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Preface

The 12th International Conference on Implementation and Application of Au-
tomata CIAA 2007 was held at the Czech Technical University in Prague, Czech
Republic on July 16-18, 2007.

These proceedings contain the papers that were presented at CIAA 2007,
as well as the abstracts of the poster papers that were displayed during the
conference. The proceedings also include the abstracts and extended abstracts
of four invited lectures presented by Gheorghe Piun, Michael Riley, Moshe Vardi,
and Bruce W. Watson.

The 23 regular papers and 7 poster papers were selected from 79 submitted
papers covering various topics in the theory, implementation, and application of
automata and related structures. Each submitted paper was reviewed by at least
three Program Committee members, with the assistance of referees. The authors
of the papers presented here come from the following countries: Canada, Czech
Republic, Denmark, Finland, France, Germany, Greece, Israel, Italy, Poland,
Romania, Russia, South Africa, Spain, Sweden, UK, and USA.

We wish to thank all those who made this meeting possible: the authors
for submitting papers, the Program Committee members and external referees
(listed on pages VII and VIII) for their excellent work, and last but not least
our four invited speakers. Finally, we wish to express our sincere appreciation to
the sponsors and local organizers.

July 2007 Jan Holub
Jan Zd4rek



Program Committee

Marie-Pierre Béal
Cristian S. Calude
Jean-Marc Champarnaud
Erzsébet Csuhaj-Varju
Jirgen Dassow

Jacques Farré

Jozef Gruska

Tero Harju

Jan Holub, Co-chair

Markus Holzer
Juraj Hromkovié
Oscar H. Ibarra
Masami Ito

Kazuo Iwama
Juhani Karhumaki
Werner Kuich
Denis Maurel

Giancarlo Mauri
Botivoj Melichar, Co-chair

Mehryar Mohri
Gheorghe Paun
Giovanni Pighizzini
Jean-Eric Pin

Bala Ravikumar
Wojciech Rytter
Kai Salomaa
Pierluigi San Pietro
Bow-Yaw Wang
Bruce Watson

Hsu-Chun Yen
Sheng Yu

Organization

Université de Marne-la-Vallée, France

University of Auckland, New Zealand

Université de Rouen, France

Hungarian Academy of Sciences, Hungary

University of Magdeburg, Germany

ESSI, France

Masaryk University, Czech Republic

University of Turku, Finland

Czech Technical University in Prague,
Czech Republic

Technische Universitiat Miinchen, Germany

ETH Zurich, Switzerland

University of California, Santa Barbara, USA

Kyoto Sangyo University, Japan

Kyoto University, Japan

University of Turku, Finland

Vienna University of Technology, Austria

Université Francois-Rabelais de Tours,
France

Universita degli Studi di Milano-Bicocca,
Ttaly

Czech Technical University in Prague,
Czech Republic

New York University, USA

Romanian Academy, Romania

Universita degli Studi di Milano, Italy

LIAFA, France

Sonoma State University, USA

Warsaw University, Poland

Queen’s University, Canada

Politecnico di Milano, Italy

Academia Sinica, Taiwan

University of Pretoria, South Africa; Sagantec,
USA

National Taiwan University, Taiwan

University of Western Ontario, Canada



VIII

Organization

Steering Committee

Jean-Marc Champarnaud

Université de Rouen, France

Oscar H. Ibarra
Denis Maurel
Derick Wood

Sheng Yu, Chair

External Referees

Cyril Allauzen

Bruno Apolloni
Béatrice Bouchou
Sakthi Balan
Miroslav Balik

Pawel Baturo
Franziska Biegler
Paola Bonizzoni
Daniel Brown
Gregory Budzban
Elena Calude

Pascal Caron
Christian Choffrut
Loek Cleophas

Julien Clément
Jean-Michel Couvreur
Eugen Czeizler

Zhe Dang

Gianluca Della Vedova
Michael Domaratzki
Claudio Ferretti
Markus Forsberg
Dominik Freydenberger
Anna Frid

University of California, Santa Barbara, USA

Université Francois-Rabelais de Tours, France

Hong Kong University of Science and
Technology, Hong Kong

University of Western Ontario, Canada

Paul Gastin
Cagdas Gerede
Massimiliano Goldwurm
Hermann Gruber
Franck Guingne
Vesa Halava

Mika Hirvensalo
Florian Horn
Pao-Ann Hsiung
Lucian Ilie

Costas Iliopoulos
Christos Kapoutsis
Ernest Ketcha Ngassam
Derrick Kourie
Gregory Kucherov
Martin Kutrib
Slawomir Lasota
Alberto Leporati
Martin Leucker
Andreas Malcher
Carlo Mereghetti
Manal Mohamed
Mark-Jan Nederhof
Florent Nicart

Organizing Committee

Miroslav Balik, Co-chair

Jan Holub, Co-chair
Ladislav Vagner
Michal Voracek

Jan Zd4rek

URL: http://www.stringology.org/

Cyril Nicaud
Hidenosuke Nishio
Alexander Okhotin
Beatrice Palano
Andrei Paun
Klaus Reinhardt
Dominique Revuz
Jacques Sakarovitch
Nicolae Santean
Sylvain Schmitz
Sebastian Seibert
Patrick Solé

Paola Spoletini
Lynn Stauffer

Ralf Stiebe

Tinus Strauss
Sophie Tison
Nicholas Tran
Kumar Neeraj Verma
Halava Vesa

Farn Wang
Claudio Zandron



Organization X

Conference Sponsors

% Czech Technical University in Prague

IBM Czech Republic

Sun Microsystems Czech




Lecture Notes in Computer Science

Sublibrary 1: Theoretical Computer Science and General Issues

For information about Vols. 1- 4490
please contact your bookseller or Springer

Vol. 4783: I. Holub, J. Zdarek (Eds.), Implementation
and Application of Automata. XIII, 324 pages. 2007.

Vol. 4782: R. Perrott, B.M. Chapman, J. Subhlok, R.F. de
Mello, L.T. Yang (Eds.), High Performance Computing
and Communications. XIX, 823 pages. 2007.

Vol. 4771: T. Bartz-Beielstein, M.J. Blesa Aguilera, C.
Blum, B. Naujoks, A. Roli, G. Rudolph, M. Sampels
(Eds.), Hybrid Metaheuristics. X, 202 pages. 2007.

Vol. 4770: V.G. Ganzha, E.-W. Mayr, E.V. Vorozhtsov
(Eds.), Computer Algebra in Scientific Computing. XIII,
460 pages. 2007.

Vol. 4763: J.-F. Raskin, P.S. Thiagarajan (Eds.), Formal
Modeling and Analysis of Timed Systems. X, 369 pages.
2007.

Vol. 4746: A. Bondavalli, F. Brasileiro, S. Rajsbaum
(Eds.), Dependable Computing. XV, 239 pages. 2007.

Vol. 4743: P. Thulasiraman, X. He, T.L. Xu, M.K. Denko,
R.K. Thulasiram, L.T. Yang (Eds.), Frontiers of High Per-
formance Computing and Networking ISPA 2007 Work-
shops. XXIX, 536 pages. 2007.

Vol. 4742: 1. Stojmenovic, R.K. Thulasiram, L.T. Yang,
W. Jia, M. Guo, R.F. de Mello (Eds.), Parallel and Dis-
tributed Processing and Applications. XX, 995 pages.
2007.

Vol. 4736: S. Winter, M. Duckham, L. Kulik, B. Kuipers
(Eds.), Spatial Information Theory. XV, 455 pages. 2007.

Vol. 4732: K. Schneider, J. Brandt (Eds.), Theorem Prov-
ing in Higher Order Logics. IX, 401 pages. 2007.

Vol. 4731: A. Pelc (Ed.), Distributed Computing. XVI,
510 pages. 2007.

Vol. 4726: N. Ziviani, R. Baeza-Yates (Eds.), String Pro-
cessing and Information Retrieval. XII, 311 pages. 2007.

Vol. 4711: C.B. Jones, Z. Liu, J. Woodcock (Eds.), The-
oretical Aspects of Computing — ICTAC 2007. XI, 483
pages. 2007.

Vol. 4710: C.W. George, Z. Liu, J. Woodcock (Eds.),
Domain Modeling and the Duration Calculus. XI, 237
pages. 2007.

Vol. 4708: L. Kucera, A. KuCera (Eds.), Mathemati-
cal Foundations of Computer Science 2007. XVIII, 764
pages. 2007.

Vol. 4707: O. Gervasi, M.L. Gavrilova (Eds.), Computa-
tional Science and Its Applications — ICCSA 2007, Part
IIL. XXIV, 1205 pages. 2007.

Vol. 4706: O. Gervasi, M.L. Gavrilova (Eds.), Computa-
tional Science and Its Applications — [ICCSA 2007, Part
II. XXIII, 1129 pages. 2007.

Vol. 4705: O. Gervasi, M.L. Gavrilova (Eds.), Computa-
tional Science and Its Applications — ICCSA 2007, Part
I. XLIV, 1169 pages. 2007.

Vol. 4703: L. Caires, V.T. Vasconcelos (Eds.), CONCUR
2007 — Concurrency Theory. XIII, 507 pages. 2007.

Vol. 4700: C.B. Jones, Z. Liu, J. Woodcock (Eds.), For-
mal Methods and Hybrid Real-Time Systems. XVI, 539
pages. 2007.

Vol. 4699: B. Kagstrom, E. Elmroth, J. Dongarra, J.
Wasniewski (Eds.), Applied Paralle]l Computing. XXIX,
1192 pages. 2007.

Vol. 4698: L. Arge, M. Hoffmann, E. Welzl (Eds.), Al-
gorithms — ESA 2007. XV, 769 pages. 2007.

Vol. 4697: L. Choi, Y. Paek, S. Cho (Eds.), Advances in
Computer Systems Architecture. XIII, 400 pages. 2007.

Vol. 4688: K. Li, M. Fei, G.W. Irwin, S. Ma (Eds.), Bio-
Inspired Computational Intelligence and Applications.
XIX, 805 pages. 2007.

Vol. 4684: L. Kang, Y. Liu, S. Zeng (Eds.), Evolvable
Systems: From Biology to Hardware. XIV, 446 pages.
2007.

Vol. 4683: L. Kang, Y. Liu, S. Zeng (Eds.), Advances in
Computation and Intelligence. XVII, 663 pages. 2007.

Vol. 4681: D.-S. Huang, L. Heutte, M. Loog (Eds.),
Advanced Intelligent Computing Theories and Applica-
tions. XXVI, 1379 pages. 2007.

Vol.4672: K. Li, C. Jesshope, H. Jin, J.-L. Gaudiot (Eds.),
Network and Parallel Computing. XVIII, 558 pages.
2007.

Vol. 4671: V.E. Malyshkin (Ed.), Parallel Computing
Technologies. XIV, 635 pages. 2007.

Vol. 4669: I M. de S4, L.A. Alexandre, W. Duch, D.
Mandic (Eds.), Artificial Neural Networks — ICANN
2007, Part IT. XXXI, 990 pages. 2007.

Vol. 4668: J.M. de S4, L.A. Alexandre, W. Duch, D.
Mandic (Eds.), Artificial Neural Networks — ICANN
2007, Part 1. XXXI, 978 pages. 2007.

Vol. 4666: M.E. Davies, C.J. James, S.A. Abdallah, M.D.

Plumbley (Eds.), Independent Component Analysis and
Blind Signal Separation. XIX, 847 pages. 2007.

Vol. 4665: J. Hromkovié&, R. Kralovi¢, M. Nunkesser, P.
Widmayer (Eds.), Stochastic Algorithms: Foundations
and Applications. X, 167 pages. 2007.

Vol. 4664: J. Durand-Lose, M. Margenstern (Eds.), Ma-
chines, Computations, and Universality. X, 325 pages.
2007.

Vol. 4649: V. Diekert, M.V. Volkov, A. Voronkov (Eds.),
Computer Science — Theory and Applications. XIII, 420
pages. 2007.



Vol. 4647: R. Martin, M.A. Sabin, J.R. Winkler (Eds.),
Mathematics of Surfaces XII. IX, 509 pages. 2007.

Vol. 4646: J. Duparc, T.A. Henzinger (Eds.), Computer
Science Logic. XIV, 600 pages. 2007.

Vol. 4644: N. Azémard, L. Svensson (Eds.), Integrated
Circuit and System Design. XIV, 583 pages. 2007.

Vol. 4641: A.-M. Kermarrec, L. Bougé, T. Priol (Eds.),
Euro-Par 2007 Parallel Processing. XXVII, 974 pages.
2007.

Vol. 4639: E. Csuhaj-Varji, Z. Esik (Eds.), Fundamentals
of Computation Theory. XIV, 508 pages. 2007.

Vol. 4638: T. Stiitzle, M. Birattari, H. H. Hoos (Eds.),
Engineering Stochastic Local Search Algorithms. X, 223
pages. 2007.

Vol. 4630: H.J. van den Herik, P. Ciancarini, J. Donkers
(Eds.), Computers and Games. XII, 283 pages. 2007.

Vol. 4628: L.N. de Castro, FJ. Von Zuben, H. Knidel
(Eds.), Artificial Immune Systems. XII, 438 pages. 2007.

Vol. 4627: M. Charikar, K. Jansen, O. Reingold,
J.D.P. Rolim (Eds.), Approximation, Randomization,
and Combinatorial Optimization. XII, 626 pages. 2007.

Vol. 4624: T. Mossakowski, U. Montanari, M. Haveraaen
(Eds.), Algebra and Coalgebra in Computer Science. XI,
463 pages. 2007.

Vol. 4623: M. Collard (Ed.), Ontologies-Based

Databases and Information Systems. X, 153 pages.
2007.

Vol.4621: D. Wagner, R. Wattenhofer (Eds.), Algorithms
for Sensor and Ad Hoc Networks. XIII, 415 pages. 2007.

Vol. 4619: F. Dehne, J.-R. Sack, N. Zeh (Eds.), Algo-
rithms and Data Structures. XVI, 662 pages. 2007.

Vol. 4618: S.G. Akl, C.S. Calude, M.J. Dinneen, G.
Rozenberg, H.T. Wareham (Eds.), Unconventional Com-
putation. X, 243 pages. 2007.

Vol. 4616: A.W.M. Dress, Y. Xu, B. Zhu (Eds.), Combi-
natorial Optimization and Applications. XI, 390 pages.
2007.

Vol. 4614: B. Chen, M. Paterson, G. Zhang (Eds.), Com-
binatorics, Algorithms, Probabilistic and Experimental
Methodologies. XII, 530 pages. 2007.

Vol. 4613: F.P. Preparata, Q. Fang (Eds.), Frontiers in
Algorithmics. XI, 348 pages. 2007.

Vol. 4600: H. Comon-Lundh, C. Kirchner, H. Kirch-

ner (Eds.), Rewriting, Computation and Proof. X VI, 273
pages. 2007.

Vol.4599: S. Vassiliadis, M. Berekovi¢, T.D. Himaldinen
(Eds.), Embedded Computer Systems: Architectures,
Modeling, and Simulation. XVIII, 466 pages. 2007.
Vol. 4598: G. Lin (Ed.), Computing and Combinatorics.
XII, 570 pages. 2007.

Vol. 4596: L. Arge, C. Cachin, T. Jurdziriski, A. Tarlecki
(Eds.), Automata, Languages and Programming. XVII,
953 pages. 2007.

Vol. 4595: D. BoSnacki, S. Edelkamp (Eds.), Model
Checking Software. X, 285 pages. 2007.

Vol. 4590: W. Damm, H. Hermanns (Eds.), Computer
Aided Verification. XV, 562 pages. 2007.

Vol. 4588: T. Harju, J. Karhumiki, A. Lepisté (Eds.),
Developments in Language Theory. X1, 423 pages. 2007.

Vol. 4583: S.R. Della Rocca (Ed.), Typed Lambda Cal-
culi and Applications. X, 397 pages. 2007.

Vol. 4580: B. Ma, K. Zhang (Eds.), Combinatorial Pat-
tern Matching. XII, 366 pages. 2007.

Vol. 4576: D. Leivant, R. de Queiroz (Eds.), Logic,
Language, Information and Computation. X, 363 pages.
2007.

Vol.4547: C. Carlet, B. Sunar (Eds.), Arithmetic of Finite
Fields. XI, 355 pages. 2007.

Vol. 4546: J. Kleijn, A. Yakovlev (Eds.), Petri Nets and
Other Models of Concurrency — ICATPN 2007. XI, 515
pages. 2007.

Vol. 4545: H. Anai, K. Horimoto, T. Kutsia (Eds.), Alge-
braic Biology. XIII, 379 pages. 2007.

Vol. 4533: F. Baader (Ed.), Term Rewriting and Appli-
cations. XII, 419 pages. 2007.

Vol. 4528: J. Mira, J.R. Alvarez (Eds.), Nature Inspired
Problem-Solving Methods in Knowledge Engineering,
Part IT. XXII, 650 pages. 2007.

Vol. 4527: J. Mira, J.R. Alvarez (Eds.), Bio-inspired
Modeling of Cognitive Tasks, Part I. XXII, 630 pages.
2007.

Vol. 4525: C. Demetrescu (Ed.), Experimental Algo-
rithms. XIII, 448 pages. 2007.

Vol. 4514: S.N. Artemov, A. Nerode (Eds.), Logical
Foundations of Computer Science. X1, 513 pages. 2007.

Vol. 4513: M. Fischetti, D.P. Williamson (Eds.), Integer
Programming and Combinatorial Optimization. IX, 500
pages. 2007.

Vol. 4510: P. Van Hentenryck, L.A. Wolsey (Eds.), Inte-
gration of Al and OR Techniques in Constraint Program-
ming for Combinatorial Optimization Problems. X, 391
pages. 2007.

Vol. 4507: F. Sandoval, A.G. Prieto, J. Cabestany, M.
Graiia (Eds.), Computational and Ambient Intelligence.
XXVI, 1167 pages. 2007.

Vol. 4502: T. Altenkirch, C. McBride (Eds.), Types for
Proofs and Programs. VIII, 269 pages. 2007.

Vol. 4501: J. Marques-Silva, K.A. Sakallah (Eds.), The-
ory and Applications of Satisfiability Testing — SAT
2007. X1, 384 pages. 2007.

Vol. 4497: S.B. Cooper, B. Léwe, A. Sorbi (Eds.), Com-
putation and Logic in the Real World. X VIII, 826 pages.
2007.

Vol.4494: H.Jin, O.F.Rana, Y. Pan, V.K. Prasanna (Eds.),
Algorithms and Architectures for Parallel Processing.
X1V, 508 pages. 2007.

Vol. 4493: D. Liu, S. Fei, Z. Hou, H. Zhang, C. Sun
(Eds.), Advances in Neural Networks — ISNN 2007, Part
III. XX VI, 1215 pages. 2007.

Vol. 4492: D. Liu, S. Fei, Z. Hou, H. Zhang, C. Sun
(Eds.), Advances in Neural Networks — ISNN 2007, Part
II. XXVII, 1321 pages. 2007.

Vol. 4491: D. Liu, S. Fei, Z.-G. Hou, H. Zhang, C. Sun
(Eds.), Advances in Neural Networks — ISNN 2007, Part
I. LIV, 1365 pages. 2007.



Table of Contents

I Invited Talks

Spiking Neural P Systems Used as Acceptors and Transducers ......... 1
Gheorghe Paun

Linear-Time Model Checking: Automata Theory in Practice........... 5
Moshe Y. Vardi

OpenFst: A General and Efficient Weighted Finite-State Transducer

TADTATY w5 s smssmsms swems sosme sEims SHE8E FRIBRBEDS §RsEE FRIME PRIME 46 11
Cyril Allauzen, Michael Riley, Johan Schalkwyk,
Wojciech Skut, and Mehryar Mohr:

Automata Applications in Chip-Design Software ..................... 24
Bruce W. Watson

ITI Contributed Talks

Synchronizing Automata Preserving a Chain of Partial Orders ......... 27
Mikhail V. Volkov

Reducing Acyclic Cover Transducers ................c.oiiiiienon... 38
Jean-Marc Champarnaud, Franck Guingne, and Jacques Farré

On-the-Fly Stuttering in the Construction of Deterministic
W-Automata . ... 51
Joachim Klein and Christel Baier

Average Value and Variance of Pattern Statistics in Rational Models . . . 62
Massimiliano Goldwurm and Roberto Radicioni

Weighted Automata and Weighted Logics with Discounting ........... 73
Manfred Droste and George Rahonis

Regulated Nondeterminism in Pushdown Automata .................. 85
Martin Kutrib, Andreas Malcher, and Larissa Werlein

Deterministic Caterpillar Expressions . ............. ... ... .. ....... 97
Kai Salomaa, Sheng Yu, and Jinfeng Zan

Backward and Forward Bisimulation Minimisation of Tree Automata ... 109
Johanna Hégberg, Andreas Maletti, and Jonathan May



XII Table of Contents

An Implementation of Deterministic Tree Automata Minimization ... .. 122
Rafael C. Carrasco, Jan Daciuk, and Mikel L. Forcada

Accelerating Boyer Moore Searches on Binary Texts .................. 130
Shmuel T. Klein and Miri Kopel Ben-Nissan

On the Suffix Automaton with Mismatches.......................... 144
Magzime Crochemore, Chiara Epifanio, Alessandra Gabriele, and
Filippo Mignosi

On String Matching in Chunked Texts .......... ... .. ... .. ... .... 157
Hannu Peltola and Jorma Tarhio

Factor Automata of Automata and Applications ..................... 168
Mehryar Mohri, Pedro Moreno, and Fugene Weinstein

Subset Seed AUtOMEAtON - :m:uwiss smsmssosms sasms smsms smamesms emsms 180
Gregory Kucherov, Laurent Noé, and Mikhail Roytberg

A Measure for the Degree of Nondeterminism of Context-Free
Languages ... ... 192
Frantisek Mrdz, Martin Pldtek, and Friedrich Otto

Efficient Computation of Throughput Values of Context-Free

Languages ... ...ttt e 203
Didier Caucal, Jurek Czyzowicz, Wojciech Fraczak, and
Wojciech Rytter

Analyzing Ambiguity of Context-Free Grammars..................... 214
Claus Brabrand, Robert Giegerich, and Anders Mpller

Efficient Enumeration of Regular Languages ......................... 226
Margareta Ackerman and Jeffrey Shallit

Multi-grain Relations ... ... ... 243
Frangois Barthélemy

Memory Reduction for Strategies in Infinite Games................... 253
Michael Holtmann and Christof Loding

Syntax-Directed Translations and Quasi-alphabetic Tree
Bimorphisms . ... ... 265
Magnus Steinby and Catalin Ionut Tirnducd

Finite State Automata Representing Two-Dimensional Subshifts .. ... .. 277
Natasa Jonoska and Joni B. Pirnot

Tiling Automaton: A Computational Model for Recognizable
Two-Dimensional Languages . ............ooiiiiiniinninaan... 290
Marcella Anselmo, Dora Giammarresi, and Maria Madonia



Table of Contents

XIIT

IITI Poster Abstracts

REGAL: A Library to Randomly and Exhaustively Generate
ATIEOIINAE G s, 2 s w0 ssmmnms wmnond sl s dif $EFE5 §RASs PSR EEE R EEE SIS SRR
Frédérique Bassino, Julien David, and Cyril Nicaud

A Finite-State Super-Chunker ........... . ... ... ..
Olivier Blanc, Matthieu Constant, and Patrick Watrin

The Constrained Longest Common Subsequence Problem for

Degenerate Strings «iw: sssws smims sosws smems sosmp smyms smeamass s s@s
Costas Iliopoulos, M. Sohel Rahman, Michal Vordcek, and
Ladislav Vagner

Finite Automata Accepting Star-Connected Languages ...............
Barbara Klunder

Efficiently Matching with Local Grammars Using Prefix Overlay
THENSA GO o5 smsms sorms sosEasns seIRIARiQs ARNIHE 08 Es FRIGE IRIBNIRA
Clemens Marschner

Significant Subpatterns Matching . ............. ... ... . oo,
Jan Supol

A New Method for Compiling Parallel Replacement Rules.............
Anssi Yli-Jyrd and Kimmo Koskenniem:

Author Index . ......... ... .. . e,



Spiking Neural P Systems
Used as Acceptors and Transducers
(Extended Abstract of an Invited Talk)

Gheorghe Paun

Institute of Mathematics of the Romanian Academy
PO Box 1-764, 014700 Bucuresti, Romania
george.paun@imar.ro, gpaun@us.es

Keywords: membrane computing, spiking neural P system, Turing com-
putability, string processing.

The study of spiking neural P systems is a branch of membrane computing
(comprehensive information about this area of natural computing can be found
in [24], [9], or at the web page [31]) initiated in [18]. The goal is to build a model
of the way the neurons cooperate in (large) neural nets, communicating by means
of spikes, electrical impulses of identical shapes. “Computing by spiking” is a
vivid research area in neural computing, which promises to lead to a neural
computing “of the third generation” — see [12], [22], etc.

Very briefly, the resulting models, called spiking neural P systems (in short, SN
P systems), consists of a set of neurons (cells, consisting of only one membrane)
placed in the nodes of a directed graph and sending signals (spikes, denoted
in what follows by the symbol a) along synapses (arcs of the graph). Thus,
the architecture is that of a tissue-like P system, with only one kind of objects
present in the cells. The objects evolve by means of spiking rules, which are of the
form E/a® — a;d, where E is a regular expression over {a} and ¢, d are natural
numbers, ¢ > 1,d > 0. The meaning is that a neuron containing k spikes such
that a* € L(E), k > ¢, can consume c spikes and produce one spike, after a delay
of d steps. This spike is sent to all neurons to which a synapse exists outgoing
from the neuron where the rule was applied. There also are forgetting rules, of
the form a® — A, with the meaning that s > 1 spikes are removed, provided that
the neuron contains exactly s spikes. We say that the rules “cover” the neuron,
all spikes are taken into consideration when using a rule.

The system works in a synchronized manner, i.e., in each time unit, each
neuron which can use a rule should do it, but the work of the system is sequential
in each neuron: only (at most) one rule is used in each neuron. If there are several
rules which can be applied in a neuron, then one of them is chosen in a non-
deterministic way.

There are various ways of using such a device. For instance, we can consider
one of the neurons as the input neuron and one of them as the output neuron.
Spikes can be introduced in the former one, at various steps, while the spikes

Jan Holub and Jan Zd’arek (Eds.): CIAA 2007, LNCS 4783, pp. 1-4, 2007.
(© Springer-Verlag Berlin Heidelberg 2007
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of the output neuron are sent to the environment. The moments of time when
a spike is emitted by the output neuron are marked with 1, the other moments
are marked with 0. The binary sequence obtained in this way is called the spike
train of the system — it might be infinite if the computation does not stop. A
binary sequence is similarly associated with the spikes entering the system.

If we do not consider an input neuron, then the system is used in the generative
mode: we start from an initial configuration and all spike trains produced by the
system by means of computations constitute the set of binary strings/sequences
generated by the system; various sets of numbers can be associated with the
spike trains, such as the distance in time between the first two spikes, between
all consecutive spikes, the total number of spikes (in the case of halting compu-
tations), and so on. If we only consider an input neuron, then an SN P system
can be used in the accepting mode: we introduce a string of symbols 0 and 1 (as
a sequence of steps, with 1 associated with time units when spikes enters the
system), or a number represented by such a string (e.g., as the number of steps
elapsed between the first two spikes entering the system), and the input is ac-
cepted /recognized if and only if the computation stops. When both an input and
an output neuron are considered, the system can be used as a transducer, both
for strings and infinite sequences, as well as for computing numerical functions.

Two main types of results were obtained in the generative and the accepting
modes: computational completeness in the case when no bound was imposed on
the number of spikes present in the system, and a characterization of semilinear
sets of numbers in the case when a bound was imposed (hence for finite SN P
systems). In the transducing mode, a large class of (Boolean) functions can be
computed, but strong restrictions exist in the case of morphisms — details can
be found in [28] and [29)].

Also strings/languages on arbitrary alphabets can be handled, for instance,
using extended rules, i.e., rules of the form E/a® — a?;d: when the rule is used,
p spikes are produced and sent (after d steps) to all neighboring neurons. Then,
with a step when the system sends out ¢ spikes, we associate a symbol b;, and
thus we get a language over an alphabet with as many symbols as the number
of spikes simultaneously produced. This case was investigated in [7].

The proofs of all computational completeness results known up to now in
this area are based on simulating register machines. Starting the proofs from
small universal register machines, as those produced in [20], one can find small
universal SN P systems. This idea was explored in [23].

In the initial definition of SN P systems several ingredients are used (delay,
forgetting rules), some of them of a general form (general synapse graph, general
regular expressions). As shown in [15], rather restrictive normal forms can be
found, in the sense that some ingredients can be removed or simplified without
losing the computational completeness. For instance, the forgetting rules or the
delay can be removed, both the indegree and the outdegree of the synapse graph
can be bounded by 2, while the regular expressions from firing rules can be of
very restricted forms.
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There were investigated many other types of SN P systems: with several out-
put neurons ([16], [17]), with a non-synchronous use of rules ([2]), with an ex-
haustive use of rules (whenever enabled, a rule is used as much as possible for
the number of spikes present in the neuron, [19]), with packages of spikes sent
along specified synapse links ([1]), etc. We refer the reader to the bibliography
of this note, with many papers being available at [31].

This area of research is fast developing and there are many research topics and
open problems formulated in the literature (see, e.g., [25]). We recall here only
some general ideas: bring more ingredients from neural computing, especially
related to learning/training/efficiency; incorporate other facts from neurobiol-
ogy, such as the role played by astrocytes, the way the axon not only transmits
impulses, but also amplifies them; consider not only “positive” spikes, but also
inhibitory impulses; define a notion of memory in this framework, which can be
read without being destroyed; provide ways for generating an exponential work-
ing space (by splitting neurons? by enlarging the number of synapses?), in such a
way to trade space for time and provide polynomial solutions to computationally
hard problems; define systems with a dynamical synaptic structure; compare the
SN P systems as generator/acceptor/transducers of infinite sequences with other
devices handling such sequences; investigate further the systems with exhaus-
tive and other parallel ways of using the rules, as well as systems working in a
non-synchronized way; find classes of (accepting) SN P systems for which there
is a difference between deterministic and non-deterministic systems; find classes
which characterize levels of computability different from those corresponding to
finite automata (semilinear sets of numbers or regular languages) or to Turing
machines (recursively enumerable sets of numbers or languages).

For the reader convenience, the bibliography provided below mentions many
of the papers circulated at this moment in the literature of spiking neural P
systems.
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