution to the membership problem for any languagengiyea REGEX and an arbitrary
string. Hence, despite its theoretical intractabilitygalthms that perform the matchtest for
REGEX are a practical reality. This suggests that there isealfor researching this particu-
lar NP-complete problem in order to optimise these REGEXresgy However, while in fact
recent work focuses on implementations of REGEX engines atipect of backreferences is
mostly neglected. For example, many implementations of RE@ngines impose restrictions
on the backreferences — e. g., by limiting their number to®erder to manage their computa-
tional complexity and recent developments of REGEX engthatare particularly tailored to
efficiency even completely abandon the support of backeafms (see, e. g., Google’s RE2 [3]
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and Le Maout/[6]), so that they can make use of the well-dgeddheory of finite automata as
acceptors of regular languages. These optimised appreactenainly based on deterministic
finite automata (DFA), which contrasts with the situatioattimost existing implementations of
extended regular expressions with backreferences are ean¢ees sophisticated backtracking-
based brute-force algorithms that make no use of finite aat@@t all. This shows that, while
finite automata generally seem to be the desired algoritfirarnework, it is problematic to
incorporate the concept of backreferences into this ajghroehus, the provided formal models
do not fit with the practical needs that led to the introduttié backreferences.

We now informally introduce an automaton model that is tatbto handle backreferences,
namely the Nondeterministically Bounded Modulo Countettdhoiata (NBMCA). Further-
more, we exhibit its main features that distinguish it froxséng models and, hence, shall be
the focus of our analysis. The model comprises a two-waytinpad and a number of counters.
For every counter of an NBMCA an individual counter boundrievided, and every counter
can only be incremented and counts modulo its counter bolimel current counter values and
counter bounds are hidden from the transition functioncican only check whether a counter
has reached its bound. By performing a reset on a counteautioenaton nondeterministically
guesses a new counter bound between 0|afndwherew is the input word. This guessing
of counter bounds is the only possible nondeterministip steNBMCA, and the transition
function is defined completely deterministically.

As described above, the membership problem of languagegditern languages or REGEX
languages can be solved by checking whether or not therts exisertain factorisation for the
input word. It is easy to see that the complexity of this taesuits from the potentially large
number of different factorisations rather than from chegkivhether or not a factorisation sat-
isfies the required conditions (as long as these conditiomaat too complex). In this regard,
NBMCA can be seen as classickterministidinite automata equipped with the ability to non-
deterministically guess a factorisation of the input wand g maintain this factorisation for the
time of the computation. This is done by interpreting thedwiarministically chosen counter
bounds as lengths of factors, and the finite state controttoambe used in order to compare
factors or to check them for certain regular conditions. sTdgpproach provides an interface
for tackling the intrinsic complexity of the problem, i. eeducing the number of factorisations
that need to be checked, while at the same time sophisti€@fadbased algorithms can be
incorparated where factors are deterministically ched&edegular conditions.

Compared to classical multi-head automata, NBMCA haverséparticularities. All ad-
ditional resources the automaton is equipped with, nanm&\ycobunters, are tailored to storing
positions in the input word. This aspect is not really new eaxabe compared with the situation
of multi-head automata with only one reading head and skbéral heads (see, e.g., Ibarra
and Ravikumari[5]). However, there is still one differenttee counters of NBMCA are quite
limited in their ability to change the positions they repess since their values can merely be
incremented and count modulo a counter bound, which is riendeistically guessed. More-
over, the nondeterminism of NBMCA, which merely allows pasis in the input word to be
guessed, differs quite substantially from the common ntardenism of automata, which is
provided by a nondeterministic transition function andtas, designed to allow a choice of
several next transitions. Nevertheless, these automgga o$e their nondeterminism to actu-
ally guess a certain position of the input. For example, dagawn automaton that recognises
{ww® | w € *} needs to perform an unbounded number of guesses even tholygine spe-
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cific position, namely the middle one, of the input needs tédoed. Despite this observation,
the nondeterminism of NBMCA might be weaker, as it seensotelyrefer to positions in the
input. Hence, it might be worthwhile to investigate that@pkekind of nondeterminism.

2. Formal Details of the Automaton Model

A Nondeterministically Bounded Modulo Counter AutomatdBMCA (k) for short, is a tuple
M = (k,Q,Z,6,q0,F), wherek € N is the number otounters @ is a finite nonempty set of
states Z is a finite nonempty alphabet ofput symbolsqy € @ is theinitial stateand F' C @)
is the set ofaccepting statesThe mapping : Q x Z x {to,t1}¥ — Q@ x {—1,0,1} x {0,1,r}*
is called thetransition function An input to M is any word of the formtw$, wherew € *
and the symbolg,$ (referred to aseft andright endmarkey respectively) are not i&. Let
(p,b,s1,...,8,) =5 (q,7,d1,...,d). We call the elemenk the scanned input symbeaind r
theinput head movementor eachj € {1,2,...,k}, the elemenst; € {to,t1} is thecounter
message of counter, andd; is called thecounter instruction for countej. The transition
functioné of an NBMCA(k) determines whether the input heads are moved to the-Jeft { 1),
to the right ¢; = 1) or left unchangedr{ = 0), and whether the counters are incremented
(d; = 1), leftunchangedd; = 0) or reset {; = r). In case of a reset, the counter value is set to
0 and a new counter bound is nondeterministically guessedcé] every counter is bounded,
but these bounds are chosen in a nondeterministic way.

Let M be an NBMCA andv =ap-ag-ce an, a; € Z, 1 <1 <n. A configuration ofA (on
inputw) is an element of the séty; :={[q, h, (c1,C1),...,(c,Cr)] | € Q,0<h<n+1,0<
i <C; <n,1<i<k}. The pair(¢;,C;), 1 <i < k, describes the current configuration of the
ith counter, where; is the counter valueand C; the counter bound The element. is called
theinput head positionAn atomic moveof A/ is denoted by the relation,, ,, over the set of
configurations. Letp,b,s1,...,sk) —s (¢,7,d1,...,dx). Then, for all;,C;, 1 <1i < k, where
¢ < C;if s; =t9 and¢; = C; if s; = t4, and for everyh, 0 < h < n+1, with a;, = b, we
definelp,h, (c1,C1), ..., (ck, C)] Farw (a1, (c1,C1), - -, (¢, C.)]. Here, the elements’ and
c;,C%, 1< j <k, are defined in the following way." := h +7if 0 < h+7 <n+1andh' :=h
otherwise. For each € {1,...,k}, if d; =, thenc;. := 0 and, for somen € {0,1,...,n},
C} :=m. If, on the other hand]; # r, thenC} := C; andc/; := ¢; +d; mod(C;+1).

To describe aequence of (atomic) moves/df (on inputw) we use the reflexive and tran-
sitive closure of the relatiok,;,,, denoted by-3,, . M accepts the wora if and only if
%0 Fig. Cf» Wheretg := [g0,0,(0,C1), ..., (0,Cy)] for someC; € {01, [w|}, 1< i <k, is
aninitial configuration andcy := [qy,h,(c1,C1),. .. (cx,Cy)] for someg; € F,0<h<n+1
and 0< ¢; < (C; <n, 1< j <k, is afinal configuration In every computation of an NBMCA,
the counter bounds are nondeterministically initialised.

3. Properties of NBMCA

For everyk € N, 2NFA(k) arenondeterministic two-way automaudth & input heads.

Theorem 3.1 For everyk € N,
— L(NBMCA(k)) € L(2NFA(2k + 1)),
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— L(2NFA(k)) C L(NBMCA([5]+1)),
— L(NBMCA(k)) € £L(NBMCA(k+2)).

This means that neither the restrictions on the counter8d®A nor the special nondeter-
minism constitute a restriction on the expressive poweusJNBMCA can be used whenever
classical multi-head automata can be applied, but due togpecific counters and nondeter-
minism they are particularly suitable algorithmic tools fecognising those languages intro-
duced in Sectiop 1.

For allmy,ma,l,k € N, let (m1,m2,l)-REV-NBMCA(k) denote the class of NBMC#)
that perform at mostu1 input head reversals, at mask counter reversals (i.e., a counter is
incremented that has already reached its counter boundgaats every counter at masgimes
in every accepting computation.

Theorem 3.2 The emptiness, infiniteness and disjointness problemseaidable for the class
(m1,m2,1)-REV-NBMCA.

In order to answer the question of whether it is possible sedhe strong restriction of
(m1,mp,1)-REV-NBMCA a little without losing the decidability ressltwe investigate decid-
ability questions with respect to the clgss, co,l) -REV-NBMCA. Ibarra [4] shows that with
respect to classical counter machines the typical decimioblems remain undecidable if only
the reversals of the input head are bounded and counteisedseare unrestricted. However,
with respect to the clagsn, co,!) -REV-NBMCA we observe that the modulo counters can still
be considered restricted, since the number of resets isdeourintuitively, this suggests that
the restrictions of the clagsn,co,l)-REV-NBMCA might still be strong enough to provide
decidability. Nevertheless, we also obtain fot, co, ) -REV-NBMCA (k) that all problems are
undecidable, even for small andk, and no counter resets:

Theorem 3.3 The emptiness, infiniteness, universe, equivalence,siocland disjointness
problems are undecidable for the cla$s oo, 0) -REV-NBMCA(3).
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Abstract

During recent decades, classical models in language tleweybeen extended by con-
trol mechanisms defined by monoids. We study which monoidse#he extensions of
context-free grammars, finite automata, or finite statesttacers to exceed the capacity of
the original model. Furthermore, we investigate when, éndktended automata model, the
nondeterministic variant differs from the deterministioceoin capacity. We show that all
these conditions are in fact equivalent and present an r@igetharacterization. In partic-
ular, the open question of whether every language genebgtedsalence grammar over a
finite monoid is context-free is provided with a positive aps

The idea of equipping classical models of theoretical caepsacience with a monoid
(or a group) as a control mechanism has been pursued in rdeeatles by several authors
[3,5,06,7,8/ 10, 11]. This interest is justified by the facttthese extensions allow for a
uniform treatment of a wide range of automata and grammaieitso8uppose a storage mech-
anism can be regarded as a set of states on which a set of parigformations operates and
a computation is considered valid if the composition of tRkecaited transformations is the
identity. Then, this storage constitutes a certain monordrol.

For example, in a pushdown storage, the operatpushand pop (for each participating
stack symbol) and compositions thereof are partial transitions on the set of words over
some alphabet. In this case, a computation is consideratifyah the end, the stack is brought
back to the initial state, i.e., the identity transformatitas been applied. As further examples,
blind and partially blind multicounter automata (see [4@ndoe regarded as finite automata
controlled by a power of the integers and of the bicyclic mdr{eee [10]), respectively.

Another reason for studying monoid controlled automatpeeislly in the case of groups,
is that the word problems of a grodp are contained in a full trio (such as the context-free or
the indexed languages) if and only if the languages accdpteclence automata oveér are
contained in this full trio (see, for example] [6, Propasiti2]). Thus, valence automata offer
an automata theoretic interpretation of word problems foupgs.

A similar situation holds for context-free grammars wheagele production is assigned a
monoid element such that a derivation is valid as soon asrtiaupt of the monoid elements
(in the order of the application of the rules) is the identitgre, the integers, the multiplicative
group of Q, and powers of the bicyclic monoid lead to additive and mplittative valence
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grammars and Petri net controlled grammars, respectildig. latter are in turn equivalent to
matrix grammars (with erasing and without appearance ¢hgcgeel[1] for details). Therefore,
the investigation of monoid control mechanisms promiseg general insights into a variety of
models.

One of the most basic problems regarding these models ishifw@aaterization of those
monoids whose use as control mechanism actually increlsgmtver of the respective model.
For monoid controlled automata, such a characterizatienbegn achieved by Mitrana and
Stiebe [7] for the case of groups. The author of this work wdsrmed by an anonymous
referee that a characterization for arbitrary monoids hreehtdound by Render|[9]. For valence
grammars, that is, context-free grammars with monoid obnery little was known in this
respect up to date. It was an open problem whether valencengges over finite monoids are
capable of generating languages that are not conteﬂ{see [3, p. 387]).

Another important question considers for which monoids ékeended automata can be
determinized, that is, for which monoids the determinigtidant is as powerful as the nonde-
terministic one. Mitrana and Stielie [7] have shown thatmatia controlled by a group cannot
be determinized if the group contains at least one elemenfiofte order. However, the exact
class of monoids for which automata can be determinized weknown to date.

The contribution of this work is twofold. On the one hand, tpen question of whether
all languages generated by valence grammars over finite ichm@aoe context-free is settled
affirmatively. On the other hand, we use an algebraic dighgtof monoids to provide a char-
acterization for all the conditions above. Specifically,shew that the following assertions are
equivalent:

e Valence grammars ovérl generate only context-free languages.

e Valence automata oveérl accept only regular languages.

Valence automata ovél can be determinized.

Valence transducers ovéf perform only rational transductions.

In each finitely generated submonoid f, only finitely many elements possess a right
inverse.

Note that the equivalence of the second and the last agshebeen established independently
by Render([9].

Remark This is an extended abstract of the conference contrib{iZh
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