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Letter from the President

Dear EATCS members,

Last July, in Venice, the Council has
elected me as new EATCS President for the
next two years term. Although a little
frightened at the beginning, I confess that
I am now very pleased and honoured to have
the chance to serve our Community and, more
generally, to devote my experience to
strengthen and expand the role of our
Association for the benefit of theoretical
computer science. To the former President
Mogens Nielsen, who has dedicated so much
effort to EATCS in the past four years and
who has contributed so successfully to the
growth of the Association, a warm thank
from all of us.

This year, ICALP has been, as usual, a very
successfull event. Our flagship conference
was accompanied by nine very interesting
workshops and by three well-established
conferences: PPDP, LOPSTR, CSFW, spanning
from declarative programming to program
synthesis, to formal aspects of security.
More than four hundred participants
attended the various scientific events and
enjoyed the charming athmosphere and the
colours of the Laguna. We wish to thank
once more Michele Bugliesi and his team for
the perfect organization and the program
Chairs of the three Tracks: Ingo Wegener,
Vladimiro Sassone and Bart Preneel, for
having set up such an excellent scientific
program. During the conference Mike
Paterson has received the EATCS
Distinguished Achievements Award in
recognition of his outstanding scientific
contributions to theoretical computer
science.
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The organization of the next ICALP in
Wroclaw is proceeding well. Again in 2007
ICALP will be organized in three Tracks, as
in Lisbon and Venice. Besides two
important conferences will be co-located
with ICALP: LICS and Logic Coloquium. If
you wish to contribute with the
organization of Satellite Workshops you
should get in touch with Tomek Jurdzinski.
For more information please consult the
site http://icalp07.ii.uni.wroc.pl.

Finally, let me announce you that in Venice
it has also been decided that ICALP 2008
will be held in ReykjavSk, Iceland. The
organization is already making the first
steps.

In conclusion let me greet the new readers
of our Bulletin that, starting with this
issue, is freely accessible in the net. As
it is explained in the Letter from the
Bulletin Editor we are happy to deliver
such a qualified scientific service to the
theoretical computer science community
worldwide and we hope to promote, in this
way, the activities of our Association
further. I wish to thank Vladimiro Sassone
for the extra effort that the larger
visibility of the Bulletin will require.

Giorgio Ausiello, Rome
September 2006



Letter from the past President

Dear EATCS members,

As you will see reported in this issue of
the Bulletin from our EATCS meetings during
ICALP 2006 in Venice, some of the EATCS
Council members had expressed wishes to
step down from their offices, including Jan
van Leeuwen as Vice-President and myself as
President.

On behalf of Jan and myself I would like to
thank everybody who has contributed to the
development of EATCS over the past few
years. It has been an exciting and
challenging period, in which EATCS has
continued its strategy towards playing an
increasing role in a rapidly changing
global research political environment.

We were happy to see two very recent steps
in this direction. First of all, the
overwhelming approval by all our members in
the recent voting on the proposed new
statutes for EATCS, aimed precisely at
modernizing our organization. Secondly,
the decision by the EATCS Council to
experiment with open access to the Bulletin
for a one year period.

We are confident that EATCS will continue
to grow and to strengthen its role also in
the future, in particular with Giorgio
Ausiello, with his vast experience,
devotion, and visions, taking over as
President. EATCS couldn’t have wished for
a better President, and Jan and I are both
looking forward to contributing also in the
future, although now from different offices
in the Council.

Mogens Nielsen, Aarhus
October 2006



Letter from the Bulletin Editor
Dear Reader,

Rejoice!, as the Bulletin of the EATCS is going
Open Access! Yes, starting from the October 2006
issue, the Bulletin will be freely available on the
EATCS web site hhtp://www.eatcs.org for a trial
period of unspecified length; retrospectively, the
past issues from no 81 (October 2003) will also be
available electronically. EATCS members will be
able to opt for a printed copy in addition to the
default PDF one, by logging on to our MemberZone at
www.eatcs.org.

The Council of the EATCS, recognising the high
quality reached by this publication during its many
years of activity, convened that the Bulletin must
take up the challenge of becoming more widely
available beyond the circle of EATCS members, if it
is to keep improving. This is expected to enlarge
our readership and, therefore, provide our authors
and editors with a well-deserved, higher return for
their excellent work and contribute to further
raise quality standars. With its decision, the
Council turns the Bulletin from ‘just’ a “members’
benefit” to a high-visibility item, an icon to
speak up for the entire Association and promote its
activities. In this sense, this is a “promotion”
for the BEATCS, and indeed a source of satisfaction
for me. Of course, going OA is a momentous choice
from the Council: the Bulletin has been among the
chief Association’s members’ benefits for over 30
years, and before committing to it for good we need
to collect feedback from our members and from the
community at large, and assess the return. This is
the reason to start with a trial period.

Returning to the specifics of this issue’s
contents, we offer the usual rich variety of
contributions whose details I leave to you to
discover. Touching on a sad note, unfortunately
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two distinguished members of our community passed
away recently, Joseph Goguen and Zdzisiaw Pawlak:
I would like to draw your attention to the two
obituaries that pay them tribute, as well as to
GRZEGORZ ROZENBERG’S column, authored this time by
SarLoMoN Marcus, which focuses on work by Pawlak.

I conclude by apologising for the lack of the
traditional pictures from ICALP 2006 and associated
workshops: for technical reasons it has not been
possible to include them; they will appear in a
future issue.

Enjoy

Vladimiro Sassone, Southampton
October 2006



ICALP 2005

REepoORT ON THE EATCS GENERAL ASSEMBLY 2006

The 2006 General Assembly of EATCS took place on Tuesday, Jiily200D6, on

San Servolo in Venice, the site of the ICALP. President Mogens Nielsen opened
the General Assembly (GA) at 18:30. The agenda consisted of the following
items.

REeporT OF THE EATCS PRESIDENT. Mogens Nielsen reported briefly on
the EATCS activities between ICALP 2005 and ICALP 2006. He referred to the
more detailed report posted a couple of weeks before the GA on the EATCS web
page awww.eatcs.org. Mogens Nielsen explicitly mentioned and emphasized
several items.

First of all, a status on the composition of the EATCS Council was given. In
the 2005 election, the following ten members of the Council were elected:

Luca Aceto Don Sanella
Giorgio Ausiello Jiri Sgall
Giuseppe Italiano Wolfgang Thomas
Eugenio Moggi Ingo Wegener
Catuscia Palamidessi Emo Welzl

Mogens Nielsen also reported that he himself, Jan van Leeuwen, and Branislav
Rovan had expressed wishes to step down from tieaes in the Council as Pres-
ident, Vice-President, and General Secretary respectively. Following this, Giorgio
Ausiello had been elected as new EATCS President, Mogens Nielsen and Paul
Spirakis appointed as Vice-Presidents, and Jan van Leeuwen (continuing as chair-
man of the Publications Committee) and Dirk Janssens (continuing as EATCS
Treasurer) appointed as members of the Council. The Council had furthermore
decided to propose to abandon the notion of Secretary General from the EATCS
Statutes (see below).

The EATCS Council had decided to form a small number of Committees re-
sponsible for various activities, including

e EATCS Publications, chaired by Jan van-Leeuwen

e EATCS Awards and Prizes, chaired by Vladimiro Sassone
e EATCS Chapters, chaired by Eugenio Moggi

e EATCS Conferences, chaired by Giuseppe Italiano

8
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The number of EATCS members had decreased slightly, following the in-
creases from the past few years. Mogens Nielsen encouraged all members to
update their membership information regularly (fr@ww.eatcs.org).

The financial situation of EATCS showed a small surplus, mainly due to ef-
forts of the editor of the Bulletin of the EATCS, Vladimiro Sassone, resulting
in low production costs. Mogens Nielsen concluded that the financial situation
of EATCS in general allows for new EATCS initiatives. Some such initiatives are
currently under discussion in the EATCS Council, and he encouraged all members
to contribute to this discussion by contacting Council members.

The president reported on the composition of the award committees. At the
time of the General Assembly, the new members of the Gddel Prize Committee
2007 had not yet been appointed, but subsequently EATCS has appointed Colin
Stirling (supplementing P. Vitanyi, and V. Diekert), and ACM-SIGACT has ap-
pointed Shafi Goldwasser (supplementing C. Papadimitriou, and J. Reif, who will
be chairing the 2007 Committee). For the EATCS Award 2007 committee EATCS
has appointed of Catuscia Palamidessi as a new member, supplementing , D. Pe-
leg, and W. Thomas, who will be chairing the 2007 committee.

Mogens Nielsen also reported on a Council decision to keep also for 2007
the successful structure of ICALP with the three trackgMgorithms, Automata,
Complexity and GamgsB (Logic, Semantics and Theory of Programm)irend
C (Security and Cryptography Foundatigns

In the reporting period a total of 16 events were under the auspices of EATCS,
and EATCS sponsored a number of prizes for the best papers or best student papers
at conferences (ICALP, ETAPS, ESA, and ICGT), Furthermore, Mogens Nielsen
acknowledged the activities of the EATCS chapters. More details in the report on
the web.

Mogens Nielsen also included brief reports from the EATCS associated pub-
lications, again referring to the annual report for details. In the EATCS Texts and
Monographs series, a total of five Texts and one Monograph had been published
in the reporting period.

ProrosaL or REviSED EATCS Srarutes. For technical reasons, the pro-
posal for new EATCS Statutes presented at the EATCS General Assembly in 2006,
had not been sent for approval by EATCS members as expected. Mogens Nielsen
apologized for this, and asked the General Assembly to approve again (a slightly
modified version of) the new Statues to be sent for a voting amongst all members.
The purpose of the revision was still to modernize the formation of the Council
(by removing references to explicit publications, and by removing the notion of
a Board and the notion of a Secretary General), to clarify some ambiguities (e.qg.,
the formulation of the nationality constraint in the formation of the Council), to

9
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remove some unfortunate restrictions (e.g., the inflexibility of timing constraint
on Council elections, which fall in the holiday season), and to correct some small
inconsistencies.

The proposal was approved by the GA.

REPORT ON THE BULLETIN OF THE EATCS. The Bulletin editor, Vladimiro
Sassone, gave a brief account on the Bulletin. In the reporting period, three vol-
umes of the Bulletin of the EATCS had been published, A number of recent
Bulletin issues are now available electronically for EATCS members. The edi-
tor thanked the Column editors, News editors, and everybody else contributing to
the success of the Bulletin.

Importantly, the editor reported a recent decision by the Council to experiment
with open access to the Bulletin for a one year period. As a consequence of
this, it was furthermore decided that members of the EATCS in the future must
actively ask for printed versions of the Bulletin to be posted (as opposed to now,
where members can actively ask NOT to have the Bulletin sent). Members will,
of course, be informed in due time about this new policy.

A special thanks and appreciation was given to the editor, V. Sassone, for his
efforts in continuously improving the quality of the Bulletin.

Report ICALP 2006. Michele Bugliesi gave a report on the local arrange-
ments for ICALP 2006, on behalf of himself and the rest of the organizing com-
mittee.

ICALP 2006 was co-located with the 8th ACM-SIGPLAN International Con-
ference on Principles and Practice of Declarative Programming (PPDP 2006), the
International Symposium on Logic-based Program Synthesis and Transformation
(LOPSTR 2006), and the 19th IEEE Computer Security Foundations Workshop
(CSFW 2006). On top of this, ICALP 2006 had a total of 9/posst-conference
workshops.

The GA expressed its appreciation for a superb organization of ICALP 2006.

ICALP 2006 continued the format introduced in 2005 with three tracks with
separate program committees. Besides the traditional tracks A (Algorithms, Au-
tomata, Complexity and Games) and B (Logic, Semantics and Theory of Pro-
gramming), an additional track C on Security and Cryptography Foundations.

The three PC chairs Ingo Wegener (track A), Vladimiro Sassone (track B),
and Bart Preneel (track C) gave separate reports. There was a very high number
of 403 submissions for ICALP (230 for track A, 92 for track B, 81 for track C),
out of which 109 were accepted for the conference. The three chairs provided
many more statistical details of their work, some of which will appear in the usual

10
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ICALP report contributed to this volume by Manfred Kudlek. Again, the GA
expressed its appreciation for their excellent work.

The President kept the tradition presenting the ICALP organizers and the PC
chairs with small gifts, thanking all of them for theifferts.

Report ICALP 2007. On behalf of the organizers, Tomasz Jurdzinski re-
ported on the organisation of ICALP 2007 to be held in Wroclaw, Poland, on July
9-13, 2007. ICALP 2007 will follow the successful format of the three tracks A
(on Algorithms, Automata, Complexity and Games, chaired by Lars Arge, Univer-
sity of Aarhus, Denmark), B (on Logic, Semantics and Theory of Programming,
chaired by Andrzej Tarlecki, University of Warsaw, Poland), and C (on Security
and Cryptography Foundations, chaired by Christian Cachin, IBM Zurich Re-
search Laboratory, Switzerland).

The conference will co-locate in 2007 with the 22nd Annual IEEE Sympo-
sium on Logic in Computer Science (LICS 2007) and the ASL European Summer
Meeting (Logic Colloquium '07).

The GA thanked Jurdzinski and the whole group from Wroclaw for their or-
ganizational &orts.

VENUE ForR ICALP 2008. Mogens Nielsen announced that he was only
aware of one contender for hosting ICALP in 2008, the Icelandic Center of Excel-
lence in Theoretical Computer Science, ICE-TCS, in Reykjavik, Iceland. When
nobody from those present brought up another proposal, Magnus Halldorsson pre-
sented (on behalf of himself and his co-organizers Anna Ingolfsdottir and Luca
Aceto) the proposal of organizing ICALP 2008, including basic information about
the ICE-TCS, the Universities in Reykjavik, the city of Reykjavik, accommoda-
tion facilities, etc.

The GA approved unanimously Reykjavik as the site for ICALP 2007.

EU mATTERS. The EATCS Vice-President Paul Spirakis gave a brief account
of recent developments concerning on the Seventh Framework Programme (2007-
2013) entitled: News From Brussels and Some Thoughts for the Future. Paul
Spirakis focused on issues like new funding schemes and new procedures, and
emphasized particularly the role of basic science. The presentation was very well
received by the GA, indicated by a subsequent lively discussion.

SPECIALS. At this point, around 20:00, the President thanked all present and
concluded the 2006 General Assembly of the EATCS by introducing Manfred
Kudlek, presenting the statistics of the authors who published repeatedly at
ICALP, and presenting the special EATCS badges to those having reached 5

11
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or more full papers at ICALP. By tradition Manfred also presented the EATCS
badges to the editors of the ICALP 2006 proceedings.

Giorgio Ausiello and Mogens Nielsen

12



EATCS AWARD 2007

CALL FOR NOMINATIONS
| |

EATCS annually honors a respected scientist from our community with the pres-
tigious EATCS DisTINGUISHED ACHIEVEMENTS AWARD. The award is given

to acknowledge extensive and widely recognised contributions to theoretical com-
puter science over a life long scientific career.

For the EATCS Award 2007, candidates may be nominated to the Awards Com-
mittee. Nominations must include supporting justification and will be kept strictly
confidential. The deadline for nominations Becember 15, 2006

Nominations and supporting data should be sent to the chairman of the EATCS
Awards Committee:

Prof. Dr. Wolfgang Thomas

Lehrstuhl Informatik 7

RWTH Aachen

Ahornstr. 55, 52074 Aachen (Germany)

Email: thomas@informatik.rwth-aachen.de

Previous recipients of the EATCS Award are

R.M. Karp  (2000) C. Béhm (2001)
M. Nivat (2002) G. Rozenberg (2003)
A. Salomaa (2004) R. Milner (2005)

M. Paterson (2006)

The next award is to be presented during ICALP’2007 in Wroclaw.

13
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BRICS, Basic Research in Computer Science,
Aarhus, Denmark

Elsevier Science
Amsterdam, The Netherlands

IPA, Institute for Programming Research and Algorithms,
Eindhoven, The Netherlands

Microsoft Research,
Cambridge, United Kingdom

PWS, Publishing Company,
Boston, USA

TUCS, Turku Center for Computer Science,
Turku, Finland

UNU/IIST, UN University, Int. Inst. for Software Technology,
Macau, China
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REPORT FROM THE JAPANESE CHAPTER

K. Makino(Tokyo Univ.)

EATCS-JP/LA Workshop on TCS

The sixth EATC&A Workshop on Theoretical Computer Sciendé be held

at Research Institute of Mathematical Sciences, Kyoto Univ., January 28

2007. The workshop will be jointly organized withA, Japanese association of
theoretical computer scientists. Its purpose is to give a place for discussing topics
on all aspects of theoretical computer science.

A formal call for papers will be announced at our web page early November,
and a program will be announce early January, where we are also planning to
announce a program in the next issue of the Bulletin. Please check our web page
around from time to time. If you happen to stay in Japan around that period, it
is worth attending. No registration is necessary for just listening to the talks; you
can freely come into the conference room. (Contact us by the end of November
if you are considering to present a paper.) Please visit Kyoto in its most beautiful
time of the year !

5th EATCS-JP/LA Presentation Award
The fifth EATCSLA Workshop on Theoretical Computer Science was held at Re-
search Institute of Mathematical Sciences, Kyoto Univ., January-3@Gtbruary
1st, 2006. Mr. Ryotaro Hayashi (Tokyo Inst. of Tech.) who presented the
following paper, was selected as the 4th EATIOSPresentation Award.
Anonymizable public-key encryption
by R. Hayashi, K. Tanaka (Tokyo Inst. of Tech.)
The award was given to him at the Summer LA Symposium held in August
2006.Congratulations!Please check our web page for the detail information and
the list of presented papers.

On TCS Related Activities in Japan:

TGCOMP Meetings, January ~ June, 2006

The IEICE, Institute for Electronics, Information and Communication Engineers
of Japan, has a technical committee call&COMP, Technical Group on foun-
dation of COMPuting. During January June of 2006 TGCOMPorganized 4
meetings and about 37 papers (including one tutorial) were presented there. Top-
ics presented are, very roughly, classified as follows.

19
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Algorithm: On Graphs (11) Cryptography (2)

Algorithm: On Strings (3) Distributed Computing (2)

Algorithm: On Other Objects (5) Formal Languages and Automata (2)
Combinatoricg Probabilistic Analysis (3) Quantum Computing (2)
Computational Complexity (5) DNA Computing (2)

See our web page for the list of presented papers (title, authors, key words, email).

THE JAPANESE CHAPTER

CHAIR: Kazuo IwamMa

V.CHAIR: 0sAMU WATANABE

SECRETARY: KazuHIisa MaKINO

EMAIL: EATCS-JP@IS.TITECH.AC.JP

URL: HTTP://WWW.IS.TITECH.AC.JP/~WATANABE/EATCS-JP
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NEwWS FROM INDIA

BY

MADHAVAN MUKUND

Chennai Mathematical Institute
Chennai, India
madhavan@cmi.ac.in

We begin with a quick summary of some recent events.

Summer School on Algorithms, Complexity and Cryptology A summer

school onAlgorithms, Complexity and Cryptologyas organized in Bangalore

from May 22 to June 9, 2006 by Microsoft Research India and the 11ISc Math-
ematics Initiative, Indian Institute of Science, Bangalore. The list of speakers
included Dan Boneh (Stanford, USA), Kamal Jain (Microsoft Research, USA),
David Jao (Microsoft Research, USA), Ravi Kannan (Yale University, USA), Ki-
vanc Mihcak (Microsoft Research, USA), A. Shamir (Weizmann Institute, Israel),

and Eran Tromer (Weizmann Institute, Israel). The school was attended by senior
undergraduate students, graduate students, research scholars and faculty members
and was well received.

Formal Methods Update Meeting During the past few years, the Indian Asso-
ciation for Research in Computing Science (IARCS) has organized regular “up-
date” meetings in the area of formal methods. The meetings are intended as a
forum for Indian researchers and students in theoretical computer science to up-
date themselves on current trends and to explore new research areas.

This year's meeting was held at IIT Guwahati from 3—6, July 2006. Bharat
Adsul and Madhavan Mukund from Chennai Mathematical Institute surveyed var-
ious issues related to parity games. K Narayan Kumar gave an introduction to the
expressive completeness of LTL with respect to first-order logic. Kamal Lodaya,
Antoine Meyer and R Ramanujam from the Institute of Mathematical Sciences
gave a series of talks on infinite-state verification. Paritosh Pandya from the Tata
Institute of Fundamental Research spoke on timed logics while Anil Seth from
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IIT Kanpur discussed quantitative games. In addition to these survey talks, some
participants presented technical talks on their work.

For many participants, this was the first opportunity to visit the new IIT Guwa-
hati campus, on the banks of the Brahmaputra. The organization by Purandar
Bhaduri’s team was impeccable and the workshop wéiwery well, both aca-
demically and socially.

We now move onto some forthcoming events.

SEFM 2006 SEFM 2006, the 4th IEEE International Conference on Software
Engineering and Formal Methods, is being held in Pune, India during the period
September 11-15, 2006 even as this article is being written. The aim of the con-
ference is to bring together practitioners and researchers from academia, industry
and government to advance the state-of-the-art in formal methods, to scale up their
application in software industry and to encourage their integration with practical
engineering methods.

The Program Committee for SEFM 2006 is jointly chaired by Paritosh Pandya
(TIFR, Mumbai, India) and Dang Van Hung (UNU-IIST, Macao, China). This
year’s invited speakers are Sriram Rajamani (Microsoft Research India, India),
John Rushby (SRI International, USA), Joseph Sifakis (CNRS and VERIMAG,
France) and Bertrand Meyer (ETH Zurich, Switzerland).

The website for SEFM 2006 is At tp: //www.iist.unu.edu/SEFMO6.

FSTTCS 2006 The 26th edition of FSTTCS will take place from December
13-15, 2006 at the Indian Statistical Institute, Kolkata. Anupam Gupta and Amit
Kumar will organize a satellite workshop on Approximation Algorithms on De-
cember 16. Another satellite workshop is being planned for December 12. Details
will be announced shortly.

The Program Committee is co-chaired by S. Arun-Kumar and Naveen Garg
from IIT, Delhi. The list of invited speakers for FSTTCS 2006 includes Gordon
Plotkin (Edinburgh, UK), Emo Welzl (ETH Zurich, Switzerland), Gérard Boudol
(INRIA, Sophia Antipolis, France), David Shmoys (Cornell, USA), and Eugene
Asarin (LIAFA, Paris 7, France).

A total of 34 papers have been accepted from over 150 submissions. The
list of accepted papers can be found via the conference website@at / /www.
fsttcs.org.

We look forward to seeing a lot of you at FSTTCS, the main conference of the
Indian Association for Research in Computing Science (IARCS).

ISAAC 2006 The 17th International Symposium on Algorithms and Computa-
tion (ISAAC 2006) will take place in Kolkata, India. The Program Committee is
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chaired by Tetsuo Asano (JAIST, Japan). The invited speakers at ISAAC 2006
are Tamal Dey, (Ohio State, USA) and Kazuo lwama (Kyoto, Japan). The list of
accepted papers is available via the conference welbsite,: //www.isical.
ac.in/~isaac06.

International Conference on Discrete Mathematics ICDM 2006 will be held

in Bangalore from December 15 to December 18, 2006. The conference is or-
ganized jointly by the Ramanujan Mathematical Society and Indian Institute of
Science, Bangalore. The academic programme consists of plenary talks, invited
talks, poster paper presentations and mini-symposia on Discrete Mathematics and
its applications. For more details, look up the conference webpage tat:
//www.ramanujanmathsociety.org/icdm2006.html.

Workshop on Algorithms for Data Streams A workshop on Algorithms for
Data Streams will be held at the Department of Computer Science and Engineer-
ing IIT Kanpur from December 18-20, 2006.

The aim of this workshop is to bring together active and world-class re-
searchers to discuss cutting-edge research and ideas in the areas of data stream
algorithms, technigques and complexity of data streaming problems. The workshop
is being organized by Sumit Ganguly (IIT Kanpur), Sudipto Guha (University of
Pennsylvania) and S. Muthukrishnan (Google). The list of confirmed speakers is
long and studded with illustrious names. Participation is by invitation only.

For more details, see the workshop pagetatp: //www.cse.iitk.ac.in/
users/sganguly/workshop.html.

Madhavan Mukund, Chennai Mathematical Institute
Secretary, IARCS (Indian Association for Research in Computing Science)
http://www.cmi.ac.in/~madhavan
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BY

ANTHONY K. SEDA P

Department of Mathematics, National University of Ireland
Cork, Ireland
a.sedaC@ucc.ie

The conference Information-MFCSIT'06 took place on the campus of NUI,
Cork from 1st August to 5th August, 2006. It was a joint meeting in which the
Fourth International Conference on Information (Information’06) and the Fourth
Irish Conference on the Mathematical Foundations of Computer Science and In-
formation Technology (MFCSIT'06) were co-located, and hosted by the Interna-
tional Information Institute, Tokyo, and NUI, Cork.

The meeting was well-attended with about 110 participants from various parts
of the world, including nearly forty from China, Japan, Korea, and Vietnam, as
well as many from Ireland, UK and mainland Europe and some from the USA.
We were again fortunate in having nine well-known keynote speakers who de-
livered excellent and stimulating talks, as follows. Eugene Freuder (NUI, Cork,
Ireland): “Constraint Programming Software Can Help You Make Decisions”;
Grant Malcolm (University of Liverpool, UK): “Sheaves, Objects, and Distributed
Systems”; Michael Mitzenmacher (Harvard University, USA): “Network Appli-
cations of Bloom Filters and Related Data Structures”; Tadao Nakamura (Tohoku
University, Japan): “Trends in High Performance Computing with Low Power”;
John Power (Laboratory for Foundations of Computer Science, Edinburgh, UK):
“The Category-Theoretic Analysis of Universal Algebra: Lawvere Theories and
Monads”; Peter Puschner (Technische Universitaet Wien, Austria): “Architecture
Support for Temporal Predictability and Composability in Real-Time Comput-
ing”; Fuji Ren (University of Tokushima, Japan): fiective Information Pro-
cessing and Recognizing Human Emotion”; Herbert Wiklicky (Imperial College,
London, UK): “Approximation in Program Analysis: The Importance of Being
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Close”; Jungong Xue (Fudan University, Shanghai, China): “Geometric Tail for
Non-Pre-emptive Priority MARPH/1 Queues”.

In addition to the keynote lectures and regular contributed papers, a number
of special sessions were arranged. Two were held in Information’06: “Cyber-
Terrorism and the Information Sword” (organized by Mahmoud Eid, University
of Ottawa, Canada); and “The Intellectual Human Support Technologies and its
Application” (organized by Tetsuya Tanioka, University of Tokushima, Japan and
Rozzano C. Locsin, Florida Atlantic University, USA). Seven special sessions
were held in MFCSIT: “Formal Approaches to Security” (organized by Alessan-
dra Di Pierro, University of Pisa, Italy, Michael Huth and Herbert Wiklicky both
of Imperial College, London, UK); “Complex Networks and Stochastic Dynam-
ics” (organized by James Gleeson, NUI, Cork); “Logic Semantics in Computer
Science” (organized by Vladimir Komendantsky, NUI, Cork, Ireland); “Category
Theory in Computer Science” (organized by John Power, University of Edinburgh,
UK); “Coding Theory and Cryptography” (organized by Max Sala, NUI, Cork,
Ireland); “Modular Analysis of Software: Theory and Applications” (organized
by Michel Schellekens, NUI, Cork, Ireland); and “Machine Models and Compu-
tation” (organized by Damien Woods, NUI, Cork, Ireland).

It is a pleasure to thank the sponsors of the meeting, and they included the
Boole Centre for Research in Informatics, NUI, Cork; Science Foundation Ire-
land; The Chinese Academy of Science and Engineering in Japan; The College
of Science, Engineering and Food Science, NUI, Cork; The Department of Com-
puter Science, NUI, Cork; The Department of Mathematics, NUI, Galway; The
School of Mathematics, Applied Mathematics and Statistics, NUI, Cork; and Bal-
lygowan Pure Irish Water. The meeting was co-chaired by Lei Li, Fuji Ren, T.
Hurley and A.K. Seda.

As usual, the Proceedings of Information’06 will be published in Information:
An International Journal, and the Proceedings of MFCSIT’06 will be published in
Elsevier’'s Electronic Notes in Theoretical Computer Science (ENTCS).

L
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NEWS FROM LATIN AMERICA

BY

ALFREDO VIOoLA —

Instituto de Computacién, Facultad de Ingenieria
Universidad de la Republica
Casilla de Correo 16120, Distrito 6, Montevideo, Uruguay
viola@fing.edu.uy

In this issue | present the Workshop on Foundations of Databases and the
Web to honor the memory of Alberto Mendelzon, the Operations Research Latin-
American Congress, the Second Latin-American Workshop on Cliques in Graphs,

and the Workshop on Graph Theory and Applications. At the end | present a list
of the main events in Theoretical Computer Science to be held in Latin America

in the following months.

Workshop on Foundations of Databases and the Web.

The workshop on Foundations of Databases and the Web is organized to honor the
memory of our dear friend and colleague Alberto Mendelzon, who contributed
so much to the Database community as well as to South American Computer
Science.

Alberto Oscar Mendelzon was one of the pioneers who helped to lay the foun-
dations of relational databases. His early work on database dependencies has been
influential in both the theory and practice of data management. He was a professor
of computer science at the University of Toronto, was born in Buenos Aires, Ar-
gentina. His academic journey began in Argentina and he maintained, throughout
his life, close ties to his home country and home continent. He graduated from the
University of Buenos Aires in 1973 before studying at Princeton as a Fulbright
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Scholar. At Princeton, he received a M.S.E. degree in 1977, a M.A. degree in
1978, and a Ph.D. degree in 1979. He was a post-doctoral fellow at IBM’s T.J.
Watson Research Center for a year before joining the University of Toronto in
1980.

Alberto was a quiet man who did not seek out honors. He was modest about his
role in shaping the foundations of relational databases and his pioneering work in
laying the foundations for querying the web. He was elected to the Royal Society
of Canada (the Canadian National Academy for Science, Engineering, and the
Humanities) which is Canada’s top academic accolade.

You can visit Alberto Mendelzon’s homepage at the University of Toronto.
Also you can read the tribute article from SIGMOD, and this memorial.

The workshop will be held November 6-10 2006 in Chile aboard a ship touring
the San Rafael Glacier, one of the most impressive and scenic tourist attractions
in the world.

Attendance to the workshop is by invitation only. The workshop will provide
a venue for Alberto’s colleagues and their collaborators to present and discuss
research challenges in foundations of the web and databases.

For more information you may visitttp: //grupoweb.upf.es/webdb/.

XIII CLAIO - Operations Research Latin-American Congress.

The Xl CLAIO, the Operations Research Latin-American Congress, and The 1st
ALIO/INFORMS Workshop on OR Education will take place on November 27 to
30, 2006, in Montevideo, the capital of the Republic of Uruguay. The Congress is
chaired by Dr. Héctor Cancela and organized by the Operations Research Depart-
ment of the Computer Science Institute of the University of the Universidad de
la Republica, Uruguay (UDELAR), ALIO (Latin American Operation Research
Associations) and IFORS (International Federation of Operations Research So-
cieties). The workshop is jointly organized by ALIO and INFORMS, under the
auspices of IFORS, and hosted by the Operations Research Department of UDE-
LAR

The plenary speakers are Martin Gr otschel (IFORS Distinguished Lecturer),
James J. Cochran, Carlos A. Coello Coello, Monique Guignard, Michel Gendreau,
Pierre L'Ecuyer, Gerardo Rubino and Julian Araoz.

In (http://www.fing.edu.uy/inco/eventos/claio®6) you will find
more information of this event.

Second Latin-American Workshop on Cliques in Graphs.

The Second Latin-American Workshop on Cliques in Graphs will be held in the
Facultad de Ciencias Exactas of the Universidad Nacional de La Plata, Argentina,
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on October 18-20, 2006. The aim of the Workshop is to promote a meeting of
researchers in Graph Theory, Algorithms and Combinatorics, particularly those
working in Graph Operators, Intersection Graphs and Perfect Graphs.

During the meeting 20 scientific communications will be exposed and there
will be 5 plenary conferences: Andreas Brandst adt (Germany), Michel Habib
(France), Pavol Hell (Canada), Francisco Larrion with Miguel Angel Pizafia
(México) in honor to Victor Neumann-Lara, and Jorge Urrutia (México).

Selected full papers will be published in a special issue of Revista de la Unién
Matematica Argentina. Papers published in Revista de la Union Matematica Ar-
gentina are reviewed in Mathematical Reviews and Zentralblatt f ur Mathematik.

The Organizing Committee is co-chaired by Liliana Alcén and Marisa Gutier-
rez (Argentina), and has the participation of Marcia Rosana Cerioli (Brazil), Min
Chih Lin (Argentina), Guillermo Duran (Argentina), Celina Miraglia Herrera de
Figueiredo (Brazil), Miguel Angel Pizafia (México), Fabio Protti (Brazil) and
Jayme Luiz Szwarcfiter (Brazil)

In http://www.mate.unlp.edu.ar/~liliana/cw®6.html you will find
more information of this event.

Workshop on Graph Theory and Applications.

The Workshop on Graph Theory and Applications will be held in Porto Alegre,
Brazil on November 20 - 21, 2006 and is chaired by Vilmar Trevisan. This Work-
shop will be an international forum for researchers to disseminate ideas, propose
techniques, present and discuss approaches to open problems, share experiences
and discuss applications of Graph Theory. The target audience are graduate stu-
dents, researchers and professionals working in mathematics and computer sci-
ence, interested in graphs and their applications.

The Workshop will consist of mini-courses, invited lectures and session of
open talks.

The mini-courses and invited lectures are going to be announced as soon as
the final program is ready. The following researchers have agreed to give lectures:
Celina M. H. de Figueiredo, Stephen T. Hedetniemi (to be confirmed), David P.
Jacobs, Robert E. Jamison (to be confirmed), Luis Gustavo Nonato, and Jayme
Szwarcfiter.

The Proceedings of the Workshop will be published in a CD (with ISBN). The
Proceedings will be available at the time of the conference. The organizers are
negotiating a special issue in an international journal for the extended versions of
selected papers presented at the workshop.

Inhttp://euler.mat.ufrgs.br/workgraph/home.html you will find
more information of this event.
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Regional Events

e September 17 - 23, 2006, Natal, RN, Brazil: SMBF 2006 - Brazilian Sym-
posium on Formal Method&ftp://www.dimap.ufrn.br/sbhmf2006).

e September 17 - 23, 2006, Natal, RN, Brazil: ICGT 2006 - International
Conference on Graph Transformation
(http://www.dimap.ufrn.br/icgt2006).

e September 18 - 22, 2006, San Luis Potosi, México: ENC 2006 - Encuen-

tro Internacional de Ciencias de la Computacitntf: //enc. smcc.org.
mx).

e October 18 - 20, 2006, La Plata, Argentina: Second Latin-American Work-
shop on Cliques in Graphs
(http://www.mate.unlp.edu.ar/~liliana/cw®6.html).

e October 25 - 27, 2006, Puebla, México: LA WEB 06 - 4th Latin American
Web Congresshttp://ict.udlap.mx/laweb2006/).

e November 6 - 10, 2006, San Rafael Glacier, Chile: Workshop on Founda-
tions of Databases and the Wétr tp: //grupoweb.upf.es/webdb/).

e November 20 - 21, 2006, Porto Alegre, Brazil: Workshop on Graph Theory
and Applications
(http://euler.mat.ufrgs.br/workgraph/home.html).

e November 27 - 30, 2006, Montevideo, Uruguay: XlII CLAIO - Congreso
Latino-Iberoamericano de Investigacién Operativa
(http://www.fing.edu.uy/inco/eventos/claio2006).

e January 10 - 13, 2007, Buenos Aires, Argentina: Conference on Logic
Computability and Randomness 2007
(http://www.dc.uba.ar/people/logic2007).
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BY

C.S. CaALUDE

Department of Computer Science, University of Auckland
Auckland, New Zealand
cristian@cs.auckland.ac.nz

1 Scientific and Community News

0. The number of C$IT students has decreased sharply in many parts of the
worlds, including Australia and NZ, and the impact for academia and research in
the field was dramatic. According tomputerworld(July 17, 2006) the future
seems brighter: “According to the Bureau of Labor Statistics, one out of every
four new jobs between now and 2012 will be IT-related," (Mark Hanny, vice pres-
ident of IBM’s Academic Initiative outreach program) and “We're seeing a lack
of talented IT professionals looking for new positions," (Greg Fittin§haice
president of business systems development at Time Inc. in New York). To turn
this trend around, several initiatives are under way; perhaps theoretical computer
science should be also actively involved in this process.

1. The latest CDMTCS research reports atetp://www.cs.auckland.ac.
nz/staff-cgi-bin/mjd/secondcgi.pl):

280. L. Staiger. On Maximal Prefix Codes/R806.

281. G. J. Chaitin. Is Incompleteness A Serious Problen20056.

282. G. J. Chaitin. Speculations on Biology, Information and Complexity,
07/2006.
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2 A Dialogue on Mathematics& Physics
with Gregory Chaitin

As a visiting professor in the Department of Computer Science of the University
of Auckland, Greg Chaitin is a frequent visitor in New Zealand. During his recent
visit in July 2006 we had time for a dialogue about mathematics, physics, and
philosophy—C.S.C.

Cristian Calude: | suggest we discuss the questitmmathematics indepen-
dent of physic3

Gregory Chaitin: Okay.
CC: Let's recall David Deutsch’s 1982 statement:

The reason why we find it possible to construct, say, electronic cal-
culators, and indeed why we can perform mental arithmetic, cannot
be found in mathematics or logicThe reason is that the laws of
physics “happen” to permit the existence of physical models for
the operations of arithmetic such as addition, subtraction and mul-
tiplication.

Does this apply to mathematics too?

GC: Yeah sure, and if there is real randomness in the world then Monte Carlo
algorithms can work, otherwise we are fooling ourselves.

CC: So, if experimental mathematics is accepted as “mathematics,” it seems
that we have to agree that mathematics depends “to some extent” on the laws of
physics.

GC: You mean math conjectures based on extensive computations, which of
course depend on the laws of physics since computers are physical devices?

CC: Indeed. The typical example is the four-color theorem, but there are
many other examples. The problem is more complicated when the verification
is not done by a conventional computer, but, say, a quantum automaton. In the
classical scenario the computation is huge, but in principle it can be verified by an
army of mathematicians working for a long time. In principle, theoretically, it is
feasible to check every small detail of the computation. In the quantum scenario
this possibility is gone.

GC: Unless the human mind is itself a quantum computer with quantum par-
allelism. In that case an exponentially long quantum proof could not be written
out, since that would require an exponential amount of “classical” paper, but a
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guantum mind could directly perceive the proof, as David Deutsch points out in
one of his papers.

CC: Doesn't Roger Penrose claim that the mind is actually a quantum com-
puter?

GC: Yes, he thinks quantum gravity is involved, but there are many other pos-
sible ways to get entanglement.

CC: How can such a parallel quantum proof be communicated and checked
when it exists only in the mind of the mathematician who “saw” it?

GC: Well, I guessi it’s like the design of a quantum computer. You tell someone
the parallel quantum computation to perform to check all the cases of something,
and if they have a quantum mind maybe they can just do it. So you could publish
the quantum algorithm as a proof, which the readers would do in their heads to
verify your claim.

CC: On paper you have only the quantum algorithm; everything else is in the
mind! What about disagreements, how can one settle them “keeping in mind” (no
pun!) that quantum algorithms are probabilistic? Aren’t we in danger of loosing
an essential feature of mathematics, the independent checkability of proofs in fi-
nite time?

GC: Well, even now you don't publishll the steps in a proof, you depend on
people to do some of it in their heads. And if one of us has a quantum mind, then
probably everyone does, or else that would become a prerequisite, like a high I1Q,
for doing mathematics!

CC: Theoretical physics suggests that in certain relativistic space-times, the
so-called Malament-Hogarth space-times, it may be possible for a computer to re-
ceive the answer to a ye® question from amfinite computatiorin afinite time
This may lead to a kind of “realistic scenario” for super-Turing computability.

GC: Well, to get a big speed-up you can just take advantage of relativistic time
dilation due either to a very strong gravitational field near the event horizon of a
black hole or due to very high-speed travel (near the speed of light). You assign
a task to a normal computer, then you slow down your clock so that you can wait
for the result of an extremely lengthy computation. To you, it seems like just a
short wait, to the computer, aeons have passed. ..

CC: Physicist Seth Lloythas found that the “ultimate laptop,” a computer
with a mass of one kilogram confined to a volume of one litre, operating at the

1S. Lloyd, “Ultimate physical limits to computationiNature(2000)406, 1047-1054.
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fundamental limits of speed and memory capacity determined by the physics of
our universe, can perform $0operations per second on®tMits. This device
sort of looks like a black hole.

GC: And he’s just published a book callétogramming the UniverseThe
basic idea is that the universe is a computation, it's constantly computing its own
time evolution.

CC: What about the Platonic universe of mathematical ideas? |s that “mud-
died” by physics too? To exist mathematics has to be communicated, eventually
in some written form. This depends upon the physical universe!

GC: Yes, proofs have to be written on paper, which is physical. Proofs that are
too long to be written down may exist in principle, but they are impossible to read.

CC: Talking about writing things down, logicians have studied logics with in-
finitely long formulas, with infinite sets of axioms, and with infinitely long proofs.

GC: How infinite?Rg, 81, 8,?
CC: Could it be that such eccentric proofs correspond to something “real”?

GC: Well, if people hadX, minds, then formula®&, characters long would
be easy to deal with! There's even a set-theoretical science fiction novel by Rudy
Rucker calledNhite Lightin which he tries to describe what this might feel like.
| personally like a world which is discrete at¥g infinite, but why should Nature
care what | think?

In one of his wilder papers, physicist Max Tegmark suggests that any con-
ceptually possible world, in other words, one that isn’t self-contradictory, actually
exists. Instead of conventional Feynman path integrals summing over all histo-
ries, he suggests some kind of crazy new integral over all possible universes! His
reasoning is that the ensemble of all possible universsisngler than having to
pick out individual universes!

Leibniz had asked why is there something rather than nothing, because noth-
ing is simpler than something, but as Tegmark points out, sgasything. In his
approach you don't have to specify the individual laws for this particular universe,
it's just one of many possibilities.

CC: What about constructive mathematics?

GC: Of course the mathematical notion of computability depends upon the
physical universe you are in. We can imagine worlds in which oracles for the halt-
ing problem exist, or worlds in which Hermann Weyl's one second, half second,
guarter second, approach actually enables you to calculate an infinite number of
steps in exactly two seconds. But | guess computability can handle this, everything
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relativises, you just add an appropriate oracle. All the proofs go through as before.
CC: —Are you talking about a physical Church-Turing Thesis?

GC: Yes | am.—But | think the notion of a universal Turing machine changes
in a more fundamental way if Nature permits us to toss a coin, if there really are
independent random events. (Quantum mechanics supplies such events, but you
can postulate them separately, without having to buy the entire QM package.) If
Nature really lets us toss a coin, then, with extremely high probability, you can
actually compute algorithmically irreducible strings of bits, but there’s no way to
do that in a deterministic world.

CC: Didn’t you say that in your 1968ournal of the ACMoaper?

GC: Well yes, but the referee asked me to remove it, so | did. Anyway, that
was a long time ago.

CC: A spin-of company from the University of Geneva, Quantique mar-
kets a quantum mechanical random number generator caliedtis Quantisis
available as an OEM component which can be mounted on a plastic circuit board
or as a PCI card; it can supply a (theoretically, arbitrarily) long string of quantum
random bits sfiiciently fast for cryptographic applications. A universal Turing
machine working witfQuantisas an oracle seemsfiirent from a normal Turing
machine. Are Monte Carlo simulations powered with quantum random bits more
accurate than those using pseudo-randomness?

GC: Well yes, because you can be unlucky with a pseudo-random number
generator, but never with real random numbers. People have gotten anomalous
results from Monte Carlo simulations because the pseudo-random numbers they
used were actually in sync with what they were simulating.

Also real randomness enables you, with probability one, to produce an algo-
rithmically irreducible infinite stream of bits. But any infinite stream of pseudo-
random bits is extremely redundant and highly compressible, since it's just the
output of a finite algorithm.

CC: In a universe in which the halting problem is solvable many important
current open problems will be instantly solved: the Riemann hypothesis or the
Goldbach Conjecture.

GC: Yes, and you could also look through the tree of all possible proofs in any
formal axiomatic theory and see whether something is a theorem or not, which
would be mighty handy.

CC: Talking about the Riemann hypothesis, which is about primes, there’s the
surprising connection with physics noticed by Freeman Dyson that the distribution
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of the zeros of the Riemann function looks a lot like the Wigner distribution for
energy levels in a nucleds.

And in an inspiring paper on “Missed opportunities” written by Dyson in 1972,
he observes that relativity could have been discovered 40 years before Einstein if
mathematicians and physicists in Goéttingen had spoken to each other.

GC: Well in fact, relativity was discovered before Einstein by Poincaré—
that’s why the transformation group for Maxwell’s equations is called the Poincaré
group—however Einstein’s version was easier for most people to understand.

But mathematicians shouldn't think they can replace physicists: There's a
beautiful little 1943 book orExperiment and Theory in Physity Max Born
where he decries the view that mathematics can enable us to discover how the
world works by pure thought, without substantial input from experiment.

CC: What about set theory? Does this have anything to do with physics?

GC: | think so. | think it's reasonable to demand that set theory has to apply
to our universe. In my opinion it’s a fantasy to talk about infinities or Cantorian
cardinals that are larger than what you have in your physical universe. And what's
our universe actually like?

e afinite universe?

o discrete but infinite universés()?

e universe with continuity and real numbekg)?
e universe with higher-order cardinals §,)?

Does it really make sense to postulate higher-order infinities than you have in your
physical universe? Does it make sense to believe in real numbers if our world is
actually discrete? Does it make sense to believe in thiskt2, .. .} of all natu-

ral numbers if our world is really finite?

CC: Of course, we may never know if our universe is finite or not. And we
may never know if at the bottom level the physical universe is discrete or contin-
uous. ..

GC: Amazingly enough, Cris, there is some evidence that the world may be
discrete, and even, in a way, two-dimensional. There’s something called the holo-
graphic principle, and something else called the Bekenstein bound. These ideas
come from trying to understand black holes using thermodynamics. The tentative

2Andrew Odlyzko and Michael Berry continued this work. And recently Jon Keating and Nina
Snaith, two mathematical physicists, have been able to prove something new about the moments
of the Riemann zeta function this way.
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conclusion is that any physical system only contains a finite number of bits of
information, which in fact grows as the surface area of the physical system, not as
the volume of the system as you might expect, whence the term “holographic.”

CC: That's in Lee Smolin’s booRhree Roads to Quantum Gravitight?

GC: Yes. Then there are physical limitations on the human brain. Human
beings and computers feel comfortable witielient styles of proofs. The human
push-down stack is short. Short-term memory is small. But a computer has a
big push-down stack, and its short-term memory is large and extremely accurate.
Computers don’t mind lots of computation, but human beings prefer ideas, or vi-
sual diagrams. Computer proofs have a veffedéent style from human proofs.

As Turing said, poetry written by computers would probably be of more interest
to other computers than to humans!

CC: In a deterministic universe there is no such thing as real randomness. Will
that make Monte Carlo simulations fail?

GC: Well, maybe. But one of the interesting ideas in Stephen Wolfram’s
New Kind of Sciencis that all the randomness in the physical universe might ac-
tually just be pseudo-randomness, and we might not see much feeedce. |
think he has deterministic versions of Boltzmann gas theory and fluid turbulence
that work even though the models in his book are all deterministic.

CC: What about the axioms of set theory, shouldn’t we request arguments
for their validity? An extreme, but not unrealistic view discussed by physicist
Karl Svozil, is that the only “reasonable” mathematical universe is the physical
universe we are living in (or where mathematics is done). Pythagoreans might
have subscribed to this belief.

Should we still work with an axiom—say the axiom of choice—if there is
evidence against it (or there is not enough evidence favouring it) in this specific
universe? In a universe in which the axiom of choice is not true one cannot prove
the existence of Lebesgue non-measurable sets of reals (Robert Solovay’s theo-
rem).

GC: Yes, | argued in favor of that a while back, but now let me play Devil's
advocate. After all, the real world is messy and hard to understand. Math is a kind
of fantasy, an ideal world, but maybe in order to be able to prove theorems you
have to simplify things, you have to work with a toy model, not with something
that’s absolutely right. Remember you can only solve the Schrédinger equation
exactly for the hydrogen atom! For bigger atoms you have to work with numerical
approximations and do lots and lots of calculations. ..

CC: Maybe in the future mathematicians will work closely with computers.
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Maybe in the future there will be hybrid mathematicians, maybe we will have a
marymachine symbiosis. This is already happening in chess, where Grandmasters
use chess programs as sparing partners and to do research on new openings.

GC: Yeah, | think you're right about the future. The machine’s contribution
will be speed, highly accurate memory, and performing large routine computa-
tions without error. The human contribution will be new ideas, new points of
view, intuition.

CC: But most mathematicians are not satisfied with the machine proof of the
four-color conjecture. Remember, for us humdPesof = Understanding.

GC: Yes, butin order to be able to amplify human intelligence and prove more
complicated theorems than we can now, we may be forced to accept incomprehen-
sible or only partially comprehensible proofs. We may be forced to accept the help
of machines for mental as well as physical tasks.

CC: We seem to have concluded that mathematics depends on physics, haven't
we? But mathematics is the main tool to understand physics. Don’t we have some
kind of circularity?

GC: Yeah, that sounds very bad! But if math is actually, as Imre Lakatos
termed it, quasi-empirical, then that’'s exactly what you'd expect. And as you
know Cris, for years I've been arguing that information-theoretic incompleteness
results inevitably push us in the direction of a quasi-empirical view of math, one
in which math and physics areffiirent, but maybe not asftirent as most people
think. As Vladimir Arnold provocatively puts it, math and physics are the same,
except that in math the experiments are a lot cheaper!

CC: In a sense the relationship between mathematics and physics looks similar
to the relationship between meta-mathematics and mathematics. The incomplete-
ness theorem puts a limit on what we can do in axiomatic mathematics, but its
proof is built using a substantial amount of mathematics!

GC: What do you mean, Cris?

CC: Because mathematics is incomplete, but incompleteness is proved within
mathematics, meta-mathematics is itself incomplete, so we have a kind of unend-
ing uncertainty in mathematics. This seems to be replicated in physics as well:
Our understanding of physics comes through mathematics, but mathematics is as
certain (or uncertain) as physics, because it depends on the physical laws of the
universe where mathematics is done, so again we seem to have unending uncer-
tainty. Furthermore, because physics is uncertain, you can derive a new form of
uncertainty principle for mathematics itself. . .
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GC: Well, I don't believe in absolute truth, in total certainty. Maybe it exists in
the Platonic world of ideas, or in the mind of God—I guess that's why | became
a mathematician—but | don't think it exists down here on Earth where we are.
Ultimately, | think that that's what incompleteness forces us to do, to accept a
spectrum, a continuum, of possible truth values, not just black and white absolute
truth.

In other words, | think incompleteness means that we have to also accept
heuristic proofs, the kinds of proofs that George Pdélya liked, arguments that are
rather convincing even if they are not totally rigorous, the kinds of proofs that
physicists like. Jonathan Borwein and David Bailey talk a lot about the advantages
of that kind of approach in their two-volume work on experimental mathematics.
Sometimes the evidence is pretty convincing even if it's not a conventional proof.
For example, if two real numbers calculated for thousands of digits look exactly
alike. ..

CC: It's true, Greg, that even now, a century after Gédel’s birth, incomplete-
ness remains controversial. | just discovered two recent essays by important math-
ematicians, Paul Cohen and Jack Schwaitave you seen these essays?

GC: No.

CC: Listen to what Cohen has to say:

“I believe that the vast majority of statements about the integers are
totally and permanently beyond proof in any reasonable system.”

And according to Schwartz,

“truly comprehensive search for an inconsistency in any set of axioms
is impossible.”

GC: Well, my current model of mathematics is that it's a living organism that
develops and evolves, forever. That's a long way from the traditional Platonic
view that mathematical truth is perfect, static and eternal.

CC: What about Einstein’s famous statement that

“Insofar as mathematical theorems refer to reality, they are not sure,
and insofar as they are sure, they do not refer to reality.”

3pP. J. Cohen, “Skolem and pessimism about proof in mathemafitsl’ Trans. R. Soc. A
(2005)363 2407-2418; J. T. Schwartz, “Do the integers exist? The unknowability of arithmetic
consistency,Comm. Pure> Appl. Math.(2005)LVIII , 1280-1286.
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Still valid?

GC: Or, slightly misquoting Pablo Picasso, theories are lies that help us to see
the truth!

CC: Perhaps we should adopt Svozil's attitude of “suspended attention” (a
term borrowed from psychoanalysis) about the relationship between mathematics
and physics. ..

GC: Deep philosophical questions are never resolved, you just get tired of
discussing them. Enough for today!
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In 1957 Fred Supnick investigated and solved a special case of the Trav-
elling Salesman Problem. Since then, Supnick’s results have been redis-
covered many times by other researchers. This article discusses Supnick’s
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1 The Travelling Salesman Problem
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distance matrixD = (d;;). The goal is to find a shortest closed tour through
these cities. In other words, a travelling salesman starts from his homg(tjty
then visits each of the other— 1 cities¢(2), ¢(3), ..., ¢(n) exactly once, in the
end returns to his home cit(1), and he does all this with the smallest possible
amount of gas. Mathematically speaking, we wish to find a permutgtioh
1,2,...,nthat minimizes the value of

n-1
(Z d¢(i),¢(i+1)) + dyt.2) (1)

i=1

The TSP models tons of situations that arise in robotics, production, scheduling,
engineering, and many other areas. For more specific information on the TSP and
its applications, we refer the reader to the book by Lawler, Lenstra, Rinnooy Kan
& Shmoys (1985).

The TSP in its general formulation is an NP-hard problem (Garey & Johnson,
1979), and hence computationally intractable. In this article, we will concentrate
on a special case of the TSP where the underlying distance matrix is a so-called
Supnick matrix

2 Supnick matrices

The following inequalities (2) go back to the eighteenth century, to the work of the
French mathematician and Naval minister Gaspard Monge (1781 xAmatrix
D = (di ;) is called Monge matrix, if it satisfies the so-called Monge inequalities

di,j + dr,s < di,s + dr,j (2)

foralli, j,r,swithl<i<r <nand1l<j< s<n. Inwords: Inevery X 2
sub-matrix the sum of the two entries on the main diagonal is less or equal to the
sum of the two entries on the other diagonal. Burkard, Klinz & Rudolf (1996)
survey the role of Monge structures in combinatorial optimization.

A Supnick matrix D= (d; ;) is a symmetric Monge matrix. That is, a Supnick
matrix satisfies (2), and it satisfigl; = d;; for all i and j. Here is a small
catalogue of Supnick matrices:

e Sum matrices:
Letas,...,an be real numbers. Then the sum matdwith d;; = a; + ¢;
is a Supnick matrix. In fact, a sum matrix satisfies all inequalities (2) even
with equality.

e Convex-function matrices:
Let f : R — R be afunction that is symmetric (henclx) = f(—x) for all
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x) and convex (hencefi(x+6) — f(X) < f(y+46) — f(y) forall x < yand all
6 20). LetB; < B, < --- < 3, be real numbers.

Then matrixD with dij = f(8 — ;) is a Supnick matrix: Symmetry of
implies symmetry oD. Fori, j,r,swithl<i<r<nand1l<j<s<n,
we setx := B — Bs, Y := Br — Bs, andd = Bs — B;. This yieldsx < y and
¢ = 0. Plugging these values into the convexity condition yields (2).

e LL-UR block matrices:
Let 1 < x < y < n be integers, and consider the Lower-Left Upper-Right
block matrixD with dj = 1if i < xandj > yorifi > yandj < x, and with
d.j = 0in all other cases. It is easily verified that this matbxs a Sup-
nick matrix. It has a rectangular block of 1-entries in the lower left corner
(below the main diagonal), a symmetric block of 1-entries in the upper right
corner (above the main diagonal), and it has 0-entries everywhere else. See
Figure 1 for an illustration.

1o

Figure 1: A Lower-Left Upper-Right block matrix.

Note that the inequalities stated in (2) direear inequalities, and that also the
symmetry condition is a linear condition. Consequently, if we multiply a Supnick
matrix by a non-negative real number, or if we add up two Supnick matrices, then
the resulting matrix will again be a Supnick matrix: The Supnick matrices form a
cone. Rudolf & Woeginger (1995) took a closer look at the structure of this cone
and its extremal rays, and they came up with the following simple characterization
of Supnick matrices.

Theorem 1. A matrix is a Supnick matrix, if and only if it can be written as the
sum of a sum matrix S and a non-negative linear combination of LL-UR block
matrices.
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3 Fred Supnick’s theorem

Now let us return to the travelling salesman problem. Fred Supnick (1957) proved
by a (somewhat involved) exchange argument that for the TSP with Supnick dis-
tance matrices, the optimal TSP tour is easy to find: The shortest talways

given by the same permutatierd™. This permutatiorc™" first visits the odd
cities in increasing order and then the even cities in decreasing order, and it con-
stitutes a universally optimal solution for all instances of the Supnick TSP.

Theorem 2. Let D = (d; ;) be an nx n Supnick matrix. The shortest TSP tour is
given by the permutation

o™ =(1,3,5,7,9,11,13,...14,12,10,8,6,4, 2). 3)
The longest TSP tour is given by the permutation
o™ =(n,2,n-2,4,n-4,6,...,5n-3,3,n-1,1). 4

(We write ¢ = (¢(1),¢(2),...,¢(n)) to specify a permutation.) In the fol-
lowing paragraphs we will present a simple and quite straightforward argument
for Supnick’s result on the shortest tour. The argument is based on the additive
characterization of Supnick matrices stated in Theorem 1. A similar argument can
be used to prove Supnick’s result on the longest tour.

The TSP with a sum distance matfixwith d,; = a; + «; is absolutely un-
interesting: Since every citiycontributes the valued? to the total tour length,
every possible tour has the lengtfy2, ;. Every permutatiogy minimizes (and
simultaneously maximizes) the value of the expression in (1). In particular, the
Supnick permutationr™" yields a shortest tour for the TSP on sum matrices.

The TSP on LL-UR block matrices is slightly more interesting. For techni-
cal reasons, we will nowloubleevery TSP tour and traverse it once in forward
and once in backward direction. Since the distances are symmetric, this simply
doubles the total tour length. Shortest solutions remain shortest, and non-shortest
solutions remain non-shortest. Let us take a closer look at such a doubled tour
corresponding to the permutatiof™: In the forward direction, the doubled tour
runs from city 1 to city 3, from city 3 to city 5, from 5 to 7 and so on. In the
backward direction, it runs from city 2 to city 4, from 4 to 6, and so on. Hence,
the doubled tour picks the entrids,, andd;,,; fori = 1,...,n— 2 together with
the four entriesl; 5, dz1, dy-1.n, dnpn-1 OUL Of the distance matrix, and it pays their
total value. All the picked entries lie in the two diagonals above and in the two
diagonals below the main diagonaldf See Figure 2.0 for an illustration.

Now let us argue that the doubled tour tgF" is the shortest doubled tour for
any LL-UR block matrixD. We distinguish three cases that depend on the size
and position of the two rectangular blocks of 1-entries. We recall that the lower
left corner of the upper right block is the matrix elemdpgwith 1 < x <y <n.
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Figure 2: lllustrations for the proof of Supnick’s result.

Case 1:1f y - x > 3, then the rectangular blocks in matiixdo not touch the
doubled tourr™"; see Figure 2.1. Then the corresponding cost is 0, which
clearly is minimum.

Case 2:If y— x = 1, then the rectangular blocks i cover four of the entries
picked by the doubled tour™", and the corresponding cost equals 4. See
Figure 2.2 for an illustration. In this case the citieGn = {1,...,x} are
pairwise at distance 0, and the citiesGa = {x+ 1,...,n} are pairwise at
distance 0. The distance between any cit¢irand any city inG, equals 1.

Any TSP tour must go at least once frdba into G,, and at least once back
from G, into G;. Hence, in this case any tour has cost at least 2 and any

47



BEATCS no 90 THE EATCS COLUMNS

doubled tour has cost at least 4. Agaif'" yields a shortest solution.

Case 3: The last casg — x = 2 is illustrated in Figure 2.3. Now the cost of the
doubled tourr™" equals 2. Every TSP tour must contain some move from
a city with number x to a city with numbee y, or a move from a city y
to a city< x. Therefore any tour has cost at least 1, any doubled tour has
cost at least 2, and also in this cag®" yields a shortest solution.

Summarizing, we have shown that permutaidi’ yields the shortest TSP tour

for every distance matrix that is an LL-UR block matrix and for every distance
matrix that is a sum matrix. Then™" also yields the shortest TSP tour for any
non-negative linear combination of such matrices, and by Theorem 1 these com-
binations are exactly the Supnick matrices. The argument is complete.

4 Rediscoveries of Supnick’s theorem

During the Cold War, scientific results were often discovered on one side of the
Iron Curtain and rediscovered independently on the other side. This also happened
to Theorem 2. Supnick derived his result in 1957, when he worked at the City
University of New York. Supnick’s result was rediscovered once by Rubinshtein
(1971) in Russia and once by Michalski (1987) in Poland. Both rediscoveries state
Supnick’s result in its full generality and in the language of the TSP.

Other researchers only rediscovered special cases of Theorem 2. For instance,
Chao & Liang (1992) derived the special case of Theorem 2 where the underlying
matrix is a convex-function matrix. Another rediscovery is problem B-3 of the
57th William Lowell Putnam Mathematical Competition, which reads as follows:

Given that{xg, X, ..., %} = {1,2,...,n}, find the largest possible
value ofx;Xo + XoX3 + - - - + Xp_1 % + Xa X1 @s a function oh > 2.

This Putnam problem asks for the longest TSP tour in the distance niateix
(d,j) with di; = ij. Matrix D itself is not a Supnick matrix, but matrixD is a
Supnick matrix. Since the longest tour drcorresponds to the shortest tour for
-D, the problem is solved by permutatiofi™". Theorem 2 then yields the answer
(2 +3n? - 11In + 18).

Dart boards. Now let us turn to a number of rediscoveries of Supnick’s re-
sult that are centered around the game of darts. The arrangement of the numbers
1,2,...,20 on a modern dart board was devised in 1896 by Brian Gamlin, a car-
penter from Bury in the County of Lancashire. See the left half of Figure 3 for

an illustration. Gamlin’s arrangement reduces the element of chance and encour-
ages accurate play, since large numbers (good scores) are always placed between
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Figure 3: A classical dart board to the left. The mogfidilt dart board to the
right.

small numbers (bad scores). For instance, the large number 20 at the top of the
dart board is placed between the small numbers 1 and 5. If you are aiming for the
segment 20, then a poor shot is penalized by a low score of 1 or 5.

Why did Gamlin select this particular arrangement? Is there some simple qual-
ity criterion that uniquely singles out the Gamlin arrangement from all possible
arrangements? Unfortunately, no such simple quality criterion is known. Some
Mathematicians are worried about this, and over the years they have proposed and
analyzed a considerable number of ‘reasonable’ quality criteria; see for instance
Singmaster (1980) and Lipscombe & Sangalli (2000). The most popular quality
criterion is the so-calletl,-criterion: Here the penalty incurred for missing a seg-
mentx and hitting the adjacent segmsrinstead equalx —y|°. The best (that is,
most dificult) dart board with respect to the-criterion is a permutation of the
numbers 12,...,20 (or generally of the numbers?2, ..., n) that maximizes the
total penalty of all segments. The reader will have littlgidulty to recognize that
the most dfficult dart board for thé_,-criterion corresponds to the longest TSP
tour in the convex-function matrix witli(x) = |x|°P andg; = ifori = 1,...,n.
Theorem 2 yields that the best number arrangement™®. Forn = 20 this
arrangement is

(20,2,18,4,16,6,14,8,12,10,119,13,7,15,5,17,3,19, 1), (5)

and the corresponding mostflitult dart board is depicted in the right half of
Figure 3.

Selkirk (1976) was probably the first to discuss theand thel,-criterion for
dart boards. He correctly identifies the permutatidi¥*, and he states that fas
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the highest possible total penalty equi(s®—4n+3) if nis odd and(n®—4n+6)
if nis even. Selkirk states a number of assertions all of which are correct, but none
of which are proved. Eiselt & Laporte (1991) formulateandL, as a maximum
cost TSP, and then compute an optimal solution by using a branch-and-bound
code. They only consider the case= 20, and their computer program indeed
comes up with the arrangement in (5). Everson & Bassom show that permuta-
tion o™ maximizes thd_;-criterion for arbitrary values ofi. Cohen & Tonkes
(2001) prove by an exchange argument that permutatitimaximizes the total
penalty under the,-criterion for every integep > 1. Curtis (2004) reproves
the results of Cohen & Tonkes (2001), but by &etfient approach that is based
on a certain greedy algorithm. Curtis also discusses so-called hoopla boards, and
thereby rediscovers Supnick’s result for convex-function matrices fifh= |x|°
andarbitrary values8; < 8, < --- < fBn.

Problem 10725 in the American Mathematical Monthly (Mihai & Wolter-
mann, 2001) reads as follows:

Fix a positive integen. Given a permutatio of {1,2,...,n}, let
F(¢) = XL1(p() — #(i + 1))%, wherep(n+ 1) = ¢(1). Find the extreme
values ofF(¢) as¢ ranges over all permutations.

Obviously, this problem asks for the easiest and for the mdéstwt dart board
under theL,-criterion. The minimum ofF(¢) is 4n — 6, and the maximum is
%(n3 —4n+ 3) if nis odd and%(n3 —4n + 6) if nis even (as also observed by
Selkirk, 1976).

Euro-coins. The diameter of a 1-Euro coin is 25 mm, and the diameter of a 2-
Euro coin is 2575 mm. There are only two essentiallyftdrent ways of arranging

two 2-Euro coins and three 1-Euro coins in a ring, so that each coin is tangent to
two others while all five coins are externally tangent to a disk inside the ring. See
Figure 4 for an illustration. For which of the two arrangements is the diameter of
the inner disk larger? This puzzle goes back to Joe Konhauser, and it is discussed
in problem 43 of the booKWhich Way Did the Bicycle Go?”by Konhauser,
Velleman & Wagon (1996). It turns out that the arrangement with adjacent 2-
Euro coins has a slightly larger central disk. Duncan, Velleman & Wagon (1996)
discuss a generalization of this puzzle.

Suppose we are givan> 3 disks of radiir; < r, < --- < r,. We wish

to place them in some order around a central disk so that each given
disk touches the central disk and its two immediate neighbors. If the
given disks are of widely dierent sizes (such as 100, 100, 100, 100,
1), we allow a disk to overlap other given disks that are notimmediate
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neighbors. In what order should the given disks be arranged so as to
maximize the radius of the central disk?

Figure 4: There are two ways of arranging three 1-Euro coins and two 2-Euro
coins around a central disk: 2-Euro coins together (left) or 2-Euro coins apart
(right). In the right picture the central disk is slightly larger than in the left picture.

Let us first consider a central disk with a fixed radRis Look at a single
tangent configuration made up of the central disk, and two disks of radindy.
The three centers form a triangle with sides x, R+y, andx + y. Applying the
law of cosines and simplifying gives that in this triangle, the angle at the center of
the disk with radiuRR is

2xy ) . ©)

Or(xY) = arccos(l  RZ+RX+ Ry+ xy

It can be checked that the distanaks = —0r(ri, rj) are symmetric and satisfy
the inequalities (2). Therefore, the corresponding distance nmatisxa Supnick
matrix, and Theorem 2 can be applied. Because of the minus-sign in the definition
of the d, ;, the permutationr™" in this case yields the arrangement with largest
overall angl&d(R). If the overall anglé(R) is strictly less than 2, then the radius
Rwas chosen too large and must be decreased. If the overall @Rylis strictly
greater than2, then the radiuR was chosen too small and must be increased. To
summarize, the arrangemerft™ maximizes and the arrangemerit™ minimizes
the radius of the central disk. This has been (re)discovered by Duncan, Velleman
& Wagon (1996).

If we go back to the puzzle of the five Euro-coins with radii= 2325,
r, = 2325,r3 = 2325,r, = 2575,r5 = 2575, we see that the maximizing
permutationc™" = (1,3,5,4,2) indeed puts the two larger coins next to each
other.
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to some fundamental results on iterative, message-passing algorithms for
low-density parity check codes. For certain important stochastic channels,
this line of work has enabled getting very close to Shannon capacity with
algorithms that are extremelyfieient (both in theory and practice).

1 Introduction

Over the past decade or so, there has been substantial new progress on algorithmic
aspects of coding theory. A (far from exhaustive) list of the themes that have
witnessed intense research activity includes:

1. A resurgence of interest in the long forgotten class of low-density parity
check (LDPC) codes and on iterative, message-passing decoding algorithms
for them, which has resulted in codes with rates extremely close to Shannon
capacity together withfécient decoding algorithms.

2. Linear time encodabldecodable error-correcting codes (based on ex-
panders) for worst-case errors.

3. List decoding algorithms which correct many more worst-case errors be-
yond the “half-the-code-distance” bound, and which can achieve capacity
even against adversarial noise.

Of course there are some interrelations between the above directions; in particular,
progress on linear-time encodatlecodable codes is based on expander codes,
which are LDPC codes with additional properties. Also, list decoding algorithms
that run in linear time and correct a fractiprof errors for any desired < 1 have

been developed using expander-based ideas [12].

Of the above lines of work, the last two have a broader following in the the-
oretical computer science community, due to their focus on the combinatorial,
worst-case noise model and the extraneous applications of such codes in contexts
besides communication (such as pseudorandomness and average-case complex-
ity). The sister complexity theory column that appears in SIGACT news featured
recent surveys on both these topics [9, 32]. A longer survey on very recent de-
velopments in list decoding of algebraic codes will appear in [10]. A very brief
survey featuring couple of complexity-theoretic uses of list decoding appears in
[11]. Applications of coding theory to complexity theory, especially those revolv-
ing around sub-linear algorithms, are surveyed in detail in [34].

1The capacity-achieving part was recently shown for codes lavge alphabets, specifically
explicit codes of rate close to-1 p that can be list decoded in polynomial time from a fraction
p of errors were constructed in [14]. For binary codes, the capacity for decoding a fraadion
errors equals + H(p), but we do not know how to achieve this constructively.
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We use the opportunity provided by this column to focus on the first line of
work on iterative (also called message-passing or belief propagation) algorithms
for decoding LDPC codes. This is in itself a vast area with numerous technically
sophisticated results. For a comprehensive discussion of this area, we point the
reader to the upcoming book by Richardson and Urbanke [25], which is an excel-
lent resource on this topic. The February 2001 issue of Volume 47 of the IEEE
Transactions on Information Theory is another valuable resource — this was a
special issue dedicated to iterative decoding and in particular contains the series
of papers [16, 17, 23, 22]. This sequence of papers is arguably one of the most
important post-Gallager developments in the analysis of iterative decoding, and it
laid down the foundations for much of the recent progress in this field.

Disclaimer: The literature on the subject of LDPC and related codes and belief
propagation algorithms is vast and diverse, and the author, not having worked on
the topic himself, is only aware of a small portion of it. Our aim will be to merely
provide a peek into some of the basic context, results, and methods of the area. We
will focus almost exclusively on LDPC codes, and important related constructions
such as LT codes, Raptor codes, Repeat-Accumulate codes, and turbo codes are
either skipped or only very briefly mentioned. While the article should (hopefully)

be devoid of major technical inaccuracies, we apologize for any inappropriate
omissions in credits and citations (and welcome comments from the reader if any
such major omissions are spotted).

Organization: We begin with some basic background information concerning
LDPC codes, the channel models we will study, and the goal of this line of study
in Section 2. In Section 3, we discuss how concatenated codes with an outer code
that can correct a small fraction of errors can be used to approach capacity, albeit
with a poor dependence on the gap to capacity. We then turn to message passing
algorithms for LDPC codes and describe their high level structure in Section 4.
With this in place, we develop and analyze some specific message passing algo-
rithms for regular LDPC codes in Section 5, establishing theoretical thresholds
for the binary erasure and binary symmetric channels. We then turn our focus to
irregular LDPC codes in Section 6, and discuss, among other things, how one
can use them to achieve the capacity of the binary erasure channel. Finally, in
Section 7, we discuss how one can achieve linear encoding time for LDPC codes,
and also discuss a variant called Irregular Repeat-Accumulate (IRA) codes that
are linear-time encodable by design and additionaffgramproved complexity-
vs-performance tradefis.
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2 Background

2.1 Linear and LDPC codes

We will focus exclusively on binary linear codes. A binary linear c@def block
length nis a subspace &) whereF, = {0, 1} is the field with two elements. The
rate of C, denotedR(C), equalsk/n wherek is the dimension o€ (as a vector
space oveif,); such a code is also referred to as ark] code. Being a linear
subspace of dimensidg the codeC can be described as the kernel of a matrix
H e FE™9" so thatC = {c € F} | Hc = 0} (we treat codewords as column
vectors for this description). The matiikis called theparity check matriyof the
codeC. In general, any choice dfl whose rows form a basis of the dual space
C* = {x € Fj | xX'c = 0Yc € C} describes the same code. Of special interest to
us here are codes that admisparseparity check matrix. In particular, we will
studylow-density parity chec.DPC) codes, which were introduced and studied
in Gallager's amazing work [8] that was way ahead of its time. LDPC codes are
described by a parity check matrix all of whose rows and columns have at most a
fixed constant number of 1's (the constant is independen).f

A convenient way to describe an LDPC code is in terms ofsitsor graph®
This is a natural bipartite graph defined as follows. On the left side aegtices,
calledvariablenodes, one for each codeword position. On the rightaten — k
vertices, callecchecknodes, one for each parity check (row of the parity check
matrix). A check node is adjacent to all variable nodes whose corresponding
codeword symbols appear in this parity check. In other words, the parity check
matrix of the code is precisely the bipartite adjacency matrix of the factor graph.

A special class of LDPC codes are regular LDPC codes where the factor graph
is both left-regular and right-regular. Regular LDPC codes were in fact the variant
originally studied by Gallager [8], as well as in the works of Mackay and Neal [18,
19] and Sipser and Spielman [29, 30] that sparked the resurgence of interest in
LDPC codes after over 30 years since Gallager's fiotkDPC codes based on
non-regular graphs, called irregular LDPC codes, rose to prominence beginning
in the work of Lubyet al [16, 17] (studying codes based on irregular graphs was

2We will throughout be interested in a family of codes of increasing block lengtith rate
k/n held a fixed constant. For convenience, we don't spell this out explicitly, but this asymptotic
focus should always be kept in mind.

3This graphical representation applies for any linear code. But the resulting graph will be
sparse, and hence amenable to linear time algorithms, only for LDPC codes.

4In the long interim period, LDPC codes went into oblivion, with the exception of two (known
to us) works. Zyablov and Pinsker [35] proved that for random LDPC codes, with high probability
over the choice of the code, Gallager’s algorithm corrected a constant fractiansifcasesrrors.
Tanner [33] presented an important generalization of Gallager’s construction and his decoding
algorithms, which was later important in the work on linear time decodable expander codes [29].
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one of the big conceptual leaps made in these works). We will return to this
aspect later in the survey. A popular choice of regular LDPC codes (with a rate of
1/2) are (36)-regular LDPC codes where variable nodes have degree 3 and check
nodes have degree 6.

2.2 Channel models and their capacity

Design of good LDPC codes, together with progress in analyzing natural message-
passing algorithms for decoding them, has led to rapid progress towards approach-
ing the capacity of important stochastic channels. We now review the main noise
models that we will be interested in.

Throughout, we deal with binary codes only. We will find it convenient to use
{+1, -1} (instead of{0, 1}) for the binary alphabet, wherel corresponds to the
bit 0 and-1 to the bit 1. Note the XOR operation becomes multiplication in the
+1 notation.

We will assume the channel’s operation torbemorylessso that each symbol
of the codeword is distorted independently according to the same channel law. So
to specify the noise model, it fiices to specify how the noise distorts a single in-
put symbol. For us the input symbol will always be eithdr, and so the channels
have as input alphabéf = {1, —1}. Their output alphabet will be denoted B¥
and will be diferent for the diferent channels. Upon transmission of a codeword
c € X", the wordy observed by the receiver belongs#3. The receiver must
then decode and hopefully compute the original transmitted codeward he
challenge is to achieve a vanishingly small error probability (i.e., the probabil-
ity of either a decoding failure or an incorrect decoding), while at the same time
operating at a good rate, hopefully close to the capacity of the channel.

We begin with the simplest noise model, tBimary Erasure ChanngBEC).
This is parameterized by a real numlegi0 < @ < 1. The output alphabet ¥ =
{1, -1, 7}, with ? signifying anerasure Upon inputx € X, the channel outputs
x with probability 1- @, and outputs ? with probability. The valuex is called
the erasure probability, and we denoteBBC, the BEC with erasure probability
a. For largen, the received word consists of about-{X)n unerased symbols
with high probability, so the maximum rate at which reliable communication is
possible is at most (2 @) (this holds even if the transmitter and receiver knew in
advance which bits will be erased). It turns out this upper bound can be achieved,
and Elias [5], who first introduced the BEC, also proved that its capacity equals
1-a).

The Binary Symmetric Chann€éBSC) is parameterized by a real numiger
0 < p < 1/2, and has output alphah#t = {1, -1}. On inputx € X, the channel
outputsbxwhereb = —1 with probabilityp andb = 1 with probability 1- p. The
valuep is called thecrossover probability The BSC with crossover probability
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is denoted byBSC,. The capacity o0BSC, is well known to be I H(p), where
H(p) = —plg p- (1 - p)lg(1 - p) is the binary entropy function.

Finally, we mention a channel with continuous output alphaeialled Bi-
nary Input Additive White Gaussian Noi@AWGN). Here Y equals the set of
real numbers, and the channel operation is modelgd=as+ zwherex € {+1} is
the input andz is a normal variable with mean 0 and variance(i.e., has proba-

2
bility density functionp(z) = #e‘ﬁ). We denote bBIAWGN, the BIAWGN

with varianceo?; its capacity is a function of /b-? alone, though there is no el-
ementary form expression known for the capacity (but it can be expressed as an
integral that can be estimated numerically). For rgt2, the largest- (Shannon

limit) for which reliable communication on the BIAWGN channel is possible is
(up to the precision giveryy, = 0.9787.

More generally, if we allow scaling of inputs, the capacity is a function of
the “signal-to-noise” raticcy /o2 whereEy is the energy expended per channel
use. If the inputs to the channel are not constrained tahebut instead can
take arbitrary real values, then it is well known that the capacity of the AWGN
channel equal% log, (1+ EN/o-Z) bits per channel use. In particular, in order
to achieve reliable communication at a rate ¢ ver the real-input AWGN
channel, a signal-to-noise ratio of 1, or 0 dB, is requiteBor the BIAWGN
channel, this ratio increases tgof,, = 1.044 or 0187 dB. Accordingly, the
yardstick to measure the quality of a decoding algorithm for an LDPC code of
rate /2 is how close to this limit it can lead to correct decoding with probability
tending to 1 (over the realization of the BIAWGN channel noise).

The continuous output of a BIAWGN channel can be quantized to yield a dis-
crete approximation to the original value, which can then be used in decoding. (Of
course, this leads to loss in information, but is often done for considerations of de-
coding complexity.) A particularly simple quantization is to decode a sigirab
1if x> 0 and into-1 if x < 0. This @fectively converts an AWGN channel with
varianceo? into a BSC with crossover probabilit®(1/0) = -+ f;; e X 2dx.

It should not come as a surprise that the capacity of the resulting BSC falls well
short of the capacity of the BIAWGN.

All the above channels have the followingtput-symmetrgroperty: For each
possible channel outpat p(y = gx = 1) = p(y = —q|x = -1). (Herep(y|x) de-
notes the conditional probability that the channel output equgileen the channel
input isx.)

We will focus a good deal of attention on the BEC. Being a very simple chan-
nel, it serves as a good warm-up to develop the central ideas, and at the same time
achieving capacity on the BEC with iterative decoding of LDPC codes is techni-
cally non-trivial. The ideas which were originally developed for erasure codes in

5In decibel notationd > 0 is equivalent to 10 log A dB.
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[16] have been generalized for more general channels, including the BSC and BI-
AWGN, with great success [17, 23, 22]. Yet, to date the BEC is the only channel
known for which one can provably get arbitrarily close to capacity via iterative
decoding of (an ensemble of) LDPC codes. So naturally, given our focus on the
theoretical aspects, the BEC is of particular interest.

2.3 Spirit of the results

The central goal of research in channel coding is the following: given a particular
channel, find a family of codes which have fast (ideally linear-time) encoding
algorithms and which can be reliably decoded in linear time at rates arbitrarily
close to channel capacity. This is, of course, also the goal of the line of work on
LDPC codes.

In “practice” one of the things that seems to get people excited are plots of
the signal-to-noise ratio (SNR) vs bit error probability (BER) for finite-length
codes found by non-trivial optimization based on theoretical insights, followed by
simulation on, say, the BIAWGN channel. Inspired by the remarkable success on
the BEC [16], this approach was pioneered for LDPC codes in the presence of
errors in [31, 17], culminating in the demonstration of codes for the BIAWGN
channel in [22] that beat turbo codes and get very close to the Shannon limit.

Since this article is intended for a theory audience, our focus will be on the
“worst” channel parameter (which we call threshold) for which one can prove that
the decoding will be successful with probability approaching 1 in the asymptotic
limit as the block length grows to infinity. The relevant channel parameters for
the BEC, BSC, and BIAWGN are, respectively, the erasure probability, crossover
probability, and the variance of the Gaussian noise. The threshold is like the
random capacity for givencode (or ensemble of codes) angaaticular decoder.
Normally for studying capacity we fix the channel and ask what is the largest rate
under which reliable communication is possible, whereas here we fix the rate and
ask for the worst channel under which probability of miscommunication tends to
zero. Of course, the goal is to attain as a large a threshold as possible, ideally
approaching the Shannon limit (for exampler- & for BEC, and 1- H(p) for
BSCy).

3 Simple concatenated schemes to achieve capacity
on BEC and BSC

We could consider the channel coding problem solved (at least in theory) on a
given channel if we have explicit codes, witkieient algorithms for encoding
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and reliable decoding at rates within any desigeaf capacity. Ideally, the run

time of the algorithms should be linear in the block lengthand also depend
polynomially on Ye. (But as we will see later, for certain channels like the BEC,

we can have a runtime dd(nlog(1/¢)), or even bettecn with ¢ independent

of &, if we allow randomization in the construction.) In this section, we discuss
some “simple” attacks on this problem for the BEC and BSC, why they are not
satisfactory, and the basic challenges this raises (some of which are addressed by
the line of work on LDPC codes).

For the BEC, once we have the description of the generator matrix of a linear
code that achieves capacity, we can decod@(irf) time by solving a linear sys-
tem (the decoding succeeds if the system has a unique solution). Since a random
linear code achieves capacity with high probability [5], we can sample a random
generator matrix, thus getting a code that works with high probability (together
with a cubic time algorithm). However, we do not know any methodedify
that the chosen code indeed achieves capacity. The drawbacks with this solution
are the cubic time and randomized nature of the construction.

A construction usingconcatenated codegets around both these shortcom-
ings. The idea originates in Forney’s work [7] that was the first to present codes
approaching capacity with polynomial time encoding and decoding algorithms.

Let @ be the erasure probability of the BEC and say our goal is to construct a
code of rate (I a — &) that enables reliable communication BEC,,. LetC; be
a linear time encodabiecodable binary code of rate {le/2) that can correct
a small constant fractiop = y(¢) > 0 of worst-casesrasures. Such codes were
constructed in [30, 1]. For the concatenated coding, we do the following. For
some parametds, we block the codeword df; into blocks of sizeb, and then
encode each of these blocks by a suitatuerbinary linear cod€, of dimension
b and rate (1- @ — £/2). The inner code will be picked so that it achieves the
capacity of theBEC,,, and specifically recovers the correct message with success
probability at least & y/2. Forb = b(e,y) = Q(%2), a random code meets
this goal with high probability, so we can find one by brute-force search (that takes
constant time depending only @

The decoding proceeds as one would expect: first each of the inner blocks
is decoded, by solving a linear system, returning either decoding failure or the
correct value of the block. (There are no errors, so when successful, the decoder
knows it is correct.) Since the inner blocks are chosen to be large enough, each
inner decoding fails with probability at mosy2. Since the noise on fiierent
blocks are independent, by a Cheffhbound, except with exponentially small
probability, we have at most a fractiorof erasures in the outer codeword. These
are then handled by the linear-time erasure decodeZ for

We conclude that, for thBEC,, we can construct codes of rate kv — ¢, i.e.,
within & of capacity, that can be encoded and decoded 4A® time. While this
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is pretty good, the brute-force search for the inner code is unsatisfying, and the
BEC is simple enough that better runtimes (suclOéslog(1/¢))) are achieved
by certain irregular LDPC codes.

A similar approach can be used for tBSC,. The outer cod&; must be
picked so that it can correct a small fraction of worst-cagers — again, such
codes of rate close to 1 with linear time encoding and decoding are known [30, 13].
Everything works as above, except that the decoding of the inner codes, where we
find the codeword o, closest to the received block, requires a brute-force search
and this takes®2= 2%%/=) time. This can be improved to polynomial ifielby
building a look-up table, but then the size of the look-up table, and hence the space
complexity and time for precomputing the table, is exponential/in 1

In summary, for th8SC,, we can construct codes of rate-H(p) — ¢, i.e.,
within & of capacity, that can be encodedife®® time and which can be reliably
decoded im2=*” time. It remains an important open question to obtain such a
result with decoding complexity/s°®), or even poly(/).6

We also want to point out that recently an alternate method using LP decoding
has been used to obtain polynomial time decoding at rates arbitrarily close to
capacity [6]. But this also sters from a similar poor dependence on the gap
capacity.

4 Message-passing iterative decoding: An abstract
view

4.1 Basic Structure

We now discuss the general structure of natural message-passing iterative decod-
ing algorithms, as discussed, for example, in [23]. In these algorithms, messages
are exchanged between the variable and check nodes in discrete time steps. Ini-
tially, each variable node;, 1 < j < n, has an associated received valyavhich

is a random variable taking values in the channel output alphHbeBased on

this, each variable sends a message belong to some message aih&bedm-

mon choice for this initial message is simply the received vaju®r perhaps

some quantized version of for continuous output channels such as BIAWGN.
Now, each check node processes the messages it receives from its neighbors,
and sends back a suitable messagkfito each of its neighboring variable nodes.
Upon receipt of the messages from the check nodes, each variable/;noskes

6We remark that asymptotically, withfixed andn — oo, the exponential dependence of 1
can be absorbed into an additional factor with a slowly growing dependenteHowever, since
in practice one is interested in moderate block length codes) sayP, a target runtime such as
O(n/¢) seems like a clean way to pose the underlying theoretical question.
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these together with its own received valyeto produce new messages that are
sent to its neighboring check nodes. This process continues for many time steps,
till a certain cap on the number of iterations is reached. In the analysis, we are in-
terested in the probability of incorrect decoding, such as the bit-error probability.
For every time step i € N, thei’th iteration consists of a round check-to-variable
node messages, followed by the variable nodes responding with their messages to
the check nodes. The 0'th iteration consists of dummy messages from the check
nodes, followed by the variable nodes sending their received values to the check
nodes.

A very important condition in the determination of the next message based on
the messages received from the neighbors is that message seaibimg an edge
e does not depend on the message just received along edgeseis important
so that only “extrinsic” information is passed along from a node to its neighbor
in each step. It is exactly this restriction that leads to the independence condition
that makes analysis of the decoding possible.

In light of the above restriction, the iterative decoding can be described in
terms of the following message map”) : i x M*1 — M for variable nodes
with degreed, for the £'th iteration, £ > 1, and¥{? : M®1 — M for check node
¢ with degreed.. Note the message maps can bi@edent for diferent iterations,
though several powerful choices exist where they remain the same for all iterations
(and we will mostly discuss such decoders). Also, while the message maps can
be diferent for diferent variable (and check) nodes, we will use the same map
(except for the obvious dependence on the degree, in case of irregular graphs).

The intuitive interpretation of messages is the following. A message is sup-
posed to be an estimate or guess of a particular codeword bit. For messages that
take+1 values, the guess on the bit is simply the message itself. We can also add
a third value, say 0, that would signify an erasure or abstention from guessing the
value of the bit. More generally, messages can take values in a larger discrete
domain, or even take continuous values. In these cases the sign of the message is
the estimated value of the codeword bit, and its absolute value is a measure of the
reliability or confidence in the estimated bit value.

4.2 Symmetry Assumptions

We have already discussed the output-symmetry condition of the channels we will
be interested in, i.ep(y = gx = 1) = p(y = —q/x = —1). We now mention two
reasonable symmetry assumptions on the message maps, which will be satisfied
by the message maps underlying the decoders we discuss:
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e Check node symmetry:Signs factor out of check node message maps, i.e.,
forall (by,...,bg 1) € {1, -1}%2

de-1

YO(byrmy, -+, by, 1My, 1) = [1_[ b

i=1

POMmy,---, My-1) -

e Variable node symmetry: If the signs of all messages into a variable node
are flipped, then the sign of its output gets flipped:

W (~mo, —my, -+, —my,-1) = (Mo, my, - M)

When the above symmetry assumptions are fulfilled and the channel is output-
symmetric, the decoding error probability is independent of the actual codeword
transmitted. Indeed, it is not hard (see, for instance [23, Lemma 1]) to show
that when a codeword{, . .., X,) is transmitted andy(, . . ., y,) is received where
yi = %z, the messages to and from the variable ngqdee equal tog times the
corresponding message when the all-ones codeword is transmitter and, ¢,)
is received. Therefore, the entire behavior of the decoder can be predicted from its
behavior assuming transmission of the all-ones codeword (recall that we are using
{1, -1} notation for the binary alphabet). So, for the analysis, we will assume that
the all-ones codeword was transmitted.

5 Regular LDPC codes and simple iterative de-
coders

We will begin with regular LDPC codes and a theoretical analysis of simple
message-passing algorithms for decoding them.

5.1 Gallager’s program

The story of LDPC codes and iterative decoding begins in Gallager's remark-
able Ph.D. thesis completed in 1960, and later published in 1963 [8]. Gallager
analyzed the behavior of a code picked randomly from the ensembtg, of )¢

regular LDPC codes of a large block length. He proved that with high probabil-
ity, asd, andd, increase, the rate vs. minimum distance traffesb the code
approaches the Gilbert-Varshamov bound. Gallager also analyzed the error prob-
ability of maximum likelihood (ML) decoding of randondy, d.)-regular LDPC

codes, and showed that LDPC codes are at least as good on the BSC as the op-
timum code a somewhat higher rate (refer to [8] for formal details concerning
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this statement). This demonstrated the promise of LDPC codes independently of
their decoding algorithms (since ML decoding is the optimal decoding algorithm
in terms of minimizing error probability).

To complement this statement, Gallager also proved a “negative” result show-
ing that for each finitel;, there is a finite gap to capacity on the BSC when using
regular LDPC codes with check node degrdg#lore precisely, he proved that
the largest rate that can be achievedB&C, with error probability going to zero

is at most 1- & wherepg, = LA-20%  This claim holds even for irregular
LDPC codes With?jc interpreted as the maximum check node degree. This shows
that the maximum check node degree needs to grow with the g&pween the
rate of the code and capacity of the BSC.

Since only exponential time solutions to the ML decoding problem are known,
Gallager also developed simple, iterative decoding algorithms for LDPC codes.
These form the precursor to the modern day message-passing algorithms. More
generally, he laid down the foundations of the following program for determining
the threshold channel parameter below which a suitable LDPC code can be used in
conjunction with a given iterative decoder for reliable information transmission.

Code construction: Construct a family of ¢, d.)-regular factor graphs with
variable nodes (for increasing with girth greater than&n) = Q(logn).
An explicit construction of such graphs was also given by Gallager [8, Ap-
pendix C]J.

Analysis of Decoder: Determine the average fraction of incorrechessages
passed at théth iteration of decoding foi < ¢ = ¢(n) (assuming there
are no cycles of length at mosf)4 This fraction is usually expressed by a
system of recursive equations that dependipd, and the channel param-
eter (such as crossover probability, in case of the BSC).

Threshold computation: Using the above equations, compute (analytically or
numerically) the threshold channel parameter below which the expected
fraction of incorrect messages approaches zero as the number of iterations
increases. Conclude that the chosen decoder when applied to this family of
codes with¢(n) decoding rounds leads to bit-error probability approaching
zero as long as the channel parameter is below the threshold.

The recent research on (irregular) LDPC codes shares the same essential fea-
tures of the above program. The keyfdience is that the requirement of an
explicit code description in Step 1 is relaxed. This is because for irregular graphs
with specific requirements on degree distribution, explicit constructions of large

A message is incorrect if the bit value it estimates is wrong. For transmission of the all-ones
codeword, this means the message has a non-positive value.
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girth graphs seem very hard. Instead, a factor graph chosen randomly from a
suitable ensemble is used. This raises issues such as the concentration of the per-
formance of a random code around the average behavior of the ensemble. It also
calls for justification of the large girth assumption in the decoding. We will re-
turn to these aspects when we begin our discussion of irregular LDPC codes in
Section 6.

We should point out that Gallager himself used random regular LDPC codes
for his experiments with iterative decoders for various channels such as the BSC,
the BIAWGN, and the Rayleigh fading channel. However, if we so desire, for the
analytic results, even explicit constructions are possible. In the rest of this section,
we assume an explicit large girth factor graph is used, and focus on the analysis of
some simple and natural iterative decoders. Thus the only randomness involved is
the one realizing the channel noise.

5.2 Decoding on the binary erasure channel

Although Gallager did not explicitly study the BEC, his methods certainly apply to
it, and we begin by studying the BEC. For the BEC, there is essentially a unique
choice for a non-trivial message-passing decoding algorithm. In a variable-to-
check message round, a variable whose bit value is known (either from the chan-
nel output or from a check node in a previous round) passes along its value to the
neighboring check nodes, and a variable whose bit value is not yet determined
passes a symbol (say 0) signifying erasure. In the check-to-variable message
round, a check node passes to a neighbaran erasure if it receives an era-
sure from at least one neighbor besideand otherwise passes the bit vahuo

v whereb is the parity of the bits received from neighbors other thaRormally,

the message maps are given as follows:

b if atleast one of,m,...,my,-; equalsb € {1, -1}

\P\(/o(r’ml"-"rm\/_l):{o ifl’=m1="':md’1zo

(Note that the map is well-defined since the inputs to a variable node will never
give conflicting+1 votes on its value.)

de—1
\Pg)(ml, o, Myg) = l_[ m
i=1
We note that an implementation of the decoder is possible that uses each edge
of the factor for message passing exactly once. Indeed, once a variable node’s
value is known, the bit value is communicated to its neighboring check nodes,
and this node (and edges incident on it) are removed from the graph. Each check
node maintains the parity of the values received from its neighboring variables so
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far, and updates this after each round of variable messages (note that it receives
each variable node’s value exactly once). When a check node has degree exactly
one (i.e., values of all but one of its variable node neighbors are now known), it
communicates the parity value it has stored to its remaining neighbor, and both
the check node and the remaining edge incident on it are deleted. This version of
the iterative decoder has been dubbedRbeling DecoderThe running time of

the Peeling Decoder is essentially the number of edges in the factor graph, and
hence it performs about, operations per codeword bit.

Let us analyze this decoding algorithm fbiterations, wherée is a constant
(chosen large enough to achieve the desired bit-error probability). We will as-
sume that the factor graph does not have any cycle of length at mésthith is
certainly true if it ha®2(log n) girth).

The following is crucial to our analysis.

Lemma 1. For each node, the random variables corresponding to the messages
received by it in the i'th iteration are all independent, fog i¢.

Let us justify why the above is the case. For this, we crucially use the fact that
the message sent along an edge, say fraoc, does not depend on the message
thatv receives front. Therefore, the information received at a check nofhe
situation for variable nodes is identical) from its neighbors inittieiteration
is determined by by a computation graph rooted,atith its d. variable node
neighbors as its children, they — 1 neighbors besides of each these variable
nodes as their children, thdy — 1 other neighbors of these check nodes as their
children, and so on. Since the girth of the graph is greater thahdcomputation
graph is in fact a tree. Therefore, the information received fogm its neighbors
in thei'th iteration are all independent.

Take an arbitrary edgev,(c) between variable nodeand check node. Let
us compute the probabilitp, that the message fromto c in thei'th iteration
is an erasure (using induction and the argument below, one can justify the claim
that this probability, which is taken over the channel noise, will be independent
of the edge and only depend on the iteration number, as long<ag). For
i =0, po = a, the probability that the bit value farwas erased by theEC,. In
the ( + 1)'st iteration,v passes an erasurecaff it was originally erased by the
channel, and it received an erasure from each dd,its 1 neighbors other than
c. Each of these neighboring check nodéé turn sends an erasure vaff at
least one neighbor af other thanv sent an erasure © during iteration — due
to the independence of the involved messages, this event occurs foc' neitle
probability (1- (1 — p)%1). Again, because the messages from various check
nodes tov in the ( + 1)’st round are independent, we have

Pr=a-(1-(1-p)Eh*rt. 1)
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By linearity of expectationp; is the expected fraction of variable-to-check
messages sent in thih iteration that are erasures. We would like to show that
lim,.. p, = 0, so that the bit-error probability of the decoding vanishes as the
number of iterations grows. The largest erasure probabkilftyr which this hap-
pens is given by the following lemma.

Lemma 2. The threshold erasure probability™"(d,,d.) for the BEC below
which the message-passing algorithm results in vanishing bit-erasure probabil-
ity is given by

P (dh, d) = min X . @)

xe[0,1] (1 _ (1 _ X)dc—l)d\,—l

Proof. By definition, «™P(dy,d.) = supa € [0,1] : limi_, pi = O} wherep
is as defined recursively in (1). Define the functiafg) = —7w=w=, and
f(a,x) = a(1 - (1 - X% )41 Also lete* = min 1 g(X). We wish to prove
thataMP(d,, d) = o".

If @ < o, then for everyx € [0,1], f(a,) = & < &% < x, and in fact
f(a,X) < xfor x € (0,1]. Hence it follows thatp,; = f(a, pi) < p and since
0 < f(a,x) < aforall x € [0, 1], the probability converges to a valpe, < [0, a].
Since f is continuous, we have., = f(«, p.), which impliesp.,, = 0 (since
f(a, X) < xfor x > 0). This shows tha#""(d,, d.) > o*.

Conversely, ifa > a*, then letxy € [0, 1] be such thatr > g(x). Then
a > fa, %) = ;(—)’(‘(‘j) > Xg, and of coursd (a, @) < a. Sincef(q, X) is a continuous
function of x, we must havd (a, X*) = x* for somex* € (X, a]. For the recursion
(1) with a fixed value ofy, it is easy to see by induction that i > pg, then
pi > pf foralli > 1. If p; = x*, then we havey) = x* for all i. Therefore, when
po = a = X*, we havep;, > x* for all i as well. In other words, the error probability
stays bounded below by irrespective of the number of iterations. This proves
thata™MP(d,, d) < o".

Together, we have exactly determined the threshold t@*be min,cy 1; 9(X).

Remark 3. Using standard calculus, we can determin&®(d,,d.) to be
(Hdl‘# wherey is the unique positive root of the polynomialxp = ((d, —

1)(de - 1) - 1)x*2 - 3% 3%, Note that when d= 2, p(1) = 0, so the thresh-

old equalsO. Thus we must pick,d> 3, and hence d > 4 (to have positive
rate). For the choice d= 3 and d = 4, p(X) is a quadratic and we can an-
alytically computea™?(3,4) ~ 0.6474 note that capacity for this rate equals
3/4 = 0.75. (The best threshold one can hope for equafsldsince the rate is at
leastl — d,/d..) Closed form analytic expressions for some other small values of
(dv, d) are given in [2]: for examplegMP (3, 5) ~ 0.5406(compare to capacity of
0.6) andaMP(3, 6) ~ 0.4294(compare to capacity d.5).

67



BEATCS no 90 THE EATCS COLUMNS

Theorem 4. For integers3 < d, < d., there exists an explicit family of binary

linear codes of rate at leagt - g— that can be reliably decoded in linear time on

BEC, provideda < o™?(dy, do).8

5.3 Decoding on the BSC

The relatively clean analysis of regular LDPC codes on the BEC is surely en-
couraging. As mentioned earlier, Gallager in fact did not consider the BEC in his
work. We now discuss one of his decoding algorithms for the BSC, that has been
dubbed Gallager’s Algorithm A, and some simple extensions of it.

5.3.1 Gallager's Algorithm A

The message alphabet of Algorithm A will eqyal—1}, so the nodes simply pass
guesses on codeword bits. The message maps are time invariant and do not depend
on the iteration number, so we will omit the superscript indicating the iteration
number in describing the message maps. The check nodes send a message to a
variable node indicating the parity of tieéherneighboring variables, or formally:

de-1

Wy, my 1) = [ [m.
i=1

The variable nodes send to a neighboring check node their original received value
unless the incoming messages from titleer check nodes unanimously indicate
otherwise, in which case it sends the negative of the received value. Formally,

o r ity = =my g =1
P(r My, ... My,-1) _{ r otherwise

As in the case of BEC, we will track the expected fraction of variable-to-check
node messages that are erroneous in'theteration. Since we assume the all-
ones codeword was transmitted, this is simply the expected fraction of messages
that equal-1. Let p; be the probability (over the channel noise) that a particular
variable-to-check node message in iteratiequals-1 (as in the case of the BEC,

this is independent of the actual edge ffor ¢). Note that we havgy = p, the
crossover probability of the BSC.

80ur analysis showed that the bit-error probability can be made below any desireiby
picking the number of iterations to be a large enough constant. A more careful analysis using
£(n) = Q(logn) iterations shows that bit-error probability is at most exp) for some constant
B = B(dy, dc). By a union bound, the entire codeword is thus correctly recovered with high proba-
bility.
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Itis a routine calculation using the independence of the incoming messages to
prove the following recursive equation [8, Sec. 4.3], [23, Sec IlI]:

_ \de—1 d—-1 _ _ \de—1 d-1
poa= o po B2 gy (T

For a fixed value ofy, pi;1 is a increasing function of;, and for a fixed value
of pi, piz1 is an increasing function ob,. Therefore, by inductiorp; is an in-
creasing function ofpy. Define the threshold value of this algorithm “A" as
pA(dy,do) = sudpo € [0,1] : lim. . p, = 0}. By the above argument, if the
crossover probability < pA(dy, d.), then the expected fraction of erroneous mes-
sages in thé'th iteration approaches 0 &s— .

Regardless of the exact quantitative value, we want to point out that when
dy > 3, the threshold is positive. Indeed, fy> 2, for small enouglpy > 0, one
can see thap;,; < p; for 0 < p; < poandpi,; = p; for p; = 0, which means that
Iimi%o Pi = 0.

Exact analytic expressions for the threshold have been computed for some spe-
cial cases [2]. This is based on the characterizatigo®¢d,, d.) as the supremum
of all po > 0 for which

1+ (1= 2x)% 1\ 1— (1= 2x)% 1\
X=Po-— po(%) + (1 - po) (%)

does not have a strictly positive solutiamwith x < po. Below are some example
values of the threshold (up to the stated precision). Note that the rate of the code
is 1 - dy/d. and the Shannon limit isi~(d,/d.) (whereH %(y) for0 <y < 1is
defined as the unique value 0t [0, 1/2] such thatH(x) = y).

0.106 0.215
0.0612 | 0.146

dy | de | pA(dy,d) | Capacity
3 |6 |0.0395 0.11

4 1/21 0.11

5 0| 1/36 0.11

4 1/15 0.174

3

3

(62 N N o]

5.3.2 Gallager’s Algorithm B

Gallager proposed an extension to the above algorithm, which is now called Gal-
lager’s Algorithm B, in which a variable node decides to flip its value in an outgo-
ing message when at ledsof the incoming messages suggest that it ought to flip
its value. In Algorithm A, we have = d,— 1. The threshold can also depend on
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the iteration number, and we will denote bythis value during thé&'th iteration.
Formally, the variable message map in itie iteration is given by

i —r if|{j:mj=-r}| > b
My, My ) :{ r otherwisje
The check node message maps remain the same. The threshold should be greater
than @, — 1)/2 since intuitively one should flip only when more check nodes
suggest a flip than those that suggest the received value. Sodyher8, the
above algorithm reduces to Algorithm A.

Defining the probability of an incorrect variable-to-check node message in the

i'th iteration to bep;, one can show the recurrence [8, Sec. 4.3]:

d-1 ~ \de—11\ | = \de—1\ hv—1-]
o a1y (1+ (@ -2p)% 1 (1-(1-2p)*
pi+1—p0_p0.;(j)( 2 2

1=0i+1

d-1 RN ot [N R
e 3L ey

j=bi+1

The cut-df valueb;,; can then be chosen to minimize this value. The solution to
this minimization is the smallest intege;.; for which

1-Po < (1 + (- 2§i)dcl)2bi+1—d\/+l
o ~\1-(1-2p)%1 .

By the above expression, we see thapadetreasedy,; never increases. And,
asp; is suficiently small,b;,, takes the valué,/2 for evend, and @, + 1)/2 for
oddd,. Therefore, a variable node flips its value when a majority ofdhe 1
incoming messages suggest that the received value was an error. We note that
this majority criterion for flipping a variable node’s bit value was also used in
decoding of expander codes [29].

Similar to the analysis of Algorithm A, using the above recurrence, one can
show that wherd, > 3, for suficiently smallp, > 0, we havep;;; < p; when
0 < pi < po, and of course whep; = 0, we havep;,; = 0. Therefore, when
d, > 3, for small enoughp, > 0, we have lim,., pi = 0 and thus a positive
threshold.

The values of the threshold of this algorithm for small paiktsd.) appear in
[23]. For the pairs (48), (4 6) and (510) the thresholds are abou081, 0074,
and 0041 respectively. For comparison, for these pairs Algorithm A achieved a
threshold of about.047, Q066, and W27 respectively.
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5.3.3 Using Erasures in the Decoder

In both the above algorithms, each message made up its mind on whether to guess
1 or-1 for a bit. But it may be judicious to sometimes abstain from guessing, i.e.,

to send an “erasure” message (with value 0), if there is no good reason to guess
one way or the other. For example, this may be the appropriate course of action
if a variable node receives one-half 1's and one-hdlk in the incoming check

node messages. This motivates an algorithm with message alghabetl} and

the following message maps (in iteratién

-1
PO, my, my, ..., My, 1) = sgn [vv“)r + Z mj]
j=1
and
de-1
POy, mp, ..., my_1) = l_[ m; .
j=1
The weightw( dictates the relative importance given to the received value com-
pared to the suggestions by the check nodes if’thdteration. These weights
add another dimension of design choices that one can optimize.

Exact expressions for the probabilitigs? and p®) that a variable-to-check
message is an error (equal§) and an erasure (equals 0) respectively initie
iteration can be written down [23]. These can be used to pick appropriate weights
W, For the (36)-regular codep® = 2 andw® = 1 fori > 2 is reported as
the optimum choice in [23], and using this choice the resulting algorithm has a
threshold of about.07, which is a good improvement over th®0 achieved by
Algorithm A. More impressively, this is close to the threshold @8 achieves
by the “optimal” belief propagation decoder. A heuristic to pick the weigiis
is suggested in [23] and the threshold of the resulting algorithm is computed for
small values ofd,, d;).

5.4 Decoding on BIAWGN

We now briefly turn to the BIAWGN channel. We discussed the most obvious
guantization of the channel output which converts the channel to a BSC with
crossover probabilityd(1/0). There is a natural way to incorporate erasures into
the quantization. We pick a threshotdaround zero, and quantize the AWGN
channel output into —1, 0 (which corresponds to erasure), or 1 depending on
whetherr < -7, -t <r < 7, orr > 7, respectively. We can then run exactly

the above message-passing algorithm (the one using erasures). More generally,
we can pick a separate threshaidfor each iteratiori — the choice ofr; and
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w) can be optimized using some heuristic criteria. Using this approach, a thresh-
old of o* = 0.743 is reported for communication using a §pregular LDPC

code on the BIAWGN channel. This corresponds to a raw bit-error probability

of Q(1/0*) = 0.089, which is almost 2% greater than the threshold crossover
probability of about M7 achieved on the BSC. So even with a ternary message
alphabet, providing soft information (instead of quantized hard bit decisions) at
the input to the decoder can be lead to a good performance gain. The belief prop-
agation algorithm we discuss next uses a much large message alphabet and yields
further substantial improvements for the BIAWGN.

5.5 The belief propagation decoder

So far we have discussed decoders with quantized, discrete messages taking on
very few values. Naturally, we can expect more powerful decoders if more de-
tailed information, such as real values quantifying the likelihood of a bit being
+1, are passed in each iteration. We now describe the “belief propagation” (BP)
decoder which is an instance of such a decoder (using a continuous message al-
phabet). We follow the description in [23, Sec. 1lI-B]. In belief propagation, the
messages sent along an edgepresent the posterior conditional distribution on

the bit associated with the variable node incidenteorThis distribution corre-
sponds to a pair of nonnegative repis p_; satisfyingp, + p_1 = 1. This pair can

be encoded as a single real number (includiag) using the log-likelihood ratio

log % and the messages used by the BP decoder will follow this representation.

Each node acts under the assumption that each message communicated to it
in a given round is a conditional distribution on the associated bit, and further
each such message is conditionally independent of the others. Upon receiving the
messages, a node transmits to each neighbor the conditional distribution of the
bit conditioned on all informatioexcepthe information from that neighbor (i.e.,
only extrinsic information is used in computing a message). If the graph has large
enough girth compared to the number of iterations, this assumption is indeed met,
and the messages at each iteration reflect the true log-likelihood ratio given the
observed values in the tree neighborhood of appropriate depth.

If 14,15, ..., 1k are the likelihood ratios of the conditional distribution of a bit
conditioned on independent random variables, then the likelihood ratio of the bit
value conditioned on all of the random variables equas, l;. Therefore, log-
likelihoods of independent messages add up, and this leads to the variable message
map (which is independent of the iteration number):

d-1
\Pv(nbaml’---srnj\,—l) = Zm
i=0
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wheremy is the log-likelihood ratio of the bit based on the received value (eg., for
theBSC,, my = r log LP \wherer € {1, -1} is the received value).

The performance of the decoder is analyzed by tracking the evolution of the
probability density of the log-likelihood ratios (hence the name “density evolu-
tion” for this style of analysis). By the above, given densitsP;, ..., Pq,1
on the real quantitiesy, my, ..., my 1, the density oft',(mp, my, ..., my,-1) is the
convolutionPy ® P; ® - - - ® Py, over the reals of those densities. In the compu-
tation, one ha®, = P, = --- = Py, and the densities will be quantized, and the
convolution can beféciently computed using the FFT.

Let us now turn to the situation for check nodes. Givenhitd < i < k, with
independent probablllty dlstrlbutlonspl( p_l) what is the distribution gy, p_1)
of the bitb = [T¥, b;? We have the expectation

E[b] = E[[ [b]=[ [ Elb] =] [P~ Pl

Therefore we havg, — p_1 = 1‘[, (P, = p ). Now if mis the log-likelihood
ratio Iog , thenp; — p_1 = e,m = tanhfn/2). Conversely, ifp; — p_1 = g, then

log ;’1 Iog 1*3 These calculations lead to the following check node map for the
log-likelihood ratio:

1+n 'tanhfn/2)
1- H Ltanhfm /2)

It seems complicated to track the densityi{my, my, ..., my_;) based on those

of themy’s. However, as shown in [23], this can be also be realized via a Fourier
transform, albeit with a slight change in representation of the conditional prob-
abilities (p;, p-1). We skip the details and instead point the reader to [23, Sec.
l1-B].

Using these ideas, we have difieetive algorithm to recursively compute, to
any desired degree of accuracy, the probability deri@ityof the log-likelihood
ratio of the variable-to-check node messages inétie iteration, starting with
an explicit description of the initial densi§®. The initial density is simply the
density of the log-likelihood ratio of the received value, assuming transmission of
the all-ones codeword; for example, B8C, the initial densityP© is given by

lIlC(ml’ rnZ’ D] mdc—l) = |0

PO(x) = ps (x —log I f p) +(1-p)o (x —log 1_Tp) ,

whered(X) is the Dirac delta function.
The threshold crossover probability for the BSC and the threshold variance
for the BIAWGN under belief propagation decoding for various small values of
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(dy, d;) are computed by this method and reported in [23]. For thé)(BDPC
code, these thresholds are respectivgly= 0.084 (compare with Shannon limit
of 0.11) ando™ = 0.88 (compare with Shannon limit of@787).

The above numerical procedure for tracking the evolution of densities for be-
lief propagation and computing the associated threshold to any desired degree of
accuracy has since been applied with great success. In [22], the authors apply this
method to irregular LDPC codes with optimized structure and achieve a threshold
of o* = 0.9718 with rate 12 for the BIAWGN, which is a mere.06 dB way from
the Shannon capacity limit.

6 Irregular LDPC codes

Interest in LDPC codes surged following the seminal paper [16] that initiated
the study of irregular LDPC codes, and proved their potential by achieving the
capacity on the BEC. Soon, it was realized that the benefits of irregular LDPC
codes extend to more powerful channels, and this led to a flurry of activity. In this
section, we describe some of the key elements of the analytic approach used to to
study message-passing decoding algorithms for irregular LDPC codes.

6.1 Intuitive benefits of irregularity

We begin with some intuition on why one might expect improved performance
by using irregular graphs. In terms of iterative decoding, from the variable node
perspective, it seems better to have high degree, since the more information it
gets from check nodes, the more accurately it can guess its correct value. On the
other hand, from the check node perspective, the lower its degree, the more valu-
able the information it can transmit back to its neighbors. (The XOR of several
mildly unpredictable bits has a much larger unpredictability.) But in order to have
good rate, there should be far fewer check nodes than variable nodes, and there-
fore meeting the above competing requirements is challenging. Irregular graphs
provide significantly more flexibility in balancing the above incompatible degree
requirements. It seems reasonable to believe that a wide spread of degrees for
variable nodes could be useful. This is because one might expect that variable
nodes with high degree will converge to their correct value quickly. They can then
provide good information to the neighboring check nodes, which in turn provide
better information to lower degree variable nodes, and so on leading to a cascaded
wave dfect.

9The threshold signal-to-noise ratig(&*)? = 0.2487 dB, and the Shannon limit for rat¢21
is 0.187 dB.
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The big challenge is to leap from this intuition to the design of appropriate
irregular graphs where this phenomenon provably occurs, and to provide analytic
bounds on the performance of natural iterative decoders on such irregular graphs.

Compared to the regular case, there are additional technical issues revolving
around how irregular graphs are parameterized, how they are constructed (sam-
pled), and how one deals with the lack of explicit large-girth constructions. We
discuss these issues in the next two subsections.

6.2 The underlying ensembles

We now describe how irregular LDPC codes can be parameterized and constructed
(or rather sampled). Assume we have an LDPC code mitariable nodes with

Aj variable nodes of degréeandP; check nodes of degréeWe have}’; A; = n,

and ) iA; = >, iP; as both these equal the number of edges in the graph. Also
> Pi = n(1-r) wherer is the designed rate of the code. Itis convenient to capture
this information in the compact polynomial notation:

d\V’naX dgla)(
A(X) = ZAix‘ , P(X) = Z PX .
= =

We call the polynomial#. andP the variable and check degree distributions from
a node perspective. Note tha(1l) is the number of variable nodeB(1) the
number of check nodes, and(1) = P’(1) the number of edges.

Given such a degree distribution pai, ), let LDPC(A, P) denote the “stan-
dard” ensemble of bipartite (multi)graphs witl{1) variable nodes ané(1) check
nodes, withA; variable nodes anB; check nodes of degrée This ensemble is
defined by taking\’(1) = P’(1) “sockets” on each side, allocatingockets to a
node of degreéin some arbitrary manner, and then picking a random matching
between the sockets.

To each member afDPC(A, P), we associate the code of which it is the factor
graph. A slight technicality: since we are dealing with multigraphs, in the parity
check matrix, we place a non-zero entry at roand columnj iff theith check
node is connected to theh variable node anddnumber of times. Therefore, we
can think of the above as an ensemble of codes, and by abuse of notation also refer
to itasLDPC(A, P). (Note that the graphs have a uniform probability distribution,
but the induced codes need not.) In the sequel, our LDPC codes will be obtained
by drawing a random element from the ensem®C(A, P).

To construct a family of codes, one can imagine using a normalized degree
distribution giving thefraction of nodes of a certain degree, and then considering
an increasing number of nodes. For purposes of analysis, it ends up being conve-
nient to use normalized degree distributions frometigeperspective. Let; and
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pi denote the fraction ofdgesncident to variable nodes and check nodes of de-
greei respectively. That is}; (resp.p;) is the probability that a randomly chosen
edge is connected to a variable (resp. check) node of degfbéese distributions
can be compactly written in terms of the power series defined below:

A=) X p() =) px

It is easily seen that() = £& andp(X) = . If M is the total number
of edges, then the number of variable nodes 012 degexpialsM /i, and thus

the total number of variable nodesli4 }; Ai/i. It follows that that the average

variable node degree equ S = m Likewise, the average check node
0
degree equals—2—. It follows that the designed rate can be expressed in terms
g q m g p
of A,p as
1
| p(2dz
r=r(p)=1-="——. (4)
J, A2dz

We also have the inverse relationships

AX) fox/l(z)dz PX) foxp(z)dz

- , - : 5
N ffa@dz "A-0 0 [fp)dz ©)

Therefore, A, P) and f, 4, p) carry the same information (in the sense we can
obtain each from the other). For the asymptotic analysis wenjded) to refer to
the LDPC code ensemble. There is a slight technicality that for spthe (A, P)
corresponding tor, 1, p) may not be integral. In this case, rounding the individual
node distributions to the closest integer has negligilfiece on the asymptotic
performance of decoder or the rate, and so this annoyance may be safely ignored.
The degree distributiont p play a prominent role in the line of work, and the
performance of the decoder is analyzed and quantified in terms of these.

6.3 Concentration around average performance

Given a degree distribution paif, () and a block length, the goal is to mimic
Gallager’s program (outlined in Section 5.1), using a factor graph with degree
distribution @, p) in place of a §,, d.)-regular factor graph. However, the task of
constructing explicit large girth graphs obeying precise irregular degree distribu-
tions seems extremelyflicult. Therefore, a key fierence is to give up on ex-
plicitness, and rather sample an element from the ensdi€(n, 4, p), which

can be done easily as mentioned above.

76



The Bulletin of the EATCS

It is not very dificult to show that a random code drawn from the ensemble
will have the needed girth (and thus be tree-like in a local neighborhood of every
edgevertex) with high probability; see for instance [23, Appendix A]. A more
delicate issue is the following: For the irregular case the neighborhood trees out
of different nodes have a variety offdirent possible structures, and thus analyz-
ing the behavior of the decoder on a specific factor graph (after it has been sam-
pled, even conditioning on it having large girth) seems hopeless. \&/featsible,
however, is to analyze theveragebehavior of the decoder (such as the expected
fraction, sayPﬁf"’)({’), of erroneous variable-to-check messages in¢itheitera-
tion) taken over all instances of the code drawn from the ensebli#€(n, 4, p)
and the realization of the channel noise. It can be shown that-aso, Pﬁf"’)({’)
converges to a certain quantlﬂ%"”(ﬁ), which is defined as the probability (taken
over both choice of the graph and the noise) that an incorrect message is sent in
the'th iteration along an edger(c) assuming that the deptlf Beighborhood out
of vis atree.

In order to define the probability(;"’)(f) more precisely, one uses a “tree en-
semble™7;(1, p) defined inductively as followsT (1, p) consists of the trivial tree
consisting of just a root variable node. Roe 1, to sample fronv (4, p), first
sample an element from;_,(4,p). Next for each variable leaf node (indepen-
dently), with probability4;,; attachi check node children. Finally, for each of the
new check leaf nodes, independently attaghriable node children with proba-
bility pi,1. The quantityPSﬂ”’)(f) is then formally defined as the probability that
the outgoing message from the root node of a samigtem 7;(4, p) is incorrect,
assuming the variable nodes are initially labeled with 1 and then the channel noise
acts on them independently (the probability is thus both over the channel noise
and the choice of the samplefrom 7;(4, p)).

The convergence P} (¢) to P%*)(¢) is a simple consequence of the fact
that, for a random choice of the factor graph fraeBPC(n, 4, p), the depth 2
neighborhood of an edge is tree-like with probability tending to & gets larger
(for more details, see [23, Thm. 2]).

The quantityP,(,f”’)(f) for the case of trees is easily computed, similar to the
case of regular graphs, by a recursive procedure. One can then determine the
threshold channel parameter for whieft”)(¢) — 0 ast — co.

However, this only analyzed theveragebehavior of the ensemble of codes.
What we would like is for a random code drawn from the ensembRC(n, 4, p)
to concentrate around the average behavior with high probability. This would
mean that almost all codes behave alike and thus the individual behavior of almost
all codes is characterized by the average behavior of the ensemble (which can
be computed as outlined above). A major success of this theory is that such a
concentration phenomenon indeed holds, as shown in [17] and later extended to
a large class of channels in [23]. The proof uses martingale arguments where the
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edges of the factor graph and then the inputs to the decoder are revealed one by
one. We refrain from presenting the details here and point the reader to [17, Thm.
1] and [23, Thm. 2] (the result is proved for regular ensembles in these works but
extends to irregular ensembles as long as the degrees in the graph are bounded).
In summary, it sffices to analyze and bouR}"*)(¢), and if this tends to 0 as
¢ — oo, then in the limit of a large number of decoding iterations, for almost all
codes in the ensemble, the actual bit error probability of the decoder tends to zero
for large enough block lengths.

Order of limits: A remark on the order of the limits might be in order. The
proposed style of analysis aims to determine the threshold channel parameter for
which lim_. limy_. E[P$*)(€)] = 0. Thatis, we first fix the number of iterations

and determine the limiting performance of an ensemble as the block length tends
to infinity, and then let the number of iterations tend to infinity. Exchanging the
order of limits gives us the quantity lime limn_. E[P{(£)]. Itis this limit that
corresponds to the more typical scenario in practice where for each fixed block
length, we let the iterative decoder run until no further progress is achieved. We
are then interested in the limiting performance as the block length tends to infinity.
For the BEC, it has been shown that for both the orders of taking limits, we get
the same threshold [25, Sec. 2.9.8]. Based on empirical observations, the same
has been conjectured for channels such as the BSC, but a proof of this seems to
be out of sight.

6.4 Analysis of average performance for the BEC

We now turn to analyzing the average behavior of the ensebiDRC(n, A, o)

under message-passing decoding on the BEC. (The algorithm for regular codes
from Section 5.2 extends to irregular codes in the obvious fashion — the message
maps are the same except the maps ¢ dint nodes will have fferent number

of arguments.)

Lemma 5 (Performance of tree ensemble channel on BECTonsider a degree
distribution pair(4, p) and a real numbe® < @ < 1. Define ¥ = @ and for¢ > 1,

Xe = ad(1-p(1—Xe-1)) - (6)
Then, for the BEC with erasure probability for every¢ > 1, we have £9)(¢) =
Xe.
Proof. The proof follows along the lines of the recursion (1) that we established
for the regular case. The case= 0 is clear since the initial variable-to-check

message equals the received value which equals an erasure with prohability
Assume that for X i < ¢, Pf,f"’)(i) = ¥. In the’th iteration, a check-to-variable

78



The Bulletin of the EATCS

node message sent by a degrebeck node is the erasure message if any of the
(i — 1) incoming messages is an erasure, an event that occurs with probability
1 - (1 - x.1)"* (since the incoming messages are independent and each is an
erasure with probabilityk,_; by induction). Since the edge has probabifityto

be connected to a check node of degrethe erasure probability of a check-
to-variable message in th&h iteration for a randomly chosen edge is equal to
Sipi(l=(1=x%._1)) = 1-p(1-x,_1). Now consider a variable-to-check message

in the ¢'th iteration sent by a variable node of degied his is an erasurdfithe

node was originally erased and each of thel() incoming messages are erasures.
Thus it is an erasure with probabilits(1—o(1-x,_1))' 1. Averaging over the edge
degree distributiori(-), we haveP(T‘”J)({’) = ad(1-p(1 - X,_1)) = X. ]

The following lemma yields the threshold erasure probability for a given de-
gree distribution pairA, ). The proof is identical to Lemma 2 — we simply
use the recursion (6) in place of (1). Note that Lemma 2 is a special case when
A2 = 2 tandp(2) = 1.

Lemma 6. For the BEC, the threshold erasure probability” (1, p) below which
the above iterative message passing algorithm leads to vanishing bit-erasure
probability as the number of iterations grows is given by

. X
a™P(1,p) = mi

Ao AL —p(L—x)) ° Q)

6.5 Capacity achieving distributions for the BEC

Having analyzed the performance possible on the BEC for a given degree distri-
bution pair @, p), we now turn to the question of what pairk §), if any, have a
threshold approaching capacity. Flzecalling the designed rate from (4), the goal is
to find (1, p) for which @™ (1, p) ~ —}ZZEZZE

We now discuss a recipe for constructing such degree distributions, as dis-
cussed in [20] and [25, Sec. 2.9.11] (we follow the latter description closely).
In the following we use parametefs> 0 and a positive integeX that will be
fixed later. LetD be the space of non-zero functions [0, 1) — R* which are
analytic around zero with a Taylor series expansion comprising of non-negative
codficients. Pick functiongd,(x) € D andpy(x) € D that satisfyp,(1) = 1 and

(1 —pe(1-X) =x, V¥xe[0,1). (8)
Here are two example choices of such functions:
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1. Heavy-Tail Poisson Distribution [16], dubbed “Tornado sequence” in the
literature. Here we take

po(x) = €= *HZ—

2. Check-concentrated degree distribution [28]. Her&fer(0, 1) so that 16
is an integer, we take

o)

W) = 1-(1-%"=) (?)(_1)ilxi and
i=1

XM

po(X)

Let 2 (x) be the function consisting of the firltterms (up to the~* term)
of the Taylor senes expansmn af(x) around zero, and define the normalized

function A0V (x) = W( . ) (for large enougtN, (1) > 0, and so this polynomial

has positive coficients). For suitable paramete¥sg, the pair @gN), pg) Will be
our candidate degree distribution p&irThe non-negativity of the Taylor series
cosficients of,(x) implies that forx € [0,1], A,(x) > AM(x), which together
with (8) gives

X = Ag(L = po(1 = %)) = AL = po(1 = %)) = WAL - po(1 - X)) -

By the characterization of the threshold in Lemma 6, it follows H‘i’ﬁt(/lf;“),pg) >
AM(1). Note that the designed rate equals

Jy po(2)dz

-1- Q(N) j(; pg(Z)dZ
A @dz

=1, pp) = 1~
r r( 0 ,,09) 0 f A(N)(Z)dz

Therefore, given a target erasure probabilifto communicate at rates close
to capacity 1- a, the functionsl{" andp, must satisfy

Jy po(2)dz

N1~ e and—==
‘ ANz

—lasN - oo (9)

10/f the power series expansion @f(x) is infinite, one can truncate it at affgiently high term
and claimed bound on threshold still applies. Of course for the check-concentrated distribution,
this is not an issue!
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For example, for the Tornado sequenéﬁ,)(l) = %Z‘“Nf.l = w where
H(m) is the Harmonic function. Hence, pickir@gz H-D ensures that the thresh-
old is at leastr. We havef AM@dz = ol oy = 8 andf0 po(2)dz =

f oz _ = (1- e H(N-D/oy(1 — 1/N) - 1 asN — oo, as desired.

' ANz

Thus the degree distribution pair is explicitly given by

N-1 i

HN-1)
/l(N)(X) _ H(N 52 Z p(N)(X) —g o« 1)

Note that pickingN ~ 1/¢ yields a rate (X &)a for reliable communication
onBEC,. The average variable node degree eq N ™ H(N - 1) ~ InN.
0

Therefore, we conclude that we achieve a rate within a multiplicative factes)(1
of capacity with decoding complexi®(nlog(1/¢)).

For the check-concentrated distribution, if we want to achig&1%", p,) >
a and a rater > (1 - €)a, then it turns out that the choicd ~ 1/¢ and
1/0 = [/~ “'1”1“‘01 works. In particular, this means that the factor graph has at
most O(n Iog(l/s)) edges, and hence the “Peeling decoder” will again run in
O(nlog(1/e)) time.

One might wonder that among the various capacity achieving degree distribu-
tions that might exist for the BEC, which one is the “best” choice? It turns out that
in order to achieve a fraction @ ¢) of capacity, the average degree of the factor
graph has to b&(In(1/¢)). This is shown in [26] using a variant of Gallager's
argument for lower bounding the gap to capacity of LDPC codes. In fact, rather
precise lower bounds on the sparsity of the factor graph are known, and the check-
concentrated distribution is optimal in the sense that it matches these bounds very
closely; see [26] for the detailed calculations.

In light of the above, it might seem that check-concentrated distributions are
the final word in terms of the performance-complexity tradleWhile this is true
in this framework of decoding LDPC codes, it turns out by using more compli-
cated graph based codes, called Irregular Repeat-Accumulate Codes, even better
trade-df's are possible [21]. We will briefly return to this aspect in Section 7.

6.6 Extensions to channels with errors

Spurred by the remarkable success of [16] in achieving capacity of the BEC, Luby
et al[17] investigated the performance of irregular LDPC codes for the BSC.

In particular, they considered the natural extension of Gallager's Algorithm
B to irregular graphs, where in iteration a variable node of degrepuses a
thresholdo; ; for flipping its value. Applying essentially the same arguments as in
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Section 5.3.2, but accounting for the degree distributions, one gets the following
recurrence for the expected fractippof incorrect variable-to-check messages in
the¢'th iteration:

@ o Ntir o i
Pa=Po—Poy. > (J;l)(“ﬂ(; 2p.))(1 p(l2 2p.))

j=1t=bi,1j

o _op)\ it a1t
+(1-po) ). Z(‘f)(“p(lz 2p.)) (1 p(12 2p.))

=1 t=bisqj

As with the regular case, the cuffwalueb,; j can then be chosen to minimize
the value ofpi,1, which is given by the smallest integer for which

1-po _ (1 +p(1- 2pi))2b““”

Po ~\1-p(1-2p)

Note that Bi.1; — j + 1 = bisaj — (j — 1 - bisaj) equals the dierence between

the number of check nodes that agree in the majority and the number that agree

in the minority. Therefore, a variable node’s decision in each iteration depends on

whether this dference is above a certain threshold, regardless of its degree.
Based on this, the authors of [17] develop a linear programming approach

to find a goodi given a distributiorp, and use this to construct some good de-

gree distributions. Then using the above recurrence they estimate the theoreti-

cally achievable threshold crossover probability. Following the development of

the density evolution algorithm to track the performance of belief propagation de-

coding [23], the authors of [22] used optimization techniques to find good irreg-

ular degree distributions for belief propagation decoding. The BIAWGN channel

was the primary focus in [22], but the authors also list a few examples that demon-

strate the promise of the techniques for other channels. In particular, for the BSC

with rate 1/2, they report a degree distribution pair with maximum variable node

degree 75 and check-node distributigm) = 0.25x° + 0.75x° for which the com-

puted threshold is.@06, which is quite close to the Shannon capacity linfitl0

The techniques were further refined and codes with ra2eahd a threshold of

o* = 0.9781 (whose SNR is within.0045 dB of capacity) were reported for the

BIAWGN in [3] — these codes use only twoftkrent check node degregg + 1

for some integej > 2.

7 Linear encoding time and Repeat-Accumulate
Codes

The linear decoding complexity of LDPC codes is one of their attractive features.
Being linear codes, they generically admit quadratic time encoding. In this sec-
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tion, we briefly discuss how the encoding complexity can be improved, and give
pointers to where results in this vein can be found in more detalil.

The original Tornado codes paper [16] achieved linear time encoding using a
cascade of several low-density generator matrix (LDGM) codes. In LDGM codes,
the “factor” graph is actually used to compute actual check bits frork thessage
bits (instead of specifying parity checks that the codeword bits must obey). Due
to the sparse nature of the graph, the check bits can be computed in linear time.
These check bits are then used as message bits for the next layer, and so on, till the
number of check bits becoméX Vk). These final set of check bits are encoded
using a quadratic time encodable linear code.

We now mention an alternate approach to achieve linear time encoding for
LDPC codes themselves (and not a cascaded variant as in [16]), based on finding
a sparse parity check matrix with additional nice properties.H etF;>" be the
parity check matrix of an LDPC code of dimensior m. By means of row and
column operations, we can convéitinto a formH where the lasm columns
are linearly independent, and moreover tfng m submatrix consisting of the last
m columns is lower triangular (with 1's on the diagonal). Uskgit is a simple
matter of “back-substitution” to compute theparity bits corresponding to thre-
minformation bits (the encoding systematiz The complexity of this encoding
is governed by the number of 1's k. In general, however, when we begin with
a sparseH, the resulting matri is no longer sparse. In a beautiful paper [24],
Richardson and Urbanke propose finding an “approximate” lower triangulation
of the parity check matrix that is still sparse. The idea is to make the top right
(m - g) x (m - g) corner of the matrix lower triangular for some small “gap”
parametely. The encoding can be done @(n + g?) time, which is linear if
g = O(+/n). Remarkably, for several distribution pairs, §), including all the
optimized ones listed in [22], it is shown in [24] that, with high probability over
the choice of the code from the ensembi@PC(n, A, p), a gap ofO(+/n) can in
fact be achieved, thus leading to linear encoding complexity!

Yet another approach to achieve linear encoding complexity that we would
like to focus on (as it has some additional applications), is to use Irregular Repeat-
Accumulate (IRA) codes. IRA codes were introduced by Jin, Khandekar and
McEliece in [15], by generalizing the notion of Repeat-Accumulate codes from
[4] in conjunction with ideas from the study of irregular LDPC codes.

IRA codes are defined as follows. L&t p) be a degree distribution pair. Pick
a random bipartite grapB with k informationnodes on left (with a fraction; of
the edges being incident on information nodes of degremdn > k checknodes
on the right (with a fractiop; of the edges incident being incident on check nodes
of degreel). Actually, it turns out that one can pick the graph to be regular on
the check node side and still achieve capacity, so we can even restrict ourselves
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to check-degree distributions given py = 1 for some integea. UsingG, the
encoding of the IRA code (of dimensiérand block lengtm) proceeds as follows:

e Place thé&k message bits on theinformation nodes.

e For 1 < i < n, at thei'th check node, compute the hit € {1, -1} which
equals the parity (i.e., product, il notation) of the message bits placed
on its neighbors.

e (Accumulation step) Output the codewords(ws, ..., w,) wherew; =
[T, Vi. In other words, we accumulate the parities of the prefixes of the
bit sequencew, v,, ..., V).

Note that the encoding tak€xn) time. Each of the check nodes has constant
degree, and thus thg's can be computed in linear time. The accumulation step
can then be performed using additio@¥h) operations.

It is not hard to show that the rate of the IRA code corresponding to a pair

1
(4,p) as defined above equa% Az

p(2dz

A natural iterative decod?ng algorithm for IRA codes is presented and ana-
lyzed in [4] (a description also appears in [21]). The iterative algorithm uses a
graphical model for message passing that includes the above bipartite @raph
connecting information nodes to check nodes, juxtaposed with another bipartite
graph connecting the check nodesteaodenodes labeled;, x,, .. ., X,. In this
graph, which is intended to reflect the accumulation process, codexpdde
1 <i < nis connected to théth and ( + 1)'th check nodes (ones whevgv,;
are computed), and nodg is connected to the check node wheyés computed.

Itis proved (see [21, Sec. 2]) that for the abovam-systematitRA codes, the
iterative decoding oBEC,, converges to vanishing bit-erasure probability as the
block lengthn — oo, provided

2
1[1— [#(f_x) p(l—X)) <x Vxe(0,1]. (10)
In the aboveR(X) = ¥'°; RX is the power series whose dheientR equals the
fraction of check nodes that are connecteditdormation nodes its. Recalling
(5), we haveR(x) = % .

Using the above characterization, degree distribution pairg for IRA codes

that achieve the capacity of the BEC have been found in [4}2[f particular, we

UActually, these papers work with systematiazersion of IRA where the codeword includes
the message bits in addition to the accumulated checkhits. , X,. Such systematic codes have

I e2dz)
rate equal t({l + ez
with a factora multiplying the A(-) term on the left hand side.

1
, and the decoding success condition (10) for them is slightigrint,
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want to draw attention to the construction in [21] witfx) = x? that can achieve a

rate of (1-¢)(1-a), i.e., within a (3-&) multiplicative factor of the capacity of the
BEC, fora € [0,0.95].*? Sincep(x) = x?, all check nodes are connected to exactly

3 information nodes. Together with the two code nodes they are connected to,
each check node has degree 5 in the graphical model used for iterative decoding.
The total number of edges in graphical model is thnsamd this means that the
complexity of the encoder as well as the “Peeling” implementation of the decoder
is at most B. In other words, the complexity per codeword bit of encoding and
decoding is bounded by an absolute constant, independent of the@appacity.

8 Summary

We have seen that LDPC codes together with natural message-passing algorithms
constitute a powerful approach for the channel coding problem and to approach
the capacity of a variety of channels. For the particularly simple binary erasure
channel, irregular LDPC codes with carefully tailored degree distributions can
be used to communicate at rates arbitrarily close to Shannon capacity. Despite
the impressive strides in the asymptotic analysis of iterative decoding of irregular
LDPC codes, for all nontrivial channels except for the BEC, it is still unknown
if there exist sequences of degree distributions that can get arbitrarily close to the
Shannon limit. By optimizing degree distributions numerically and then comput-
ing their threshold (either using explicit recurrences or using the density evolu-
tion algorithm), various rather excellent bounds on thresholds are known for the
BSC and BIAWGN. These, however, still do not come close to answering the big
theoretical open question on whether there are capacity-achieving ensembles of
irregular LDPC codes (say for the BSC), nor do they provide much insight into
their structure.

For irregular LDPC codes, we have explicit sequencesnsEmblesf codes
that achieve the capacity of the BEC (and come pretty close for the BSC and the
BIAWGN channel). The codes themselves are not fully explicit, but rather sam-
pled from the ensemble. While the concentration bounds guarantee that almost
all codes from the ensemble are likely to be good, it may still be nice to have an
explicit family of codes (rather than ensembles) with these properties. Even for
achieving capacity of the BEC, the only known “explicit” codes require a brute-
force search for a rather large constant sized code, and the dependence of the
decoding complexity on the gapto capacity is not as good as for irregular LDPC
ensembles. For the case of errors, achieving a polynomial dependence on the gap
& to capacity remains an important challenge.

12The claim is conjectured to hold also fere (0.95, 1).
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Fairness is an important concept that appears repeatedly in various forms in
different areas of computer science, and plays a crucial role in the semantics
and verification of reactive systems. Entire books are devoted to the notion
of fairness—see, for instance, the monograph by Nissim Francez published
in 1986—, and researchers in our community have painstakingly developed
a taxonomy of various fairness properties that appear in the literature, such
as unconditional fairness, weak fairness, strong fairness, and so on. This
research is definitely important in light of the plethora of notions of fairness
that have been proposed and studied in the literature.

But when is a temporal property expressing a fairness requirement? The
authors of this column have recently developed a very satisfying answer to
this fundamental question by offering three equivalent characterizations of
“fairness properties” in the setting of linear-time temporal logic: a language-
theoretic, a topological, and a game-theoretic characterization. This survey
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sees notions and results from several areas of mathematics and computer
science combine so well to offer a formalization of a concept that confirms our
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Abstract

We define when a linear-time temporal property if&@ness property
with respect to a given system. This captures the essence that is shared by
most fairness assumptions that are used in the specification and verification
of reactive concurrent systems, such as weak fairness, strong faikaess,
fairness, and many others. We give three characterisations for the family
of all fairness properties: a language-theoretic, a topological, and a game-
theoretic characterisation. It turns out that the fairness properties are the
“large” sets from a topological point of view, i.e., they are temeager
sets in the natural topology of runs of a given system. This insight provides
a link to probability theory where a set is “large” when it has measure 1.
While these two notions of largeness are very similar, they do not coincide
in general. However, we show that they coincide deregular properties
and bounded Borel measures. That isparegular temporal property of a
finite-state system has measure 1 under a bounded Borel measure if and only
if it is a fairness property with respect to that system.

1 Introduction

When we model a concurrent system, we often make userafeterminismNon-
determinism abstracts away fromffdrent scheduling policies or fié&rences in
speed of dferent parts of the system. Also, if we consider reactive systems, we
use nondeterminism to allowfiérent possible interactions with the environment.
Furthermore, nondeterminism is used to model freedom of implementation.

A specification for a nondeterministic model of a system must allow several
different behaviours. Specifications can thus be seen as sets of behaviours. We
then say that a model satisfies the specification if all possible behaviours of the
model belong to the specification.

Examples of specifications asafetyandliveness A safety specification in-
formally requires that “some finite bad thing does not happen”. If a behaviour
violates the safety specification, we can recognise this in finite time. Once the
“bad thing” has happened, any extension of the behaviour will violate the safety
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specification. A liveness specification informally requires that “some (possibly
infinite) good thing will eventually happen”. No finite behaviour should violate
the specification, and therefore at any finite time we still have the possibility to
eventually obtain a behaviour that belongs to the liveness specification.

When a model does not satisfy the specification, this can happen for several
reasons. The model could be flawed and should be redesigned or the specification
could be incorrect. Often, however, some behaviour of the model is not allowed
by the specification, but such behaviour is “unlikely” to happen. How do we
formalise this notion of unlikelihood?

We introduce nondeterminism to abstract away from some details of the imple-
mentation, but in some cases we may be abstracting away too much. For instance,
if the nondeterminism is used to abstract away from scheduling policies, we could
introduce some behaviour that no concrete scheduling policy would allow. The
interaction with the environment can also be considered as a form of scheduling.
Also in this case, some patterns of interaction may be allowed by the model, but
they might not be happening in practice. This is a first sense in which a behaviour
is unlikely.

To deal with this problem, we make usefafrness assumptiongnformally,

a fairness assumption is an abstract description of a class of schedulers (or en-
vironments). A fairness assumption is a set of behaviours that are considered to
be “fair”. A model satisfies a specification under a fairness assumption, if all
behaviours of the model that violate the specification are “unfair”.

When can a set of behaviours be considered a fairness assumption? Infor-
mally, a scheduler is fair with respect to some (finite) behaviour if, whenever the
behaviour is sfficiently often possible, then the scheduler guarantees it to happen
suficiently often. But how do we characterise this intuition formally? How do we
formalise “possible”, and “diciently often™? We will present, by means of ex-
amples, diferent degrees of “possible” and f&giently often”. We will then show
a formal characterisation of fairness that subsumes all the examples we present.

Another possible formalisation of unlikelihood is by means of probability the-
ory. If the set of behaviours is endowed with a probability measure, we say that
a set of behaviours is unlikely, if its probability is 0. In this sense a model satis-
fies a specification, if the set of the behaviours that violate the specification has
probability O.

We will compare this notion of probabilistic unlikelihood with the above no-
tion of fairness, observing the similarities and th&atiences.

2 Examples of Fairness

We will show here some simple examples of the use of fairness assumptions.
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2.1 Maximality

Consider the following system (Fig. 1), represented as a safe Petri net.

a

Figure 1: A simple process

As such, the system only says what can and what cannot happen. It does not
say that something must happen at all. To say that something must happen, we
can use the maximality assumption, which says that the system does not arbitrarily
stop the computation. More precisely, a run (i.e., firing sequeneagismalif it
is infinite or if its final state does not enable any transition of the system. In the
considered system, this means that after egethiere must be & and that after
everyb, there must be aa. This leaves only the rurap)“, which is the unique
maximal run of the system. Therefore, the system satisfies the property “infinitely
oftena” under the maximality assumption.

2.2 Weak fairness

Consider now the following system (Fig. 2) and assume maximality.

a c
L]
Q‘ D
[}
b d

Figure 2: Two independent processes

Then, that system does not satisfy “infinitely oftg¢hbecause the maximal
run (cd)® does not. Although the overall system does not stop in this run, one of
its components does.

In order to rule out such a behaviour, we assumeak fairnes$15]. A runis
weakly fairwith respect to transitionif t is taken infinitely often ot is always
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eventually disabled. Therefore, the maximal rad){ is not weakly fair with re-
spect toa. The system does in fact satisfy “infinitely oftahunder weak fairness
with respect ta andb.

Weak fairness with respect to all transitions is strictly stronger than maximal-

ity.

2.3 Strong fairness

In the next system below (Fig. 3), weak fairness is ndficient to establish “in-
finitely oftena” because the rurcg)® is weakly fair with respect to all transitions
of the system. In particular, it is weakly fair with respecttbecausa is always
eventually disabled.

Figure 3: Two processes sharing a resource

However, we can considecd)® unfair with respect ta becausea is infinitely
often enabled but never taken. This kind of unfairness is captured by the notion
of strong fairnesqg15]. A run is strongly fair with respect to a transitionif t
is taken infinitely often ot is eventually always disabled. Strong fairness with
respect ta and weak fairness with respectlighen establish “infinitely oftea”
in the system.

Strong fairness is obviously stronger than weak fairness.

2.4 k-Fairness

In the next system below (Fig. 4), strong fairness with respect to all transitions
fails to establish “infinitely oftere’, because the runabcd® violates it but is
strongly fair. In particular, it is strongly fair with respectédecause is never
enabled.

Among the fairness notions that establish “infinitely ofé&nthere is the no-
tion of strong k-fairnesg8] for k > 1. A run isstrongly k-fairwith respect to
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Figure 4: Two processes sharing an action

transitiont if t is infinitely often taken ot is eventually nevek-enablegwheret
is k-enabledn a states if there is a path of the system of length not more tkan
that starts ins and ends in a state that enable¥Veak fairness for all transitions
and strong 1-fairness farindeed establish “infinitely ofted’.

Strong k + 1)-fairness is clearly stronger than strokdairness, and strong
O-fairness coincides with strong fairness.

Remark. The “unfairness” arising in the system in Fig. 4 is also known from
the variant of the Dining Philosophers in which a philosopher picks up both his
forks at the same time to eat. There, a philosopher may starve because his two
neighbours “conspire” against him by eating alternately in such a way that his two
forks are never available at the same time. Note that trangtiorFig. 4 needs

two resourcesE andC) at the same time. There are fairness notions that better
capture the “unfairness” in this example (cf. [5, 25, 26]). However, we do not
introduce them in detail here.

2.5 oo-Fairness

Consider now the following infinite-state system (Fig. 5).

Figure 5: A nondeterministic walk on the integer line

Suppose we are interested here in the property “state 0 is visited infinitely
often”. This property is not established by strokdairness for anyk because
the diverging rura a, . . . is stronglyk-fair with respect to any transition for any
k > 0. However, we can use the stronger notiorstnbng co-fairness[8]. A run
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is strongly co-fair with respect to a transition if t is infinitely often taken ot is
eventually nevero-enabled wheret is co-enabledin a states if there is a path
of the system (of any length) that startssiand ends in a state that enablest

is easy to see thab-fairness with respect tag andbg establishes the required
specification.

2.6 Fairness with respect to words

While strongeo-fairness with respect to transitions is very strong, there are still
some useful specifications that are not established by it. As an example, consider
the following system and the specification “the finite waaof transitions oc-

curs infinitely often”. The rungbcd® does not satisfy the specification but it

is stronglyco-fair with respect to every transition, since every transition is taken
infinitely often in this run. In such a case, we can extend the above fairness no-
tions and define them with respect to finite words of transitions rather than with
respect to a single transition only. For example, we can see that strong fairness
with respect to the worbtla establishes the specification considered above.

Figure 6: A recurrent free choice

2.7 Other examples

Another remarkable notion Bquifairnesg9]. Equifairness with respect #and

cin Fig. 6 prescribes that each fair run has infinitely many positions such that the
number of previous occurrencesatquals the number of previous occurrences
of c.

Fairness notions that were developed for the verification of randomised sys-
tems areextreme fairnesR1] anda-fairnesg[16]. There are many more fairness
notions in the literature, which we cannot all mention here. Overviews can be
foundin[9, 11, 4, 10, 14].
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3 Formal Setting

Most researchers would agree that the above are all examples of fairness assump-
tions. The intuitive reason is that in all cases, we consider a run to be fair if
whenever some transition (or some sequence of transitionsjfisiently often
possible, then it is dficiently often executed.

This intuitive explanation lacks precision. What is the most general sense of
“sufficiently often”? What do we mean by “possible”? Can we consider a notion
more general than “transition? In order to answer these questions, we need first
to describe a precise formal setting.

3.1 Systems and runs

Let X be a countable set atates X* andX® denote the set of finite, and infinite
sequences oveX respectively. The set of all sequenc&’su X is denoted as
z*. We use the symbols, 8 for denoting finite sequences, argdy for arbitrary
sequences. The length of a sequerde denoted byx| (= w if x is infinite).
Concatenation of sequences is denoted by juxtapositidenotes the usugrefix
order on sequences. Given a s¢tof sequences, we denote by m¥xthe set
of maximal elements oK under the prefix order. BT = {y | x C y} and
x! = {y | y C x} we denote the set of alixtensionsand prefixesof a sequence
x respectively. The least upper bound of a sequeageds... of finite sequences
whereq; C a4, is denoted by sypy;. For a sequence= s, S, ... and a position
i where 0< i < |X of x, ; denotes thé-th prefixsy, ..., s of x.

A system Ms a tuple(Z,RC X x X, ¥y C ¥), whereR s atransition relation
between states, ark} is a set ofinitial states The system idinite if X is. A
path of a systemM is a sequence &> that starts in an initial state and every
two consecutive states are in the transition relation. The set of all patkisi®f
denoted byL(M).

3.2 Temporal properties

A temporal property(propertyfor short) is a set of sequencesc . We say
thatE is finitary if E C ¥* andE is infinitary if E C £“. Furthermore,

e E isdownward-closedf x € E andy C ximpliesy € E.
e Eiscompletaf a; € E fori € N with «; C @, implies supe; € E.

We say that some sequenceatisfies propertyE if x € E, otherwise we say that
X violates E
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A propertyS is asafety propertyf for any sequence violating S, there exists
a finite prefixa of x that violatesS and each extension of a sequence violafing
violatesS as well, i.e.:

VX¢S:daCx:alNS=02.

Equivalently, a property is a safety property precisely whendbisnward-closed
and complete We can think of a safety propery as a tree where nodes are
labelled with elements af such thatS is the set of all labelled paths starting in
the root of the tree. The se{M) is a safety property for each systévh The set
of all sequenceE® is also a safety property and can be seen a the set of runs of a
“universal” system.

Consider a safety property and a finite sequence € S. A propertyE is
live in @ with respect tdS, if there exists a sequenses E N S such thatr C x.
Intuitively, E is live in a finite run of a system if the system has still a chance to
satisfy E in the futuré. A propertyE is aliveness property for 3 E is live in
everya € SNX*. In this situation we also say th&,(E) is machine-closel, 4].
If S = %%, then we simply say thd is alivenessproperty.

A property isw-regular if it is a property accepted by some Biichi automaton,
or, equivalently a property definable in Monadic Second Order logic (see e.g.
[23]).

Examples. X% = {@ € ¥ | |a| < K} is a safety property for eadh e N; X*
andx« are examples of liveness properties. Whiteis a liveness property with
respect to each safety propeByz« is a liveness property with respect$oonly
if max(S) € £; max(@©) is always a liveness property with respecsta=> is the
only property that is a safety as well as a liveness property.

3.3 Topological notions

A topologyon a nonempty se® is a family .7 c 22 that is closed under union
and finite intersection such th&t @ € 7. The elements o/ are calledopen
sets A family 4 C .7 is abasefor .7 if every open seG € .7 is the union of
members ofA.

The complement of an open set is calledlased set The closureof a set
X C Q, denoted byX, is the smallest closed set that conta¥isA setX is closed
if and only if X = X. A setX is densef X = Q. Equivalently, a seX is dense if
for every nonempty open s&, G n X is nonempty. The family of open sets
is not closed under countable intersection in general:;A&kis a set that is the
intersection of countably many open sets.

IWhile there is life, there is hope-Cicero
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Given a safety propert$, the Scott topologyn S is the family of set&G € S
such that
VXxeG:daCx:aTNSCG.

The family{aT NS | @ € X*} is a basis for the Scott topology. Note that open sets
are generated by finitary properti@by G = QTNS = (J,.gaTNS, i.e., thereis
an exact correspondence between open sets and finitary properties. Open sets can
therefore be interpreted abservationghat can be recognised in finite time.

It is easy to verify that safety properties are exactly the closed sets and that
liveness properties are exactly the dense sets of the Scott topolasy.oh is
a general theorem, that in any topological space, any set is the intersection of a
closed and a dense set. Hence every temporal property can be obtained as the
intersection of a safety and a liveness property [2].

Given a safety propert$, we sometimes concentrate our attention to the set of
maximal (finite or infinite) sequences m&j( Note that, since safety properties
are downward closed, the set of maximal sequences $ax(iquely identifies
the propertyS, and so we can easily switch between the two points of view.

The restriction of the Scott topology ors to maxg) is the family of sets
(G nmax(@)) whereG is an open set of the Scott topology 8n The restriction
of the Scott topology to maXx(°’) = Z“ is sometimes called th@antor topology

4 Fairness Properties

We have now all the preliminary tools to formally define fairness. We will present
characterisations from threefidirent points of view. Moreover, we will present
the properties this notion enjoys.

4.1 First characterisation

In Section 2, we have seen examples of fairness of increasing strength that all
fit the informal pattern “if something is fliciently often possible, then it is fit
ciently often taken”. For exampley-fairness with respect to a wovdinstantiates

“is possible” by “is live” and “something” by “the word”. Can we find a more
general notion of fairness without doing violence to our intuition?

In fact, we can by instantiating the generic term “something” as a finitary
propertyQ C ¥* whereQ is “possible” in a finite runy if Q is live in @ andQ is
“taken” in a if @ € Q. Furthermore, we choose to instantiateffsiiently often”
as “infinitely often”. Hence we say that a finitary propefyis infinitely often
satisfied by a sequenedor thatQ is recurrentin x) if infinitely many prefixes of
xare inQ.

This gives us the following, strong notion of fairness:
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Definition 1. Consider a safety proper§/C *. We say that a maximal sequence
X € max(S) is fair in S with respect to a finitary propertQ if the following holds:

o if for infinitely manyi € N, the propertyQ is live in x with respect tc5 ,
then for infinitely manyj € N, x; satisfieQ.

The set of fair runs irs w.r.t. Q is denoted as faif, Q).

Note that every finite maximal run is vacuously fair,@gannot be infinitely
often live in a finite run. Note also that a propefdyis infinitely often live in a
sequence if and only if it is alwayslive in x, that is if it is live in all prefixes of
X.

Examples. If Qis the set of all finite sequences that end with a given transition
t, then fairG, Q) is exactly strongo-fairness with respect tbas introduced in
Section 2.5. This is easily generalised-efairness with respect to a word.

Definition 1 presents the strongest form of fairness we consider with respect
to some finitary propertyQ. That notion could also be calleg-fairnesswith
respect taQ. Any weaker form of fairness, such as strong and weak fairness, can
be obtained by weakening. We thus define that a property is a fairness property if
it containsall fair runs with respect to som@.

Definition 2. We sayE is afairness property for Sf there exists a finitary prop-
erty Q such that fairg, Q) C E.

The definition easily implies the following observation.

Proposition 3. A property E is a fairness property for S if and only inEnax(S)
is.

However it is sometimes convenient to consider non-maximal sequences, as
we will discuss in Section 4.3.

Examples. Any property weaker thasv-fairness (such as strotgfairness etc.)
is a fairness property according to Definition 2.

Therefore all fairness notions introduced in Section 2 generate fairness prop-
erties with respect to a given system. However, could we have chosen a more
general definition? We postpone this discussion to Section 4.5. Before, we will
provide two further independent characterisations.
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4.2 Second characterisation

In the introduction, we argued that unfair runs are unlikely in an intuitive sense.
Alternatively we could say thahostruns are fair. We will later examine a proba-
bilistic interpretation of “most”. But can we formalise the notion of “most runs”
without using probabilities? It turns out that we can, using topology.

In a topological space, we say that a setdgvhere densiéits closure does not
contain any nonempty open set. For an intuition on nowhere dense sets, imagine
B to be a set of “dirty” points. IfB is a dense set, then it pollutes the whole
topological space: wherever you go in the topological space, you will have some
dirty point in the neighbourhood. B is a “somewhere dense” set, then it pollutes
part of the space. There are regions where you will be always near a dirty point,
but possibly also clean neighbourhoods. Finallfg i§ nowhere dense, then every
clean point lives in a clean neighbourhood. Intuitively a nowhere dense setis small
because the rest of the topological space can stay clear of it.

A set ismeager if it is the countable union of nowhere dense sets. Topolog-
ically, a countable union of small sets is still small. This was observed by the
French mathematician René-Louis Baire, who proved that the unit interval of the
real line cannot be obtained as the countable union of nowhere dense sets. This
result can be thought of as a generalisation of Cantor’s theorem, which states that
the unit interval is not obtained as the countable union of points [19].

The complement of a “small” set is therefore to be thought of as “large”. The
complement of a meager set is caltedmeagefor residua). In many topologies,
including the Scott topology, co-meager sets can be equivalently characterised as
follows:

Proposition 4. In the Scott topology, a set is co-meager if and only if it contains
a denses; set.

As announced, co-meager sets are precisely the fairness properties:

Theorem 5. A property E is a fairness property for S if and only ifES is
co-meager in the Scott topology of S.

This point of view formalises the idea that “most” runs are fair. Indeed a
property is a fairness property if (topologically) most runs belong to it.

Examples. The set of maximal sequences makpEf a safety propertys can
be obtained as the intersectippgg Xn, whereX; is the set of sequences that are
maximal or are longer than. All such X, are open in the Scott topology. This
shows that maximality is a {&et. We already stated that m8X(s dense, i.e., a
liveness property w.r.tS, hence it is a fairness property.

100



The Bulletin of the EATCS

4.3 Third characterisation

In the 1930ies, a group of Polish mathematicians would meet in a cafe, called the
Scottish Café, in the now Ukrainian city of Lviv. During these meetings, they
were posing each other problems and seeking the solution together. The minutes
of these meetings were kept by the landlord and some of them were published
later [18].

One of the problems, posed by Stanistaw Mazur, and solved by him together
with Stefan Banach involves the following gafmsince known as th&anach-
Mazurgame.

Let S be a safety property, artd any property. The gam@&(S, E) is played
by the two players calledlter andEgo. The state of a play is a finite sequence
of S. At every move one player extends the current sequence by a finite, possibly
empty sequence; yielding the sequencey ... € S. Alter has the first move.

The play goes on forever converging to a finite sequanoeinfinite sequence
in S. Ego wins ifx € E (resp.aT ¢ E), otherwise Alter wins.

A strategyis a mappingf : * — X* such that for eaclr € S, we have
af(a) € S. A strategyf is winningfor playerP, if for each strategyg of the other
player, P wins the play that results from playing according tdf and the other
player playing according tg.

The question Mazur posed was: how do we characterise the sets for which
Ego has a winning strategy? The answer is in the following theorem.

Theorem 6. Ego has a winning strategy for the gamé¢SGE) if and only if EN'S
is co-meager in the Scott topology on S.

Which obviously implies

Theorem 7. A set E is a fairness property for S if and only if Ego has a winning
strategy for the game (&, E).

Note that, by Proposition 3, it is not restrictive to consider just targetiSets
that contain only maximal runs.

The intuition behind this characterisation is that, while fairness restricts the
allowed behaviour, it should not restrict it too much. Ego, who wants to produce
a fair run, can enforce some (live) choice to be taken infinitely often while she
cannot prevent other choices being taken infinitely often (by Alter).

Examples. We can use Theorem 7 to prove that f8irQ) is a fairness property.
WhenQ is not live ina, Ego does nothing. Otherwise, Ego extends to a finite
sequence iIQ. This is clearly a winning strategy for Ego for the target f&jiQ).

2The original definition is slightly dferent and formulated in a fiérent context: see also
[19, 7, 20].
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Theorem 7 can also be used to prove that a propertgtia fairness property.
Consider the systeril of Section 2.2, and consider the s€bf infinite runs of
M that have the dtix (cd)”. The setX is a liveness but not a fairness property
for that system. Ego does not have a winning strategy for the @a({@M), X),
because indeed Alter has a winning strategy: when it is his turn, Alter should
just run the left-hand side component of the system, making sure that there are
infinitely manya’s andb’s in the resulting sequence.

In the above example, we have shown that Ego does not have a winning strat-
egy by showing that Alter has a winning strategy. A set for which one of the two
players has a winning strategy is callddterminate The class of determinate
properties is quite large. ABorel setd are determinate [7], of which-regular
properties constitute, in a sense, a very simple subclass [23]. In order to show the
existence of an indeterminate set, one needs the axiom of choice.

4.4 Characteristics of fairness

We have described the same class of properties from thifeeedit points of view.
We now state some characteristics of this class.

The characteristics we are going to list intuitively confirm our intuition on
co-meagerness as “largeness”. To help the intuition we will write “large” for co-
meager, and “small” for meager. We will call a setermediateif it is neither
large nor small.

1. If a setis large, its complement is not.
2. Any superset of a large set is large.
3. The intersection of countably many large sets is large.

4. Intersection with a large set preserves size, i.4,if large and is small
(resp. intermediate, large), thém B is small (resp. intermediate, large).

5. WhenS is uncountable, every countable set is small, but there are also
uncountable sets that are small.

6. Every large set is dense.

Property (6) says that for every fairness propdgtfor S, the pair 6, E) is
machine-closed, a property that has been described as the main feature of fairness

3The smallest family of sets that contains the Scott open sets and that is closed under comple-
ment and countable union.
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by Apt, Francez, and Katz [4] and by Lamport [14]. Property (3) is important
for modular specification. Fairness is usually imposed componentwise to the sys-
tem (with respect to dierent transitions or processes); (3) assures that the overall
fairness assumption, i.e., the intersection of all fairness assumptions for the com-
ponents is again a fairness assumption.

4.5 Canonicity of the notion

How canonical is our definition of fairness? The fact that it has three independent
characterisations makes this notion interesting. But could there be a more liberal
definition of fairness?

Roughly, the answer is no if we insist on (3) and (6) in Section 4.4 above.
More precisely:

Theorem 8. Fairness is a maximal class of dense determinate properties that is
closed under finite intersection.

5 Probabillities

We have argued that unfair runs should be unlikely. We have shown a topologi-
cal view of likelihood. A more common interpretation, however, is by means of
probability theory. In this section we present this point of view. We show that
probabilistic and topological likelihood are in generdfelient notions, but that
under some reasonable conditions, they in fact coincide.

5.1 Definitions

First we recall the standard setting of how probability is adjoined to systems.

A o-algebraover a nonempty set is a family.e# of subsets oK that contains
the empty set and is closed under complementation and countable union. Given a
topology, theBorel o--algebra of the topology is the smallestalgebra that con-
tains the open sets. probability measuren ac-algebras over X is a function
u o/ — [0, 1] such thap(X) = 1 and for any sequence of pairwise disjoint sets
(Yiaw, t(Uien Yi) = 2iaq u(Yi). A Borel probability measure of a topology is a
probability measure over the Boretalgebra of the topology. Given a probability
measurg: on o7, and two set#\, B € o7, theprobability of A conditional to Bis
defined as(A | B) = u(An B)/u(B).

Given a safety propert$, consider a Borel probability measuteover the
restriction of the Scott topology to me&). We say thaj: is aMarkov measure
whenu(ass?T | ast) = u(BsstT | pst) forall @, € SN X ands, s € . We
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say thafu is positiveif u(aT) > 0 for eache € S, u is said to beboundedf there
exists ac > 0 such thai(asT | @T) > cfor eachas e S. A Borel setX ¢ max(S)
is u-large (or probabilistically largewheny is understood from the context) if

u(X) = 1.

Example. Given a finite systenM, consider a Markov chain an that assigns
positive probabilities to transition&ithey belong tdR. This generates a Markov
bounded measure on m&x\)).

5.2 Similarities and differences

Topological and probabilistic largeness are very similar notions. Oxtoby’s classic
book [19] is devoted to study these similarities. For instance all the properties
characterising topological largeness described in Section 4.4 are valid also for
probabilistic largeneés

Despite all the common properties, the two notions do not coincide in general:
in fact there are sets that are topologically large but not probabilistically large as
well as sets where it is the other way around.

As an example, consider the system in Fig. 5 in Section 2.5 together with
the Markov measure such that eagthas probabilityp # 1/2 and eactp; has
probability 1- p, i.e., we are looking at an asymmetric random walk on the integer
line. It is well-known that the property; = “state 0 is visited infinitely often” has
probability 0. However, it is topologically large s is established byo-fairness
as discussed in Section 2.5. Note that there is also a simple winning strategy for
Ego.

We can also reformulate the above example in a finite-state system: Consider
the system in Fig. 6 in Section 2.6 together with the Markov measure such that
a has probabilityp # 1/2 andc has probability 1- p. Then, equifairness (cf.
Sect. 2.7), i.e.X; = “the number of previous’s equals the number of previous
c's infinitely often” has probability O but is topologically large. (Ego’s winning
strategy consists in evening up the count of the letters.)

5.3 Coincidence theorem

In light of the above examples, it was quite surprising to discover that under not
very restrictive hypotheses, the two notions of largeness in fact coincide.

The restrictions we have to impose are the following: we restrict our attention
to w-regular properties on finite systems, and we need to consider only bounded

“Property (6) is valid for most probability measures.
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measures. Note that all properties that can be described using standard temporal
logics such as LTL are-regular.

In the first counterexample above, the system is infinite. In the second coun-
terexample, we consider a bounded measure over a finite system, but the property
Xz is notw-regular.

Theorem 9. Let M be a finite system,a bounded Borel measure omax(L(M)),
and X anw-regular property. Then X is topologically large i(M) if and only if
X is alsou-large.

The key observation behind the proof is that, éeregular properties on fi-
nite systems, if Ego has a winning strategy, then she has a memoryless winning
strategy [7]. Another important fact is here that, eaghegular propertyX is
determinate, as already stated in Section 4.3. For the details of the proof see [24].

5.4 Consequences

The above coincidence result has several pleasing consequences. First, it implies
that for w-regular properties, probabilistic scheduling is “fair enough”, i.e., each
w-regular fairness property has probability 1 under such scheduling.

Secondly, the result can be applied to model checking. On the one hand,
we can use qualitative probabilistic model checking techniques to decide whether
there exists a fairness assumption under which a given system satisfies its linear-
time specification. On the other hand, we can use the three characterisations of
fairness to further our understanding of probabilistic model checking. We refer
the interested reader to our paper [24].

Thirdly, the above result gives a rather nice proof of the folk theorem that “in
gualitative probabilistic model checking the actual probability values do not mat-
ter”. It has been long well known that a system satisfies-aagular specification
with probability 1 regardless of what the precise probabilities associated to the
local choices are. Theorem 9 is a formalisation of this intuition and allows us to
reason about properties having probability 1 without mentioning probabilities at
all.

6 Historical Remarks

While safety and liveness have had a formal characterisation for a long time—
given by Lamport [13] and Alpern and Schneider [2]-there was no satisfactory
characterisation of fairness. Apt, Francez, and Katz [4] gave three criteria that
each fairness assumption should meet. Among them, machine-¢lstive most

SCalledfeasibilityin [4].
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prominent. Lamport [14] reviewed their criteria and argues that fairness should
be equated with machine-closure (i.e. density). Kwiatkowska [12] proposed to
equate fairness with densg &ets.

A couple of papers used the notion that we have described as fairness in dif-

ferent contexts without actually attempting to define fairness: Ben-Eliyahu and
Magidor [6] observed that some popular fairness notions describe co-meager sets.
Alur and Henzinger [3] propose that machine-closure should be strengthened to
what they callocal livenesswhich is the same as fairness defined above. They
gave the game-theoretic definition. The Banach-Mazur game has also been con-
sidered by Pistore and Vardi [20] as well as Berwanger, Gradel, and Kreutzer [7].
Berwanger et. al. [7] proved the memoryless determinacy result that lead to the
coincidence theorem above.

The correspondence of safety and liveness to closed and dense sets given by

Alpern and Schneider [2] goes back to G. Plotkin (see [2]) who in turn was mo-
tivated by Smyth [22]. Interestingly, Alpern and Schneider [2] write “Plotkin
nevertheless is unhappy with our definition of liveness because it is not closed
under intersection”. Note that in a sense, fairness with respect to the universal
systemz is the largest subclass of liveness that is closed under finite intersec-
tion as formally stated in Theorem 8. Manna and Pnueli [17] gave an alternative
classification of temporal properties that is based on topology.

For more information, we refer the reader to [27, 24].
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Abstract

Distributed Computing Theory continues to be one of the most active
research fields in Theoretical Computer Science today. Besides its foun-
dational topics (such as consensus and synchronization), it is currently be-
ing enriched with many new topics inspired from modern technological ad-
vances (e.g., the Internet). In this note, we present eight open problems in
Distributed Computing Theory that span a wide range of topics — both clas-
sical and modern.

1 Wait-Free Consensus

A consensus protoc@ a distributed algorithm whemreprocesses collectively ar-

rive at a common decision value starting from individual process inputs. It must
satisfyagreemen(all processes decide on the same valualidity (the decision
value is an input to some process), datmination(all processes eventually de-
cide). A protocol in an asynchronous shared-memory systemaiisfreeif each
process terminates in a finite number of its own steps regardless of scheduling.
From the FLP impossibility result [31, 54], wait-free consensus is impossible.
However, it becomes possible using randomization with the termination condition
relaxed to hold with probability 1.

Theopen questionthat then arises is the complexity of solving consensus, mea-
sured by the expected number of register operations carried out by all processes
(total worK) or by any one procespér-process work

This complexity depends strongly on assumptions about the power of the ad-
versary scheduler. For aadaptive adversaryhat chooses the next process to
run based on total knowledge of the current state of the system, the best known
protocol using only atomic read-write registers tak¥s?logn) expected total
work [14]. If counters supporting increment, decrement, and read operations are
available, this drops t®(n?) expected total work [4]. No faster protocol is known
using any objects that can be built from atomic registers, and there is a lower
bound ofQ(n?/log? n) that holds even given powerful tools like unit-cost snap-
shots [6].
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Closing the gap between the upper and lower bounds is interesting because
all known polynomial-time wait-free consensus protocols are based on collecting
enough random votes that one standard deviation in the total is larger thanthe
votes that can be “hidden” by the adversary by selectively stopping processes, and
it is not hard to show that simple variants on voting cannot yield subquadratic
protocols. A faster protocol would thus require a significantly new approach.
Conversely, ai2(n?) lower bound would show that voting is optimal.

With a weaker adversary that cannot observe coin flips that have not yet been
made public, consensus can be solve®{togn) work per process using multi-
writer registers [11]. There is no corresponding non-trivial lower bound. It would
be interesting to see if aR(logn) lower bound could be proved for multi-writer
registers or even with strong objects like unit-cost snapshots. Closing the gap in
both models would show whether the cost of weak-adversary consensus arises
from fundamental limitations of grouping local coin-flips together or merely from
the weakness of atomic registers.

2 Oblivious Routing

A typical distributed computing environment consists of several processing units
which communicate through some underlying multi-hop network. The network

is usually modeled after a graph, possibly weighted, where nodes represent the
processing units and the edges the communication links. The nodes communicate
by exchanging messages in the form of pack&sutingis the task of selecting

the paths that the packets will follow in the network. Ideally the selected paths
should have smaffongestionthat is, the maximum number of paths crossing any
edge should be small, and the paths should have statch that is, the ratio
between the selected path and the respective shortest path should be as small as
possible.

Obliviousrouting is a type of distributed routing suitable for dynamic packet
arrivals. In oblivious routing, the path for a newly injected packet is selected
in a way that it is not affected by the path choices of the other packets in the
network. Racke [66] gives an existential result that shows that for any network
there exists an oblivious routing algorithm with congestion within fatig? n
from that of the optimal off-line centralized algorithm, wherds the number
of nodes. This oblivious algorithm constructs a path by choosing a logarithmic
number of random intermediate nodes in the network. Astal. [13] showed
that the probabilities for the random intermediate nodes can be computed a priori
in polynomial time.

Even though congestion is a fundamental metric for the performance of rout-
ing algorithms, stretch is important too, since it represents the extra delay of the
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packets when there is no congestion. Ideally, stretch should be a constant. So far,
the main research on oblivious routing algorithms has focused on optimizing the
congestion while ignoring the stretch. For example, a packet may have destination
to a neighbor node of the source and still the path chosen by an oblivious algo-
rithm may be as long as the number of nodes in the network.

An interestingopen problemis to examine the circumstances in which conges-
tion and stretch can be optimized simultaneously.

There is a simple counter-example network that shows that in general the two
metrics are orthogonal to each other: take an adjacent pair of npdasd®( y/n)
disjoint paths of lengt®( +/n) betweeru andv. For packets travelling fromtov,
any routing algorithm that minimizes congestion has to use all the paths, however,
in this way some packets follow long paths, giving high stretch. Nevertheless,
there are special cases of interesting networks where congestion and dilation can
be minimized simultaneously. For example, in grids [15], and in networks of
uniformly distributed nodes in convex-like areas [16], the congestion is within a
poly-logarithmic factor from optimal and stretch is constant.

A second interestingpen problemis to find other classes of networks where
the congestion and stretch are minimized simultaneously.

Possible candidates for such networks could be for example bounded-growth
networks, or networks whose nodes are uniformly distributed in closed polygons,
which describe interesting cases of wireless networks. Another interesting open
problem is to find classes of networks in which oblivious routing gi@es D
close to the off-line optimal, wher€ is the congestion anb is the maximum
path length. Such a result will have immediate consequences in packet scheduling
algorithms since it is known from [52] that it is feasible to deliver the packets in
time proportional taC + D.

3 Stability of Continuous Consensus

Consensus is a fundamental task in distributed computing, it allows to reduce a
distributed task to a centralized task by agreeing on the system state, the inputs
and (hence) the common transition. One shot consensus cannot be self-stabilizing
[22] since it can terminate with disagreeing outputs. On the other hand, on-going
consensus may stabilize to eventually ensure that when a new consensus instance
is invoked the safety property for the output of this instance is correct [23].

In the scope of on-going (self-stabilizing) consensus task one may consider
the sequence of inputs and outputs of instances [20, 24] and require stability of
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outputs as long as the inputs allow such a stability. For example, when one con-
sensus instance output has been 1, and the next instance has 1 as a possible output
value, then 1 should be preferred. Namely, we would like to minimize the number

of times the output is changed.

Theopen problemis, to determine the most stable (consensus) function to use,
given flexibility in deciding on the output of the system.

Namely, given a particular sequences of input changes, choose the function
that changes output as least as possible, assuming that the function from the inputs
to the common output is only restricted to ensure that the output has a value equal
to at least + 1 inputs. For example, if the system can remember (in memory) the
last output, the system may stick to the output as long as it can: say the system
includes five processors, at most two of which maybe faultyti-e2. In case the
inputs are 1, 1, 1, 1, 1 the system must output 1, then if the inputs are repeatedly
changedto 1, 1, 1, 1, 0 and then to, say, 1, 1, 0, 1, 0 the system may stay with a
stable output 1, but once the inputs are changed to, say, 1, 0, 0, 1, 0 the system
output must be changed to 0.

The case of a geodesic path of input changes, where each input can be changed
at most once is considered in [20, 24]. The upper bound for the memoryless binary
input case in [20] i2t + 1 (where the majority of the firs?t + 1 inputs defines
the output). Multi-valued consensus extends the case of binary-valued consensus,
allowing the inputs (and the output) to be a non-necessarily binary value.

An upper bound for the number of output changes for a memoryless symmet-
ric system (where the function has the same output regardless of the position of
inputs in the input vector) is presented in [20]. The upper bound is a factor of
approximately 2 away from a corresponding lower bound shown using concepts
from Algebraic Topology.

Closing this gap, as well as considering hon geodesic input path changes that
are useful to separate the performance and to evaluate consensus functions are
open questions

Also in the case of multi-valued consensus one may only require an output
value that is within the range of values of the correct values, further exploring
functions is also open, and we believe that it is fruitful field of research with appli-
cation to several domains, including sensor activated devices, stable aggregation
of distributed information and alike.
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4 Complexity of Implementing Atomic Snapshots

A shapshotobject consists om components (shared variables), each storing a
value. Processes can perfodPDATE operations to change the value of each in-
dividual component, an8CANS, each of which returns a consistent view of the
contents of all the components. These operations can be performed simultane-
ously by different processes. Snapshots have been widely used to facilitate the
design and verification of numerous distributed algorithms because they provide
an immediate solution to the fundamental problem of calculating consistent views
of shared variables; this happens while these variables may be concurrently up-
dated by other processes.

A snapshotmplementatiorirom registers uses shared registers to simulate the
snapshot components and provides algorithmsS€&aN andUPDATE. Assuming
that processes may fail by crashing, an implementatiomis-freeif each non-
faulty process terminates executing@N/UPDATE within a finite number of its
own steps. An implementation lisearizableif (roughly speaking) the execution
of aSCAN or anUPDATE operation in any execution of the implementation appears
to take effect instantaneously.

Since shapshots have several applications, the design of efficient snapshot im-
plementations is crucial. Théme complexityf SCAN (UPDATE) of an implemen-
tation is the maximum number of steps executed by a process to perfecANa
(UPDATE, respectively) in any execution of the implementation. fiime complex-
ity of the implementation is the maximum of the time complexities SN and
UPDATE. Despite the numerous work that has been performed on designing effi-
cient snapshot implementations (see [30] for a survey), their time complexity is
not yet fully understood. Some implementations use a small number of registers
but they have large time complexity while others employ more registers to achieve
better time complexity.

It is known [27] that at leasin registers are required to implement an
component snapshot. An implementation that uses onfggisters is provided
in[1, 28]. Its time complexity i©Q(mn) for bothSCAN andUPDATE, wherenis the
number of processes in the system. A lower bound(ofin) on the time complex-
ity of SCAN for space-optimal implementations (that use anlyegisters), proved
in [28], shows that this implementation is optimal. An implementation that uses
n registers and has time complexi®(n) for SCAN andO(nlog n) for UPDATE (or
vice versa) is provided by combining results in [2, 10, 42]. The fastest known
implementation [8] has time complexi@(n) for both SCAN andUPDATE and uses
O(n?) registers. Another implementation with time complex@gn) which, how-
ever, uses an unbounded number of registers can be obtained by combining results
in [2, 41]. Lower bounds on the space-time tradeoff are provided in [29], where
it is proved that the time complexity GiCAN in any implementation that uses a
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fixed number of registers grows without boundnaacreases.

Bridging the gap between the lower bounds provided in [29] and the best known
upper bounds (discussed above) is a challengpen problem

Even less is known for the time complexity GPDATE. A lower bound of
Q(m) on the time complexity obPDATE is proved in [7]. This lower bound ex-
tends a similar result presented in [5] for the weaker version sihgle-writer
snapshot (where each component can be updated by only one process associated
to the component). Since the best known snapshot implementation [8] has time
complexityO(n) for UPDATE, it is unknown if this lower bound is optimal.

Proving better lower bounds for the time complexityUpDATE or designing
more efficient algorithms (in terms of tH#PDATE time complexity) is an in
triguing open problem

The identification of tradeoffs between the number of registers used in an im-
plementation, the time complexity 6€AN, and the time complexity GfPDATE
is another interestingpen problem

The lower bounds proved in [28, 29] hold for deterministic algorithms and|they
can be possibly beaten by employing randomization. Some randomized im-
plementations for the weaker version of single-writer snapshot objects are pre-
sented in [9]. Finding efficient randomized implementations for multi-writer
shapshot objects remains a challengipgn problem

5 Pure Nash Equilibria in Selfish Routing

In modern non-cooperative networks, such as the Internet, participants, acting
selfishly, wish to efficiently route their traffic from some source to some destina-
tion with the least possible delay. In such environmeN#sh Equilibria[62, 63]
represent steady states of the system where no user may profit by unilaterally
changing its strategy.

Koutsoupias and Padadimitriou [47], formulated the study of selfish routing
in non-cooperative networks by casting the problem as a non-cooperative game,
known in the literature as the KP-model;selfish users wish to route their un-
splitable traffic ontom parallel links from a source to a destination. Each link
has a certain capacity representing the rate at which the link processes traffic,
and users have complete knowledge of the system’s parameters such as the link
capacities and the traffic of other users. Also, users choose how to route their
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traffic based on a common payoff function, which essentially captures the de-
lay to be experienced on each link. However, modern non-cooperative systems
present incomplete information on various aspects of their behavior. For example,
it is often the case, that network users have incomplete information regarding the
link capacities. Such uncertainty may be caused if the network links are complex
paths created by routers which are constructed differently on separate occasions
according to the presence of congestion or link failures.

Gairing et al. [32] were the first to consider an extension of the KP-model
with incomplete information. Their model considers a game of parallel links with
incomplete information on the traffics of the users. The payoff functions employed
by the users take into account probabilistic information on the user traffics. The
authors show (along with other interesting results) that their model always admits
a Pure Nash Equilibrium and propose a polynomial-time algorithm for computing
such equilibria for some special cases.

In [38] an extension of the KP-model was introduced, where the network links
may present a number of different capacities and each user’s uncertainty about
the capacity of the links, callelelief is modeled via a probability distribution
over all the possibilities. It is assumed that the users may have different sources
of information regarding the network and, therefore, take their probability dis-
tributions to be distinct from one another. This gives rise to a model with user-
specific payoff functions, where each user uses its distinct probability distribu-
tion to take decisions as to how to route its traffic. In particular, the model is
an instance of weighted congestion games with user-specific functions studied by
Milchtaich [59].

The authors of [38], among other problems, studied the existence of Pure Nash
Equilibria in this new model; they proposed Polynomial-time algorithms for com-
puting pure Nash equilibria for some special cases and they showed that the neg-
ative results of [59], for the non-existence of pure Nash equilibria in the case of
three users, do not apply to their model.

The problem of existence of pure Nash Equilibria for this new model in the
general case is a non-trivial problem; as of this writing, it remajpsn

Given the non-existence result for weighted congestion games with user specific
payoff-functions [59], a natural step is to disprove the existence of pure|Nash
Equilibria for the new model described in [38].

It is conjectured that the model introduced in [38] always admits a Pure [Nash
equilibrium in general. Proving or disproving this conjecture is an interesting
open challenge
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Work for answering this question has been carried out in various directions.
In [33] it was shown that the game introduced in [38] is nobadinal potential
game since it has been shown that the state space of an instance of the game con-
tains a cycle. Therefore, potential functions [60], a powerful method for proving
existence of Nash Equilibria, cannot be used for this model. Further attempts by
the authors of [38], including applying graph-theoretic methods and inductive ar-
guments have not been successful. The arguments end up failing mainly due to the
arbitrary relation between the different user beliefs on the capacity of the network
links.

Typically, simple counter-examples to the existence of pure Nash Equilibria
considering a small number of resource (links) and users are used for such pur-
poses (for example, in [59], the counter-example involves 3 users and 3 resources).
This appears not to be the case for the new model: in [38] was shown that for the
case of three users (and arbitrary number of links) pure Nash Equilibria always ex-
ist; also simulations ran on numerous instances of the model (dealing with small
number of users and links) suggest the existence of pure NE.

6 Adverse Cooperative Computing

The problem of cooperatively performing a collection of tasks in a decentralized
setting where the computing medium is subject to adversarial perturbations is one
of the fundamental problems in distributed computing. Such perturbations can
be caused by processor failures, unpredictable delays, and communication break-
downs. To develop efficient solutions for computation problems ranging from
distributed search such &&TI@home to parallel simulation an@dRID comput-

ing, it is important to understand efficiency trade-offs characterizing the ability
of p processors to cooperate bindependent tasks in the presence of adversity.
This basic problem of cooperation has been studied in a variety of models, includ-
ing shared-memory [3, 40, 43, 45, 58], message-passing [18, 19, 21, 26, 34, 48],
in partitionable networks [25, 37, 39], and also in the settings with limited com-
munication, e.g., [36, 57, 65]. Developing efficient algorithms solving such task-
performing problems in adversarial settings has proven to be difficult.

Here we tackle the problem of distributed cooperation in deterministic shared-
memory settings where the processors are subject to arbitrary failures and de-
lays. Kanellakis and Shvartsman [43] introduced and studied an abstraction of
this problem, calledNrite-All, formulated in terms op processors writing td
distinct memory locations in the presence of an adaptive adversary that introduces
dynamic failures or delays. Here writing to a memory location models an inde-
pendent task that can be performed by a single processor in constant time. The ef-
ficiency of algorithms in such settings is measured in ternvgark that accounts
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for all steps taken by the processors in solving the problem. The upper bound
for Write-All with synchronous crash-prone processors was shown ©(be
plog?t/ log logt), wherep < t, and at least one processor is non-faulty. The algo-
rithm exhibiting this bound has optimal work 6Xt) whenp < tloglogt/ log?t.
However, Kedem, Palem, Raghunathan, and Spirakis [45] showed thatpwaen

t, the work lower bound foWrite-All is Q(t logt), thus no optimal algorithm for
Write-All exists for the full range of processqs = t). Although a small gap of
logt/ loglogt remains between the upper and lower bounds, the problem can be
considered substantially solved for synchronous processors.

Solutions for theWrite-All problem become significantly more challenging
when asynchrony is introduced. The most efficient deterministic asynchronous
algorithm known forwrite-All is the elegant algorithm of Anderson and Woll [3]
that has worlO(t - p?) for p < t and anye > 0. The strongest corresponding lower
bound, due to Buss, Kanellakis, Ragde, and Shvartsman [1%tis plog p),
and it holds even if no processor crashes. Note that in complexity-theoretic terms,
the relative gap between these bounds on work is very large (i.e., polynomial in
p, being p? for p = t), since the lower bound is only a logarithm away from
linear work. Given that this gap is now 15 years old, and that this problem con-
tinues to be of interest, it appears that narrowing this gap is extremely challenging.

Thus we formulate our first, two-prongeahen problemas follows: (a) can a
stronger thaf2(t logt) lower bound on work be shown for asynchromiste-
All problem, and/or (b) is there an algorithm for asynchronous processors that
solves the problem with work asymptotically less tt@(**) for p = t?

Next observe that an optimal algorithm fafrite-All must have work@(t),
however the lower bounds on work @ft + plog p) make optimality out of reach
whenp = Q(t). Also note that the algorithm [3] has work complexibgt) for
all but a trivial numberp of processors. The quest then is to obtain work-optimal
solutions for this problem using the largest possible, and non-trivial compared to
t, number of processorg in order to maximize the parallelism of the solution.
Recently Malewicz [56] presented the first qualitative advancement in the search
for optimal work complexity by exhibiting an algorithm that has w@k) us-
ing a non-trivial numbeg of processors, wherg = +/t/logt. Using different
technigues, Kowalski and Shvartsman [49] exhibited an algorithm that has work
complexity ofO(t + p?*), achieving optimality for a larger range of processors,
specifically forp = O(tY/(+9),

Our second and finalpen problemis as follows: Is it possible to solve the
asynchronouVrite-All problem with optimal workO(t) using the number @
processorp = t° for § > 1/2?

=
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Summing up, we presented ti\ite-All problem that abstracts the distributed
cooperation problem in the presence of adversity. Despite substantial research,
there is a dearth of efficient deterministic shared-memory algorithm&/five-All
with asynchronous crash-prone processors.

The most challengin@pen problemsin this area deal with closing the gap
between the lower and upper bounds on work, and with the development of
work-optimal algorithms that use the largest possible number of processors in
order to achieve high speedup in solving the problem of distributed cooperation.

7 Distributed Approximations

Initiated by Papadimitriou and Yannakakis [64], the distributed approximation of
linear programs has attracted the interests of researchers for some time. Most of
the past efforts considered the special class of packing and its dual (covering) lin-
ear programs. Note that many hard problems (e.g. dominating set, coloring etc.)
can be cast in the form of Integer Linear Programs (ILPs) and their distributed
complexity of a good approximation is, up to now, a major open issue.

It is fair to assume a setting of a network with classical message passing capa-
bility, in which a node can send a message of €)igegn) bits to each neighbor
in the net, in each communication step. Hars the network size. We can also
assume that each network node has a distinct id ofQ{lmey n) bits. This is a syn-
chronous communication model where the computation is assumed to advance in
(global) rounds. Imagine then a general ILP setting, where, for example, there are
n “producing” nodes andh “accepting” nodes. In generalis less tham. Each
producer, call her, has to derive an integegt (this can be negative. In that case
the producer demands units). For each “accepting” nodg when anx; arrives
to it, it has an associated cost (or beneiﬂt)s x. For each accepting nodethe
sum of alla1.j %, (i = 1...n), must be at most an integer quantity Herea', b;
are integers. The's produced have each a cost (or benefit) x; whereg; is an
integer. Now, the whole system must minimize the sum of;allx, (i = 1...n).
Or, at least approximate this minimum. The reader can recognize that this is the
general case of an ILP.

The distributed complexity (i.e. number of rounds to achieve a good approxi-
mation) of the general integer-linear programs is a maj@m problem

Note that the “accepting” nodes can elect a leader and then she can get all
the coefficients needed to solve the problem locally. But, the restriction in the
message size, leads to an awful number of rounds, e.g. arowM want here
a small number of rounds (constant number would be fine). Note that we do not
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assume that tha!'j form a metric. They can also be arbitrarily large.

Facility location is an example of a non-positive linear integer program that
is not a covering or packing one. Only very recently, the works [61, 35] made
some progress in the distributed approximation of the facility location problem.
In the facility location problem, the network is a (usually complete but this does
not help much) bipartite graph, where two node fetsndF share edges between
them. HereC is the set of clients anB is the set of facilities. Each facilityhas
a non-negative opening cokt The connection cost between facilitgnd client
j is an integert:ij. Lety, xi‘ be zero/one variables wheye = 1 indicates that
facility i is open anckij = 1 indicates that clienf is connected to facility. The
system has to minimize the sum of all opening and connection costs. Note that
any good solution that works with the relaxed linear problem first, must round the
non-integer solutions. Even this (e.g. randomized rounding ) has to be well done
in a distributed way.

An interesting variation of such problems is a selfish distributed optimization
situation. Let me motivate this by a Stackelberg game: Here eachinedets
to send flowx; to a destination nod¢. The total flow sums to (say) a value
Some of the nodes (belonging to a suldgetire not selfish but they agree to work
together (e.g. under an elected leader). The rest route their flows selfishly to avoid
big delays. But the nodes incan put their flows in such a way so that the Nash
Equilibrium reached by the other nodes is very close to an optimal flow routing
(e.g. of min total latency).

Finding distributed solutions to the selfish optimization problem described
above, remains ampen problem

For centralized solutions, one can see [44]. In fact, [44] shows that the leader
(i.e., the centralized equivalenttd can put its flow in such a way so that the Nash
equilibrium reached by the other selfish flows is indeed the optimal, provided that
the leader controls a sizeable portion of the overall flow. For recent developments
on distributed approximations to problems related to linear and integer program-
ming, we refer the reader to [51].

8 Sensor Networks: Locality for Geometric Graphs

Wireless sensor networks currently exhibit an incredible research momentum.
Computer scientists and engineers from all flavors are embracing the area. Sen-
sor networks are explored by researchers from hardware technology to operating
systems, from antenna design to middleware, from graph theory to computational
geometry. The distributed algorithms community should join this big interdisci-
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plinary party.

In the last twenty years, so-callémtal algorithms have been a thriving theo-
retical research subject. Inkaocal algorithm for some parametds, each node
can communicate at moktimes with its neighbors. Hence, even in synchronous
operation nodes can at most gather information aboutthe#ighborhood. Early
work for this model includes some of the most wonderful results in distributed
computing, such as Luby’s randomized independent set algorithm [55], sparse
partitions by Awerbuch and Peleg [12], or Liniaf¥logn) lower bound [53].

There have been recent advances on both upper [51] and lower [50] bounds;
however, many basic questions (e.g. a deterministic local construction of a max-
imal independent set) are stilpen(see also Section 7).

Until recently this theory was a biart pour 'art . Sensor networks may be a
first real-world application domain for local algorithms. Due to their wireless na-
ture, the links of a sensor network are often unstable, in other words, the network
is dynamic. In such an environment it is often impossible to run a centralized
algorithm, as the network topology which serves as an input for an algorithm is
usually different from the topology after running the algorithm. Local algorithms
on the other hand are able to compromise approximation quality (efficacy) for
communication time (efficiency) in order to keep up with the network dynamics.

Unfortunately, local algorithms are not exactly tailored for sensor networks.
Apart from various other modeling issues [67], local algorithms are often devel-
oped for general graphs; in sensor networks, however, geometry comes into play
as the distribution of nodes in space and the propagation range of wireless links
usually adhere to geometric constraints. Several models inspired by both graph
theory and geometry are possible; in a recent survey [67], a few such models are
presented.

So far, very little is known about local algorithms for geometric graphs. To|give
a specific example, even for a simple model knownrisdisk graph the local
complexity of typical coordination tasks (e.g., computing a dominating set) is
an open problem In fact, to the best of our knowledge, the currently best

algorithm for this problem on unit disk graphs remains an algorithm for general
graphs [51].
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Abstract

We discuss the ultimate equivalence problem for uniform HDTOL sys-
tems and give bounds for the problem.

1 Introduction

Culik 1l has proved the decidability of the ultimate sequence equivalence problem
for DOL systems, [1]. The approach of Culik Il uses heavily the balance proper-
ties of sequence equivalent DOL systems. For interesting results concerning the
ultimate equivalence problem of HDOL systems see [6].

The ultimate equivalence problem remains open for HDTOL systems. In this
note we prove that the problem is decidable for compatible uniform HDTOL sys-
tems.
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For the basics concerning HDTOL systems we refer to [4, 5, 2].

2 Definitions and results

We use standard language-theoretic notation and terminology. In particular, the
length of a wordw is denoted byw| and a morphisng : X* — Y* is called
uniformif |g(a)| = |g(b)| for all a,b € X.

An HDTOL systenis a construcG = (X, Y, gs, ..., 0 0, W), whereX andY are
finite alphabetspn > 1 is an integerg; : X* — X*, 1 <i <n,andg: X* — Y*
are morphisms and/ € X* is a word. G is calleduniformif gi,...,0, g are
uniform morphisms.

LetG = (X, Y, 01,...,0n.0,Wp) andH = (X5, Y, hy,...,hy, h,w,) be HDTOL
systems. Theis andH are calledultimately sequence equivaleifithere is a
nonnegative integdg such that

g9, - -- G, (W) = hh, ... hi; (W) 1)

whenevek > kg andiy, ..., ik € {1,...,n}. G andH are calledsequence equiva-
lentif (1) holds for allk > 0 andi4,...,in € {1,...,n}.

LetG = (X3, Y,01,...,0n 0, W1) andH = (X3, Y, hy,. .., h,, h,w,) be uniform
HDTOL systems. Thefs andH are calleccompatiblef |wy| = [w,| > 1, |gi(X)] =
[hi(%2)] = 1 and|g(xy)| = [h(x2)| = 1 whenever = 1,...,n, X3 € X1, X € X,.

Theorem 1. Assume that uniform HDTOL systems=G(Xy, Y, 0y, ..., On, 0, Wy)
and H = (X3, Y, hy,..., h, hyw,) are compatible. Then G and H are ultimately
sequence equivalent if and only if

g9 - -- gil(Wl) = hhk ce hil(WZ) (2)
whenever k= card(Xy) + card(X;) — landl <ig,...,ix < n.

Proof. Without loss of generality assume thétn X; = 0. Let X = X; U X;
and define the morphisnfs: X* — X*, 1 <i < n,andf : X* — Y* by
o ) g ifxe X
fi(x) = { h(X) if X X

and 0 if x
_[o(x) ifxe
f(x)_{h(x) i xe Xy °

Becausé& andH are compatible, the morphisnfis 1 < i < n, andf are uniform.
If k>0and 1< iy, ...,ix < n, then (2) holds if and only if

f fik . fil(Wl) =f fik . fil(W2)~
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Next, assume that is a nonnegative integer and define the equivalence rela-
tion R, on the seX* as follows. Ifu,v € X*, thenuR,v holds if and only if we
have

f fik ce fil(U) =f fik e fi1(V)

whenevek > pand 1< iy,...,Ix < n. Clearly,
RRCRCRC....

Observe thatR,v implies|u| = |v|. Furthermore, il = &, ...asandv = b;...bs
wherea;, b; € X, 1< j < s, thenuRyvif and only if ajR,b; forall j e {1,...,s}.

Assume thaR, = Ry,1. We claim that therR,,1 = R,.2. To see this, it
sufices to show thaR,.» € Ry.1. Assume thatiR,.,v whereu,v € X*. Then
fi(URy. fi(v) for alli € {1, ..., n}. Hencefi(U)R, fi(v) for all i, which implies that
UR,.1v. This concludes the proof th&, = R,.; impliesR;.1 = Ry.2 and, hence,
thatR, = Ry, for all j > 0.

Next, letr, be the number of equivalence classe®gh (X x X). Then

card(X;) + cardXp) =ro>ry>....
Consequently, there exists an integercard(X;) + card(X;) — 1 such that
't = eq.

This implies
R N (X% X) =Ry N (XxX).

HenceR, = R.,;.

Assume now thaG andH are ultimately sequence equivalent. Then there
exists a nonnegative integprsuch thawv,Row,. Hencew;Rws,. In other words,
(2) holds whenevek > card(X;) + card(X;) — 1 and 1< iy,...,ik < n. O

To continue recall the following result from [3].
Theorem 2. Suppose G= (X1, Y, 01,...,0n, 0, W) and H = (X3, Y, hy,...,hy, h,

Ws) are uniform HDTOL systems such ti,at| = |w,|. Then G and H are sequence
equivalent if and only if we have

ag . .- gi1(W1) = hhk cee hi1(W2)
wheneveD < k < max1, card(X;) + card(X,) — 2} and1 <iq,...,ix < n.

Theorems 1 and 2 imply our final result.
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Theorem 3. Assume that uniform HDTOL systems=G(Xy, Y, 01, .., 0n, 0, W1)
and H = (X3, Y, hy,..., h, hw) are compatible. Then G and H are ultimately
sequence equivalent if and only if

dgy--- gil(Wl) = hhk cee hil(WZ)
whenever carfX;) + card(X;) — 1 < k < 2card(X;) + 2card(X;) —3and 1 <

i1,...,0k<nN.
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REVIEW OF DINES BJORNER'S TEXTBOOKS
SOFTWARE ENGINEERING 1—3

by Hartmut Ehrig
Technische Universitat Berlin, Germany

Dines Bjgrner is certainly one of the most well-known protagonists of formal
methods in software and system engineering. Already in the 70s he was one of the
fathers of the Vienna Definition Method and Language advocating formal speci-
fications for software development. More recently he has also been one initiator
of the RAISE Method and the RAISE Specification Language RSL. In fact, RSL
plays an important role in the 3 volumes Software Engineering 1-3 published as
texts in Theoretical Computer Science by Springer in 2006.

Although there is already a large variety of text books on software enginee-
ring available, it is certainly a pleasure to read and study the 3 volumes by Dines
Bjgrner. All the relevant concepts from software engineering are systematically
introduced and the role of formal methods is carefully explained. The reviewer
shares the point of view of the author that formal techniques apply in all phases,
stages and steps of software engineering, and in the development of all kinds of
software. The main question, however, is how to present formal methods to people
in software engineering, especially to those without solid background in mathe-
matics. The answer given by the author is “Formal Techniques Light”. This means
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basically 3 steps: “1. Start by being systematic. 2. Specify crucial facts formally.
3. Program Code from there.” The first 2 steps are presented carefully for a large
variety of concepts and examples covered in the 3 volumes. For step 3, however,
there is essentially only a hint that tools can be provided to translate model orien-
ted specifications in RSL into constructs of programming language€)iker +,

C#, Java, and Standard ML.

Let us have a closer look at each of the volumes. In volume 1 with subtitle
“Abstraction and Modelling” we have in part | a careful introduction into the aims
and objectives of the 3 volumes, in part Il an informal, but systematic treatment
of several areas of discrete mathematics, and in parts Ill and IV an introduction
into RSL. Finally in part IV the concepts of applicative, imperative, and concur-
rent specification programming are carefully explained and shown how they are
supported by RSL. RSL is justified as suitable specification language for this pur-
pose, because it is close to discrete mathematics, allows to express the imperative
specification style, can handle expressions of concurrency, has a strong flavour
of algebraic specification languages and allows to structure its specifications in
a modular fashion. Remarkable in part Il is the kind of informal, but systematic
treatment of sets, functions, algebra and logic, which almost avoids any mathema-
tical definition. It is coherent with the standard definitions, except of the notion of
injective function, which - surprisingly - is not required to be “one-to-one”, but
“non-surjective”.

Volume 2 with subtitle SSpecification of Systems and Languages” starts in
part | with an RSL primer summarizing all RSL-concepts introduced in volume 1,
in part Il and Il specification facets like hierarchies and composition, denotations
and computations, configuration, content and states as well as time and space are
carefully introduced. Part IV concerns the linguistic concepts of syntax, seman-
tics and pragmatics, which can be summarized as semiotics. Further specificati-
on techniques like modularization, automata and machines are presented in part
VI and other specification techniques like Petri nets, message and live sequence
charts, statecharts and quantitative models of time in part V. Finally interpreter and
compiler definitions are discussed carefully in part VII includinffedient kinds
of simple applicative imperative, modular and parallel languages. The chapters on
visual specification techniques in part VI are authored by Christian Krog Madsen,
a former student of Dines Bjgrner. Core concepts of these techniques are introdu-
ced on an informal level and then syntax, static and dynamic semantics are given
in RSL. This is called “UML"-ising formal techniques.

The main question “What is Software Engineering?” is addressed in volume
3 with subtitle “Domains, Requirements, and Software Design”. The answer to
this question is summarized by Dines Bjgrner in his Triptych of Software Engi-
neering”. The main idea of this triptych is that software development is an iterati-
ve process involving domain engineering, requirements engineering and software
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design, where all phases should be based on formal techniques. Bjgrner claims -
and the reviewer agrees in principle - that “developing software without formal
techniques is like sailing the high seas without knowing how to compute the cur-
rent longitude”. According to this triptych paradigm carefully discussed in part

I, domain engineering, requirements engineering and computing systems design
(including software design) is presented on a conceptual level with a large variety
of examples and case studies specified in RSL in parts IV, V, and VI of volume 3
respectively. In the closing part VIl it is a pleasure to read how Dines Bjorner is
fighting against several myths about formal techniques of software engineering.
In summary, the 3 volumes with altogether about 2250 pages - present a most
interesting view of software engineering, which is certainifedent from most

other textbooks, especially from those focusing on implementation, testing and
management issues within software engineering. A suitable subtitle for all 3 volu-
mes could be “The role of formal methods in software development”. The choice
of RSL as formal specification technique is consistent with the aims of the aut-
hor, although other protagonists of formal methods in software engineering might
prefer other specification or modelling techniques. Moreover, the strong claim of
model-oriented software development is widely supported in software engineering
these days, where in most cases; however, object-oriented software development
based on modelling and metamodelling techniques in the sense of UML and other
visual techniques is predominant.

From the formal methods point of view the reviewer agrees with Bjgrner that
the lack of formal semantics for main parts of UML is still unsatisfactory, but
“UML-ising formal techniques is only one alternative. The reviewer also agrees
with the author that the major shortcoming of his 3 volumes is the “all too brief
coverage of correctness issues”, where the reader is refered to other literature. Alt-
hough we regret that the reader is not guided how the show correctness of stepwise
refinement form requirements to design, the principle “Formal Techniques Light”
mentioned above is a convincing paradigm for the approach in these 3 volumes.

Altogether the 3 volumes can be highly recommended for software engineers
in practice and students in software engineering courses in order to learn the basic
principles of software development and how they can be supported by formal
methods in a systematic way.
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Yuri asked me, the authoA] to meet his student Quisar®}, who often appears
in public just before a new issue of tiBalletin comes out, and for whom Yuri
arranges meetings with computer science logicians.

As Q looked rather tired and fliering from a lack of sleep, | asked him what
had caused it. He explained that in a recent meeting with Jan Van den Bussche,
which was reported in thi€olumn[38], he was given a chapter on embedded
finite models from my book [29] as bedtime reading, but didn’t find it very easy
to start reading a 14-chapter book from chapter 13. So an email to Yuri followed,
and a meeting with me was arranged. The following is my transcription of that
meeting.

A. At the very least you're now familiar with the main definition of embedded
finite models. Let’s review it first.

Q. As I recall it, you start with annfinite model or structure, something like the
real closed fiel®k = (R, +, -, 0, 1, <), and then put éinite model on it, say, a finite
graph whose nodes are real numbers.

A. That's right. Formally speaking, you have two vocabularies, Qdpr an
infinite structure, and- for a finite structure, and you look a®(o)-structures,
whereo-relations are finite.
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Q. So, for example, if | want to work with graphs whose nodes are real numbers,
thenQ could be ¢, -, 0, 1, <) ando should have one binary relatid(-, -) for the
edges of my graphs.

A. Exactly. And you'll be working with logical formulae over bofhando. So
in first-order logic (which we abbreviate as FO), you can write a sentence

Jadbvxvy E(x,y) > a-x+b=y

saying that the graph lies on a line.
Q. Do you use special names to distinguish $hstructure and the-structure?

A. Yes, we usually refer to th@-structure as théackgroundstructure, and to
finite o-structures agmbedded finite modeldn our example, graphs are “em-
bedded” into the real fieltk.

Q. Ok, | now remember the definition. But can you explain why anyone would
study these objects?

A. Certainly. The initial motivation came from the field of database query lan-
guages.

Q. Yes, | heard from many people that databases provide much of the motiva-
tion for the development of finite model theory, but how do you come up with
embedded finite models?

A. Simple. Do you remember what the main theoretical database query language
is?

Q. Of course, it's relational calculus, which is just another name for FO.

A. Correct. For example, if you have a graph, you can ask for pairs of nodes
(x,y) connected by a path of length 2 using the formibdgE(x, 2) A E(z V)), or

for nodesx from which there is an edge to every other nodg:E(x,y). And FO
provides the basis of the most common real-life query language SQL.

Q. But we only store finite sets in databases, don’'t we?

A. Wait a minute. Much of database theory (say, as described in [1, 31]) con-
centrates on languages that operate with uninterpreted objects — in other words, it
doesn’t matter what those graph nodes are. But in real databases we operate with
interpretedobjects: say, numbers or strings. In fact, for every relation we putin a
database, we must writecxeate table statementin SQL that specifies a type

for each attribute: real, integer, Boolean, string, and so on.

Q. I'think | see it: elements that we store in a database may come from an infinite
set.

A. Not only that,but there are also some domain-specific operations, such as
arithmetic operations for numerical domains, that we can use in queries.
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Q. Can you give me an example?

A. Let’s take a ternary relatioR(, -, -), whose tuples are interpreted as two city
names and the distance between them. Then the query

dz,d;, dx (R(X,z d1) AR(zY,dy) A d; + dp < 100)

finds pairs of citiesx andy so you can travel between them while visiting another
city and the total traveled distance is less than 100.

Q. I'remember now, Jan Van den Bussche [38] was talking about applications in
Geographical Information Systems.

A. Yes, but this is not the only application. One can think of finite strings and
various operations and relations on them, such as adding letters at either end of a
string, or checking if one string is a prefix of another.

Q. | see. So, the background structure of vocabul@rprovides information
about the domain and operations on it, and the fimitgtructure is a “database”
you put on theQ-structure.

A. Yes. Note also that whil& may contain function, ), relation &) and
constant (01) symbols, we assume thathas only relation symbols in it.

Q. Thisis a rather natural setting. Didn’t database people study it to death during
the early days of database theory?

A. Not really — they were not that interested in interpreted operations in query
languages (although they are present in all real-life languages). Even more im-
portantly from the relational databases point of view, when one writes queries in
logical form, one normally assumes that a database is a finite structure with a finite
universe. This sfices for many — but not all — database applications (a notable
exception is constraint databases, to be discussed shortly). The formal setting of
relational databases, however, assumemfamite domain of possible values, al-

beit without any operations on it. So technically speaking, relational databases are
often defined as finite structures embedded into an infinite structure of the empty
vocabulary. So in this case, a logical formalism would be that of an infinite struc-
ture with a finite structure embedded into it, rather than just a “stand-alone” finite
structure.

Q. And no one was curious whether these two settings drerdnt?

A. Some people did. For example, Paris Kanellakis in his survey of relational
databases in the Handbook of TCS [25] mentions this distinction. But by that
time, it was known that infinite domains without operations don’t add anything to
the “everything-is-finite” relational model [2, 24].

Q. How can you state this formally?
A. We'll get to it soon — this is done vieollapse theoremsBut let’s first talk
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about a new direction in database research brought to the fore the issues related
to infinite domains and interpreted operationsonstraint databasesThey were
introduced in 1990 [26], and a book about them appeared ten years later [28].

Q. Yes, | heard about constraint databases from [38]: they are used to represent
infinite sets in databases, right?

A. Right. In fact the model of constraint databases is very similar to embedded
finite models: all that changes is the interpretatiomratlations. Now they are
not just finite sets, but setkefinable(in FO) in the background structure.

Q. And what can we represent in this setting?

A. Let's look at the real field again. An FO formula owr= (R, +,-,0,1, <)
with, say, two free variableg(x, y) defines a subset of the the plak&of points
that satisfy the formula. Do you remember what these sets are called?

Q. I think it has something to do with algebra. And somehow the name Tarski
also comes to mind.

A. Right, they aresemi-algebraicsets [13, 39]. And by Tarski’'s quantifier-
elimination for the real field, each FO formu&Xx) over R is equivalent to a
quantifier-freeformula, that is, just to a Boolean combination of polynomial in-
equalitiesp(X) > O.

Q. And | presume you can represent a lot of useful information about, say, geog-
raphy, using such polynomial constraints.

A. True. So now if your query language is FO over the real field and database
predicates — interpreted as semi-algebraic sets — you can ask many queries about
your geographical objects, which now dimitely represented in your database by
means of a set of polynomial constraints. An example would be the “database lies
on a line” query, which was our first example.

Q. What types of interesting queries can you write in this language?

A. You can test, for example, if a set is topologically open or closed, if it is
bounded; for a trajectory (x, y, t) you can compute the speed at each ttm@u

can compute the boundary of a set, compare coordinates of specific points, and so
on — many queries one needs to ask in GISs.

This language, by the way, is often called F®ovy (for first-order with polyno-

mial constraints). In many applications even simpler linear constraints are used
[20]; the corresponding query language of firsr-order with linear constraints, and
database relations definable with linear constraints, is called EQ.

Q. But now | recall that certain things you aast ask in FO+ Liv and FO+ Pory
— and that's why Jan suggested | read the embedded finite models chapter in [29].

A. And do you remember an example of a query that#H»Ly cannot express?
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Q. Ithink it was topological connectivity, wasn't it? But then what does it have
to do with finite models?

A. Itturns out that many questions about expressiveness af P@y over semi-
algebraic sets can be reduced to questions about its expressiveness over finite sets.
For example, topological connectivity and graph connectivity are very closely
related.

Q. I believe I see why: we can embed any graph iktavithout self-intersections.
So a graph is connecteff its embedding is topologically connected!

A. Exactly. There is one little detail: to reduce non-expressibility of topological
connectivity to non-expressibility of graph connectivity you must show that the
embedding itself is definable in FOPoLy, but this is easily done.

Q. This is a nice example, but it's quite ad hoc. Is there a general result that
describes what problems can be reduced to the finite case?

A. Not really — although it would be nice to have such a result — but there are
plenty of examples. For instance, Grumbach and Su [21] showed how inexpress-
ibility of many topological properties in F® PoLy can be reduced to questions
about embedded finite models. And many other results about constraint databases
are obtained by reduction to the finite case [28]. So one can say that embedded
finite models play the same role for constraint databases as usual finite models
play in relational database theory.

Q. | think we had quite a detour since | asked you about a general result saying
that embedded finite models behave just like the usual finite models.

A. You're absolutely right, let’s get back to it. As | said, these results come in the
form of collapse theoremsBut before we state them, we need some notations.
Let's use FO, o) to denote first-order logic over the backgroufestructure

Mt and relational vocabulary — remember that now-relations are finite. For
example, FOr Pory is just another name for F@( o). Now what would you call

the “standard” finite model-theoretic FO using this notation?

Q. Perhaps FOLty, o) wheredi, is a structure with an empty vocabulary?

A. Almost, but not quite. The issue, again, is the underlying domain. Let’s say
Ny = (U, 0). If you write Ixe(X), what does it mean?

Q. I guess it means that there is a withadsr ¢(Xx).
A. Correct, but where does this witness come from?
Q. It must come from the universe X, that is, fromU.

A. And now we have a little problem. When we work wifinite models,3x
means that we can find a witness in the universe of the finite model, that is, some-
where in theor-structure.
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Q. Can you explain why this is a problem?

A. Sure. Let's sayr is the vocabularg(, -) of graphs, and we want to say that a
graph is reflexive. How would you express this in FO?

Q. I think | see what you want to say. | would like to writex E(x, X), but that
would mean thaE(a, a) is true for alla € U, and hence this sentence is false in
all finite graphs embedded ;.

A. Precisely. So we introduce a new type of quantification that only refers to the
o-structure.

One calls the set of all elements of a finitestructureA its active domainand
denotes it byadom(A). And now we introduce active-domain quantificatitxe
adome(x) and¥x e adome(x) with the meaning that there exists an element (or
for all elementsh of adon{A), the formulap(a) is true.

Q. Does it make a logic more expressive?

A. No, it doesn't, because the active domain itelf is easily expressible in FO: say,
for graphs by a formulay (E(x, y) VE(y, X)). But then we can define an interesting
fragment of the logic FOR, o), namely its restriction in which all quantification

is active-domain, that is]x € adomy or Yx € adomg. We shall denote it by
FOue(M, 7).

Q. | see — so now FQ(My, o) is the real finite-model theoretic FO over
structures, for which the background structure doesn’t matter, and we somehow
want to reduce FOL, o) to FO,(Miy, o).

A. Almost - but for reasons that will become clear soon, we can’t completely
eliminate everything from the vocabulary of the background structure, and we
need to keep a linear ordering in it. So with edéh= (U, Q) we associat®t. =

(U, <), where< is an arbitrary linear ordering (it had it to start with, we’ll
keep that ordering), and we shall attempt to reduce questions aboilt, EQ{o
FOuc(M., o).

Q. But what do we know about FEQ(Mi., 0)?

A. Plenty, thanks to people working in finite model theory. This is just FO over
o-structures with a linear ordering on them. Many inexpressibility results in this
setting are obtained by routine applications of Ehrenfeucht-Fraissé games, and
some heavy tools are available too: for example, the Grohe-Schwentick theorem
[19] says that any property expressible inJ., o) that does not depend on a
particular linear ordering: is local, i.e., determined by the isomorphism type of

a small neighborhood of free variables of a formula, and Shelah’s theorem [37],
which says that even though E@t_, o) does not have a 0-1 law, it has a very
weak form of it, called the slow oscillation property.
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Q. Ok, I am convinced we can use many facts aboui ., o) “by citation”.
But how do we go from FOL, o) to it?

A. We do it in two steps: first we try to show that FB(c) = FOL(M, o) — and

this is called anatural-active collapsegbecause unrestricted quantification aver

is sometimes referred to as “natural” quantification. As the second step, we try to
reduce FQ(M, o) to FO, (M., o).

Q. What do we do first?
A. Let’s start with the second step, it's much easier.

Q. I don't see how it can be true that EG, o) = FO,(Mi., o). Say ifMiis the

real field and we write something likéac adondycadom Ex,y) A (X+y # 1).

How can we do this if only a linear ordering is available?

A. We cannot. But note that most queries owestructures that are of interest to

us are queries such as graph connectivity, or cardinality comparisons, and they do
not depend on which particular elementsfbfthat the active domain of a finite
structure consists of. These queries are cajlereric

Q. Can you define them formally?

A. Of course. Let’s do it for Boolean (yg®) queries. Such a query is just a
classC of finite o--structuresA with adon{A) c U. Now supposeA € C, and let
h: U — U be a 1-1 partial map defined adon{A). The definition of a generic
queryQ says that theh(A) must be inC too.

Q. Whereh(A) is simply A in which everya € adon{A) is replaced by(a)?
A. Of course. Can you give me examples of generic and non-generic queries?

Q. Ithink | can — graph connectivity, evenness of cardinality are generic, but my
earlier example — the existence of an edge) with x +y # 1 —is not.

A. Exactly. So our first “reduction” is often called attive-generic collapse
it says that every generic query expressible in,gD, o) is also expressible
in FOu (M., o). That is, FQu(M, o) = FO,(M., o) with respect to generic
gueries.

Q. This sounds like a strong result. And what conditiongbmlo you need for
it?

A. Here comes the good news — none whatsoever! This is true for all irtflhite
Q. That's wonderful! Is this hard to prove?

A. Not really. In fact two very similar proofs appeared almost at the same time
[8, 33]. They used very similar ideas based on Ramsey’s theorem.

Q. Ramsey’s theorem? Isn’t this about monochromatic cliques and other strange
graph-theoretic constructions?
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A. These are finite Ramsey theorems. Here we need the original result by Ram-
sey: if orderedh-tuples over an infinite séfl are partitioned intd@ > 2 classes,

then there is an infinite subsely € U such that all ordered-tuples overU,
belong to the same class of the partition.

So next we use this repeatedly to reduce every subformula involving symbols from
Q to a formula that only involves a linear ordering, and over some infinite subset
is equivalent to the original one. For example, ¥or y # 1 we can simply find

an infinite setU, C R such that over it for all pairsx(y) with x < y we have
Xx+Yy # 1. Then ovelJ, we simply replaceX +y # 1) with x < y — and notice

that we introduced an ordering!

Q. | think | see the idea now — you eliminate all symbols fréinexcept an
ordering and still have a formula equivalent to the original one on some infinite
set, but by genericity you can assume that your finite structure comes from that
set.

A. Exactly. So as you can see, it's a bit tedious but not hard at all. In fact the
easiest proof of the active-generic collapse is simply by induction on the structure
of a formula, and it is given in full detail in [10] and in Chap. 13 of my book [29].

Q. So far so good, we have the active-generic collapse for all structures. Is it the
same for the natural-active collapse?

A. Far from it. Can you think of a simple counterexample?

Q. Ithink I can; what if we have an empty-structure? Then active-domain
guantifiers make no sense and any,H®t, o) formula is equivalent to a formula
that has no quantifiers at all — but this cannot always be true.

A. Yes. In particular this means that every FO formula d¥eis equivalent to a
formula that has no quantifiers at all. Do you remember the name of this property?
Q. Of course, it’s called quantifier-elimination. | even remember a few examples:
(Q, <), (R, +,-,0,1, <), or Presburger arithmetid, +, <, 0, 1) if you add all mod-

ulo comparisons = m( mod k). So if 0t has the natural-active collapse, it must
have quantifier-elimination too.

A. Yes, but actually this is not the biggest problem. After all, quantifier-
elimination is easy to achieve.

Q. How?

A. You take a structur®: and simply add a new-ary predicate symbd®P, for
every formulag(xy, ..., %) whose interpretation iga € UX | M £ ¢(@)}. The
new structuréliye is no diterent in terms of FO-definability, and it has quantifier-
elimination.

Q. I'see. And since the active-generic collapse applieBiig it means that all
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we need to conclude that some generic queries — such as graph connectivity — are
not definable in FO{t, ) is to show that FOQ)ige, o) = FOucVige, 0).

A. You're absolutely right. In fact, there is even a special name for the statement
that FOige, o) = FOL(Miqe, 0): it's called arestricted-quantifier collapse

Q. And itisn't true for all structures either?

A. No, and in fact some very familiar structures provide good counterexamples.
Here is a hint: replack by N.

Q. I guess the best known structureliis the standard arithmetic of addition and
multiplication: %t = (N, +, -). Are you saying that the restricted quantifier collapse
fails for it, and we can have queries that are in RQ() but not in FQc(Nge 0)?

A. That'sright. Let’s think of an example. What can you say aboufcffQe, o)?

Q. We have active-generic collapse for it, so | can’t express queries such as 'is
the cardinality of a structure even?’. So now | need to express it il ..

A. And if you remember some computability theory, you can tell me how.

Q. Of course — ik | can code every finite structure by a natural number, and
then | can express every computable property of natural numbers in FO. So of
course | can say that the cardinality of a finite set is even. Now | see that we need
to impose some conditions on the background structure.

A. Yes, and there’s been quite a lot of work on identifying conditions that guaran-
tee collapse: natural-active or restricted-quantifier. In fact, this work started with
the simplest structuriy = (U, 0) with an empty vocabulary, and it was shown, by
Hull and Su [24] to admit the natural-active collapse: BQ(c) = FO,(Miy, o).

Q. How does one prove this?

A. We do it by induction on the formula, and the only case that requires work is
that of an unrestricted existential quantifiefx) = 3y (X, y). This is equivalent
to

dyeadomy(x,y) v \/xei"”(z x) Vv dy ¢ adomy(X,y).

So we need to take care of the last case. But then notice that since the vocabulary
is empty, if there is one witnegs¢g adomfor i, then everyy ¢ adomis a witness

for . We thus modifyy (which is, by the hypothesis, already an £y, o)) by
carefully eliminating the variablg for example, for each relatidd in o, we can

safely replaceés(...,Y,...) by false sincey does not belong to the active domain,

and likewise we replace each comparigoa z, wherezis a quantified variable,

by falsetoo, since all quantification ig is over the active domain. We thus get a
formula that does not mentignand is equivalent taly ¢ adomy (X, y).

Q. | see. But this proof breaks the moment there is anything at all in the vocabu-
lary.
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A. Absolutely. And yet the result is true for the real field. Let's look at one
example that we've seen already: all paiksyj in a binary relatiors lie on aline.
That is,dadbvVxvy (S(x,y) — a-x+b =y). There is an easy way to eliminate the
unrestricted quantifier3adb. Can you try to say what it means for a set of points
to lie on aline?

Q. Doesn't this happertiievery three points are collinear?

A. Exactly. So we can state this property &, X, X3,Y1,Y2, Y3 €
adom(A2, S(x.y;) — a(Xy)), wherea states thatx,y:), i < 3, are collinear.
And it is easy to writex as a quantifier-free formula.

Q. This is a cute example but it's very ad hoc. And you're saying that we can do
something similar with every F®( o) query?

A. Yes. Let me tell you the history of this result. It was conjectured in 1990
[26] that some queries such as evenness and graph connectivity are not express-
ible in FOR, o), that is, FO+ PoLy. The suggested approach was to show the
natural-active collapse for the real fieRl This was first achieved in [9] by a
non-constructive proof, and a constructive proof appeared in [10]. But a year be-
fore the proof of Benedikt and myself [9], Paredaens, Van Gucht and Van den
Bussche [34] presented a nice constructive proof of the natural-active collapse for
R, +,-,0,1,<)—thatis, for the case of linear, rather than polynomial, constraints.

Q. Does multiplication make such aftérence?

A. In retrospect, it doesn't. In fact, if you look at the proof of the natural-active
collapse fofk in my book [29], it follows the ideas of Paredaens et al [34]. But the
path to that proof wasn'’t straightforward. In fact, the result of [34] was first gener-
alised quite a bit beyond the real field, as it was proved that exenjnimalstruc-

ture has restricted-quantifier collapse [9, 10]. O-minimality is a central concept of
contemporary model theory [35, 39]: it refers to ordered structlres(U, Q) in
which every definable subset bf is a finite union of intervals. Can you tell me
why R is an example of an o-minimal structure?

Q. Ithink | can: by Tarski's quantifier-elimination, every formux) is equiv-
alent to a Boolean combination of polynomial inequalifsq) > 0, so ifr and

r’ are two roots of polynomialp;'s such that no other root occurs between them,
then the signs of all th@’s on (r,r’) don’t change and hence the truth value of
¢(X) doesn’t change orr(r’). Are there other interesting examples of o-minimal
structures?

A. There are, and perhaps the most celebrated of them is the “exponential field”
— the expansion dR with the functione*. The o-minimality of the exponential
field was proved by Wilkie [40].

So [9] proved the result for o-minimal structures, and its constructive version [10]
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Figure 1: Illustration to the natural-active collapse for the linear case

did so for o-minimal structures again, assuming decidability of their theories. But
when the proof was reworked specifically for the cas®& oit looked remarkably
similar to the proof for the case of linear constraints.

Q. Will you show this proof to me?

A. | think for this meeting it's better to understand the main idea of the proof
for the linear case — after all, it's easier to deal with polynomials that can only
have one root, rather than an arbitrary number of roots. So we shall work
with (R, +, -, 0, 1, <) as our background structure (and it is well-known to have
guantifier-elimination). How do you think the proof will go?

Q. By induction?
A. Of course. So the only case that requires work is elimination of an unre-

stricted existential quantifier. Let's say we haye= 3yy(y), wherey(x) is an
FO.((R, +,—, 0,1, <), o) formula.

Q. Wait a minute, what happened to the free variables? Shouldn't you be looking
ato(X) = Ayy(X,y) to make your induction hypothesis general enough?

A. Of course, but free variables require some extra bookkeeping, and the main
ideas can be already seen in the simple case. So let’'s understand the proof for that
case, and you can fill in all the details later.

We assume thai(y) is of the form3x; € adon¥x, € adom... a(X,y), wherea
is a Boolean combination of atomic formul&¢) for S € o that don't usey (as
S(-,V,-) can be replaced byix' eadom -, X,-) A X' =y), and linear constraints;
we also assume that constraints involviraye rewritten ag {=, <} Y0, a-X +b.

Let fi(x), 1 < i < p, enumerate all the functions that occur as right hand sides of
linear constraints whose left-hand sidgyjsand letfy(Xy, ..., Xm) = X;. Now let
A be afiniteo-structure, and let

A={f@|i=1...,p, acadon(A)™.

Notice thatadom(A) € A. Assume thafA = {a,,...,a} witha; < ... < a.

Now look at the picture in Fig. 1: it € (&, a,1) satisfiesy, thenevery ¢ €
(a;, ai,1) satisfiesy because the truth values afc’ {=, <} f;(a) are the same for
all tuplesa from the active domain, and all atomic formul&g, c,-) andS(-,c, -)
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are false, since, ¢’ ¢ adon(A).

Q. | see — so if we have a witness fgfy) from an interval &, a;.1), the whole
interval satisfiegy. Thus, all we need now is to describe one potential witness
from each interval.

A. Yes, and this is easy to do, in a way that is definable with linear constraints:
for each interval4;, a,,1) we take & + a;,1)/2 as a witness, for-{(co, a;) we take
a; — 1 and for g, o0) we takea, + 1. Thus,yy(y) is now equivalent to:

P P ) .
aveadom( \/ \/ w2 p 2/ yp v

i=0 j=0
p

\/ @@ - 1)/ y) v (@ + 1) / y)))
i=0

wherey([c/y]) means that is substituted foy in . Thus, we replacedy with
several active-domain quantifiedue adormdve adon) and a big disjunction over
witnesses from the intervals generated by theAset

Q. The definition of o-minimality you mentioned also talks about intervals...

A. A very good point. This proof is a special instance of a more general proof
for o-minimal structures that uses the same ideas: if there is a witness, then a
whole interval is a witness; the number of such intervals is finite; and one can
choose specific withesses from them. O-minimal structiitdgmve a remarkable
“uniform bounds” property: for each formulgx, y) there is a numbef such that

the set{a | M E ¢(a, c)} is composed of at mostintervals, no matter how we
choosec. This is crucial in the proof as it gives us a finite disjunction of cases
to check. In the case of the real field this uniform bounds property follows easily
from the fundamental theorem of algebra, but in general this is a very nontrivial
property [35, 39].

Q. So o-minimality is the best skicient condition for collapse?

A. No, there are more conditions known now. They are quite model-theoretic in
nature [4, 6, 17], and if you want ot learn about them, there are surveys [30, 7] you
can check. And while there is no necessary arfiigent condition for collapse,

the property that best describes it is finiteness of the VC (Vapnik-Chervonenkis)
dimension.

Q. | remember this notion from computational learning theory [3]! It charac-
terises concepts that aréieiently learnable. What does it have to do with em-
bedded finite models?

A. This notion is used not only in learning, but also in model theory, where itis a
very useful concept as was noticed by Shelah 35 years ago [36]. Now let’s review
the concept of VC dimension, shall we? You said that you know it.
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Q. Yes, the VC dimension of a collectighof subsets of a se{ is the maximum
cardinality of ashatteredfinite setF c X — if it exists, and if arbitrarily large
sets can be shattered, then the VC dimension is infinite. Rnsl shattered if
{FNY|Y e C}isthe powerset oK. And what does it mean in the language of
an infinite structuré.

A. We say that)t has finite VC dimension if every definable family has finite VC
dimension. And definable families are given by FO formujée y) as follows:
@l MEe@b) | beub)

Q. Can you give me some examples?

A. Yes: for example, all o-minimal structures [39], but also some unordered
structures such as the field of complex numKiéist, -) [23].

Q. And in what sense is it close to characterising the collapse?

A. ltis known that restricted-quantifier collapse (FlRg, ) = FOudVige, 0))
implies finiteness of VC dimension [11], and finiteness of VC dimension im-
plies that FO¥tge o) and FQc(Mige o), while not necessarily the same, define
the same generic queries [4]. In particularly, this very strong result of [4] im-
plies that over every structure of finite VC dimension, the set of generic queries in
FOM, o) is the same as the set of queries definable ig.£0., o).

Q. You never said anything about the complexity of the collapse: how hard is it
to convert an FOi, o) formula into an FQ(9, o) formula?

A. Unfortunately not much is known about this, and complexity analyses may
differ significantly for dfferent structures, as such conversion algorithms need to
make calls to quantifier-elimination procedures. One case though that was studied
in detail is that of the real field and consisting of a single unary predicate. For
this case Basu [5] developed special algorithms that also give the best known
running time for quantifier-elimination fox.

Q. | think | have plenty of new information now ... | hadn't realised that there
was a whole field within model theory developed when Jan Van den Bussche [38]
made a passing remark about collapse theorems. It's quite nice to see this interplay
between finite and infinite models.

A. Yes, but | don’t want you to leave thinking that this is it for firfitdinite mod-
els interaction. There aggentyof other directions with very interesting results,
techniques, and applications.

Q. Can you give me some examples?

A. Certainly. There are metafinite models of Gradel and Gurevich [18] which
are finite models with some functions defined on their elements (or tuples of ele-
ments) whose range is in the universe of a fixed infinite structure. In logics over
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metafinite models, variables typically range over the finite part, so interplay is not
as complete as in the case of embedded finite models; however, metafinite models
make it easy to extend other logics typically studied in the finite model theory
context.

There are various finite representations of infinite structures, like in the case of
constraint databases. For example, in recursive structures, all predicate symbols
are interpreted as recursive relations that are finitely representable by Turing ma-
chines. There are interesting connections between finite model theory and the be-
haviour of logics over recursive structures; a nice survey of this area was written
by Harel [22]. As a special and more manageable case, we can consider structures
in which all basic predicates (and thus by closure properties, all definable sets) are
given by finite automata. These are automatic structures that have been studied
rather actively in recent years [27, 15, 11, 12]. They have decidable theories — in
fact, decision procedures use automata-theoretic techniques — and these structures
found applications in verification and query languages. In particular, [11] looks at
finite models embedded into automatic structures. In constraint satisfaction, log-
ical studies of problems with infinite templates recently appeared [14], and those
can be viewed as a special case of embedded finite models. In the field of verifica-
tion people also have been looking at infinite graphs describing configurations of
pushdown automata [32, 16]. These again are finitely represented infinite struc-
tures with decidable theories that have applications in software verification. So as
you can see, there are many other interesting meetings that Yuri can arrange for
you in the future, if you'd like to learn more about connections between the finite
and the infinite in CS logic.

Q. I shall certainly think about it. And for now, thanks for your time today.
A. You're welcome.
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41 years ago, Z. Pawlak has published in Polish language a book aimed perhaps
for initiation in the field of mathematical linguistics (Pawlak 1965). Short time
after this event, he attended an international Conference in Bucharest and | met
him there. He ffered me a copy of this book. As a matter of fact, he showed me
the book and he said that he is sorry to have it in a language which is not avail-
able to me. But | told him that | would like to have the book and | will manage to
follow it at least partly. Happy idea! Besides some usual introductory notions con-
cerning the mathematical approach to grammars (the title in Polish “Gramatika i
matematika" was clearly “Grammar and mathematics"), a special chapter called
my attention, because it was concerned with the grammar of the genetic code. |
was already introduced, at that time, in the works of Roman Jakobson and of many
other authors concerning the analogy between linguistics and molecular genetics.
Pawlak’s approach was mainly presented in symbols, graphs and geometric pic-
tures, while the few words in Polish were in most cases international words like
codons, amino acids, nucleotides, proteins.
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It is interesting to recall the period of the sixties of the past century. After
a long period in which historical linguistics used ideas and metaphors of Dar-
winian biology, an important change took place: instead to use biological ideas
and metaphors in linguistics, linguistic ideas and metaphors related to phonemic
and morphemic segmentation penetrated in the study of nucleic acids, amino acids
and proteins.

To this itinerary of opposite sense in respect to the previous one, Pawlak was
adding the idea of a generative perspective in the study of heredity. In this aim, he
proposed some mechanism operating concomitantly in two directions. On the one
hand, in the direction of formal grammars, on the other hand, in the direction of
what was called later picture grammars. Let us recall that both formal grammars
and picture grammars were at that time at their very beginning. Formal grammars
theory had to wait the year 1973 for a first satisfactory rigorous presentation (Salo-
maa 1973), while picture grammars had to wait the year 1967 for a first systematic
attempt (Shaw 1967) and two more years for the monograph by Rosenfeld (1969).

Let us recall the main ideas of Pawlak’s approach. Denote by O, 1, 2, and 3
the four types of nucleotide bases forming the alphabet on which the RNAs are
defined. There are 64 modes of arrangements with repetition of them in groups
of three elements forming so strings of length three (the constant length of all
codons). Codons are for RNAs what morphemes are for well- formes strings in
natural languages, while nucleotide bases are for RNAs what phonemes are in
natural languages. The starting idea of Pawlak is to associate to each codon an
equilateral triangle. Taking into account that a codon is a word of length three on
the alphabet 0, 1, 2, 3, the associated triangle will have the respective symbols as
labels of its sides. But, as it is well-known, the genetic code establishes a corre-
spondence between codons and amino acids (defining in this way the move from
the world of chemistry to the world of biology). There are only 20 types of amino
acids relevant for heredity, so Pawlak proposes a way to select exactly 20 types
of triangles among the 64 types which are possible from a purely combinatorial
point of view. Let us distinguish, for any triangle, the bdsehe left sidel and
the right sider, see Figure 1(a). If the codoniig, then we associaigol, jtob,
andk to r. Moreover, Pawlak introduces the restrictioa j > k, i.e., the symbol
associated tbis strictly smaller than the symbol associatedtavhich is larger
than or equal to the symbol associated .tdt can be seen that the only triangles
satisfying this requirements are:

a=010 b=011 c=020 d=021, e=022 f =120 g=121
h=122 i=030 j=031 k=032 | =033 m=130 n= 131
0=132 p=133 g=230 r =231 s=232 t=233

In a next step, Pawlak introduces a recursive procedure to define a generative
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picture grammar, whose basic bricks are the 20 types of labeled triangles. The
rule of this procedure are the following:

1. Everytriangle fromthe lis, b, c,...,r, s, tis a well-formed string; they are
the only well-formed strings of length one.

2. All well-formed strings are words on the alphaket,c,...,r, s t}. Given
a well-formed string< and adding to it a triangl& from the list 1, such that
the label of its base is the same as the label of the left or right side of an
already existing triangl® in x (in other words, the base @ is the same
as the left side or the right side 8), then the new string y of triangles so
obtained is again well-formed.

3. The strings obtained by the rules 1 and 2 are the only well-formed strings.

A saturated well-formed string is one from which no other longer well-formed
string can be obtained. For instance, the strings of length one 010, 020, 030
are saturated, the strings 011, 010 and 021, 010 are saturated strings of length 2
etc. It is easy to see that there are saturated strings of any length. This fact is a
consequence of the existing of some triangles that can be added to themselves. For
instance, 011 is such a recursive triangle. We can add it to itself n times, then add
010 to obtained a saturated string. For instance, the saturated string of length 4
obtained in this way is: 011, 011, 011, 010. Other examples of recursive triangles
are: 022, 122, 233, 133.

Pawlak calls protein any saturated well-formed string. He defines a kind of
dependency grammar, having 20 rules: to each well-formed triafigleawlak
associates the rulg — ik, where at left we have the label of the base, while at
right we have the label of the left side followed by the label of the right side. From
this dependency grammar Pawlak moves to a graph representation. The triangle
ijk is represented by a vertical line associated to the base labeled,witthile
from the inferior extremity of this line we start a segment oriented towards the
south-left labeled with and a segment oriented towards the south-right, labeled
with k, see Figure 1(b). In this way, the recursive process induces a tree which can
be developed as soon as it is not yet saturated.

We have shown in (Marcus 1974) that a non-deterministic propagating semi-
Lindenmayer system can be defined, which is equivalent to the above defined
Pawlak mechanism. But we are interested not only in the result of the generative
process; we would like to know something about the structure of the language of
derivations in the respective semi-Lindenmayer system. This question was left
unanswered in (Marcus 1974). In the same paper we have presented a Chomsky
type picture grammar which is context-free, but whose language of derivations
is not context-free; it is just the Chomskian equivalent of Pawlak’s dependency
picture grammar.
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i
@ (b)

Figure 1. (a) The triangle associated to a codin (b) A different graphical
representation of the triangle in (a).

Some advantages and some shortcomings of Pawlak’s mechanism and of the
corresponding Chomskian mechanism are discussed in (Marcus 1974). The whole
problem deserves to be reconsidered, in the light of the new field of DNA com-
puting, for which we send the reader t@&(f-Rozenberg-Salomaa 1998).

We conclude with some hints about the idea of a semi-Lindenmayer system.
It is an ordered pai® = (V, py, whereV is a finite non-empty set called alphabet,
while p is a mapping associating to each elemeri¥ia language ovey. If for
eachv € V the setp(v) contains exactly one finite string ov®f, thenS is said
to be deterministic; otherwis& is said to be non-deterministic. We say tisat
is propagating, if for eack € V any string inp(v) is of strictly positive length;
otherwise,S is non-propagating. Define now the langudd&, M) generated
by a semi-Lindenmayer syste® with respect to a language! overV. The
stringy directly derives from the string of strictly positive length if there exists
a positive integen such thatx = a(1)a(2)...a(n), y = b(1)b(2)...b(n), where
eacha(i) (1 < i < n) belongs toV and eachb(i) (1 < i < n) belongs toV*,
with b(i) € p(a(i)) forany 1< i < n. If pis a homomorphism, we put for any
finite stringw overV, w = ¢(1)c(2). .. c(n), p(w) = p(c(1))p(c(2))... p(c(n)). We
say that the string derives inS from the stringu of strictly positive length if
there exists a finite sequence of finite strixgk), x(2), .. ., x(q) overV, such that
X(1) = u, x(q) = v, andx(i +1) directly derives fronx(i) forany 1< i < q—1. The
stringy is generated by with respect to the languadd overV if there exists
x € M from whichy derives inS. L(S, M) is by definition the set of all strings
generated b with respect tavl.

In (Marcus 1974), it is proved that the Pawlak dependency grammar can be
expressed as a non-deterministic propagating semi-Lindenmayer system with re-
spect to the language consisting of four strings of length one: 0, 1, 2, 3. The
mappingp is defined byp(0) = {0}, p(1) = {00,013}, p(2) = {00,01,02,10,11 12}
andp(3) = {00,01,0203,10,11,12 13 20,21, 22, 23}. The language generated
by the considered system is just the set of all saturated well-formed strings, in the
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sense of Pawlak, i.e., the set of proteins. What about the language of derivations
in S?

A basic shortcoming of Pawlak’s approach was that he did not take in consid-
eration the Watson-Crick structure of double-helix. Our 1974 approach continuing
Pawlak’s work had the same shortcoming, as it was clearly mentioned in (Marcus
1974). This missing structure became just the point of departure in Tom Head'’s
pioneering work on DNA computing (Head 1987).
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Remark. This article presents in a very convincing way some of Pawlak’s im-
portant early insights. It also describes interesting details about the landscape of
theoretical computer science some 35 years ago. Then the terminology around
Lindenmayer systems was still developing. What are calemi-Lindenmayer
systemsn the article are, according to present terminology, systems with a
finite axiom setor briefly FOL systems It is interesting to note that one of the
mathematically most sophisticated results adogtystems deals with finite ax-

iom sets: If we addC (coding) and- to the name of the system, then we may also
add P (propagation) and, thus, avoid cell death. The details of this construction
are given in Chapter 5 of Volume | éfandbook of Formal LanguageSpringer-
Verlag 1997, edited by us.
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Abstract

This essay fiers an overview of basic aspects and central development
in Concurrency Theory based on formal languages. In particular, it focuses
on the theory of Process Calculi.

1 Introduction

Concurrencyis concerned with the fundamental aspects of systems consisting of
multiple computing agents, usually call@docessesthat interact among each
other. This covers a vast variety of systems which nowadays, due to technological
advances such as the Internet, programmable robotic devices and mobile comput-
ing, most people can easily relate to. Some examples are:
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e Message-passingommunication based systems: Agents interact by ex-
changing messages. For instance, e-mail communication on the Internet,
or robot point-to-point exchange of messages via infra-red communication.

e Shared-Variablegsommunication based systems: Agents communicate by
posting and reading information from a central location. For instance, read-
ing and posting information on a server as in an Internet newsgroup. In
the context of co-operative robotic devices, there can be a central control,
usually a PC, on which the robots can post and read information (e.g., their
relative positions).

e Synchronoussystems: As opposed tasynchronoussystems, in syn-
chronous systems, agents need to synchronize with one another. In Internet
telephony services the caller and the callee’s terminal need to synchronize
to establish communication. In systems of mobile robotic devices, robots
most certainly need to synchronize, e.g., to avoid bumping into each other.
An example of asynchrony is SMS communication on mobile phones.

¢ Reactivesystems: Involve systems that maintain an ongoing interaction
with their environment. For instance, reservation systems and databases
on the Internet. Co-operative robotic devices are typically programmed to
react to their surroundings, e.g., going backwards whenever a touch sensor
is pressed.

e Timedsystems: Systems in which the agents are constrained by temporal
requirements. For example, browser applications are constrained by timer-
based exit conditions (i.etime-out3 for the case in which a server cannot
be contacted. E-mailer applications can be required to check for messages
everyk time units. Also, robots can be programmed with time-outs (e.g., to
wait for some signal) and with timed instructions (e.g., to go forward for 42
time units).

e Mobile systems: Agents can change their communication links. This is the
essence of mobile computing devices. For example, portable computers
can connect to the Internet fromfidirent locations. Robotic devices also
exhibit mobility since, as they are on the move they may change their com-
munication configuration. E.g., robots, which could initially communicate
with one another, may sometime later be too far away to continue to do so.

e Securesystems: Systems in which critical resources of some sort (e.g., se-
cret information) must not be accessed, misused or modified by unwanted
agents. Credit card usage on the Internet is now a common practice in-
volving secure systems. To a more physical level, one now hears of robotic
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security systems [9] which involve mobile devices that are strategically pro-
grammed to patrol, detect intruders and respond accordingly.

The above are but a few representatives of systems exhibiting concurrency, often
referred to agoncurrentsystems. Furthermore, they can be combined to give rise
to very complex concurrent systems; for example the Internet itself.

1.1 Problem: Reasoning about Concurrency

The previous examples illustrate the practical relevance, complexity and ubiquity
of concurrent systems. It is therefore crucial to be able to describe, analyze and,
in general, reason about concurrent behavior. This reasoning must be precise and
reliable. Consequently, it ought to be founded upon mathematical principles in the
same way as the reasoning about the behavior of sequential programs is founded
upon logic, domain theory and other mathematical disciplines.

Nevertheless, giving mathematical foundations to concurrent computation has
become a serious challenge for computer science. Traditional mathematical mod-
els of (sequential) computation based on functions from inputs to outputs no
longer apply. The crux is that concurrent computation, e.g., in a reactive system,
is seldom expected to terminate, it involves constant interaction with the envi-
ronment, and it i;mon-deterministiowing to unpredictable interactions among
agents.

1.2 Solution: Models of Concurrency

Computer science has therefore taken up the task of develomdgls conceptu-

ally different from those of sequential computation, for the precise understanding
of the behavior of concurrent systems. Such models, as other scientific models of
reality, are expected to satisfy the following criteria:

e They must besimple i.e., based upon few basic principles.

e They must beexpressivei.e., capable of capturing interesting real-world
situations.

e They must bdormal, i.e., founded upon mathematical principles.

e They must provideechniquego allow reasoning about their particular fo-
cus.

In order to develop a model of concurrency one could suggest the following
general strategy: Seize upon a few pervasive aspects of concurrency (e.g., syn-
chronous communication), make them the focus of a model, and then submit the
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model to the above criteria. This strategy can be claimed to have been involved in
the development of a mature collection of models for various aspects of concur-
rency. Some representatives of this collection are mentioned next.

Representative models for synchronous communication. Some of the most
mature and well-known models of concurrency are process calculi like Milner’s
CCS [17], Hoare's CSP [12], and ACP (developed by Bergstra and Klop [5] and
also by Baeten [4]). The common focus of these models is synchronous commu-
nication.

Process calculi treat processes much like Ahgalculus treats computable
functions. They provide a language in which the structureeshsrepresents the
structure of processes together with@rerational semantick represent com-
putational steps. For example, the telj Q, which is built fromP and Q with
theconstructor|, represents the process that results from the parallel execution of
those represented ByandQ. An operational semantics may dictate tha® ian
evolve intoP’ in a computational step thdn|| Q can also evolve int® || Qin a
computational step.

An appealing feature of process calculi is thaigebraic treatment of pro-
cesses. The constructors are viewed asferatorsof an algebraic theory whose
equations and inequalities among terms relate process behavior. For instance,
the construct| can be viewed as a commutative operator, hence the equation
P || Q = Q || P states that the behavior of the two parallel compositions is the
same. Because of this algebraic emphasis, these calculi are often referred to as
process algebras

A representative model for true-concurrency. Another important model of
concurrency is Petri Nets [23]. The focus of Petri Nets is the simultaneous occur-
rence of actions (i.etrue concurrency The theory of Petri Nets, which was the
first well-established theory of concurrency, is an elegant generalization of classic
automata theory in which the concept of concurrently occurring transitions can be
expressed.

1.3 Model Extensions

Science has made progress by extending well established theories to capture new
and wider phenomena. For instance, computability theory was initially concerned
only with functions on the natural numbers but it was later extended to deal with
functions on the reals [10]. Also, classical logic was extended to various modal
logics to study reasoning involving modalities such as possibility, necessity and
temporal progression. Another example of great relevance is automata theory,
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initially confined to finite sequences, but later generalized to reason about infinite
ones as in Bichi automata theory [6].

Similarly, several mature models of concurrency have been extended to treat
additional issues. These extensions should not come as a surprise since the field
is indeed large and subject to the advents of new technology.

Somce examples of these additional issues are the notions of mobility and
security which now pervade the informational world; none of the representative
models mentioned above dealt with these notions. It was later found that a CCS
extension, ther-calculus [19], could treat mobility in a very satisfactory way. A
further extension, the spi-calculus [1], was also designed to model security.

Another prominent example is the notiontohe This notion not only is a
fundamental concept in concurrency but also in science at large. Just like modal
extensions of logic for temporal progression study time in logic reasoning, the-
ories of concurrency were extended to study time in concurrent activity. For in-
stance, neither CCS, CSP nor Petri Nets, in their basic form, were concerned with
temporal behavior but they all have been extended to incorporate an explicit no-
tion of time, leading for instance Timed CCS [33], Timed CSP [28], Timed ACP
[3] and Timed Petri Nets [34].

2 The Theory of Process Calculi

This section describes some fundamental concepts from process calculi. We do
not intend to give an in-depth review of these calculi (the interested reader is
referred to [18]), but rather to describe those issues which influenced their devel-
opment.

There are many flierent process calculi in the literature mainly agreeing in
their emphasis upon algebra. The main representatives are CCS [17] , CSP [12]
and the process algebra ACP [5, 4]. The distinctions among these calculi arise
from issues such as the process constructions considered (i.e., the language of
processes), the methods used for giving meaning to process terms (i.e. the seman-
tics), and the methods to reason about process behavior (e.g., process equivalences
or process logics). Some other issues addressed in the theory of these calculi are
their expressive power, and analysis of their behavioral equivalences. In what
follows we discuss some of these issues briefly.

2.1 The Language of Processes

A common feature of the languages of process calculi is that they pay special
attention to economy. That is, there are few operators or combinators, each one
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with a distinct and fundamental role. Process calculi usually provide the following
combinators:

e Action for representing the occurrence of atomic actions.

Product for expressing the parallel composition.

Summationfor expressing alternate course of computation.

Restriction(or Hiding), for delimiting the interaction of processes.

Recursionfor expressing infinite behavior.

A process language. For the purposes of the exposition of the next sections we
shall define a basic process language which exemplifies the above.

We presuppose an infinite s&f of names ab, .... and then introduce a set
of co-names\ = {a|a € N} disjoint from N. The set oflabels ranged over
byl andl’, is £ = N U N. The set ofactions Act ranged over by the boldface
symbolsa andb extends/ with a new symbolr. The actionr is said to be the
silent (internal or unobservableaction. The actions. anda are thought of as
beingcomplementaryso we decree tha = a. The syntax of processes is given
by:

PQ,... :=0]aP|P+Q|P| Q| P\a| Aby,...,by)

Intuitive Description.  The intuitive meaning of the process terms is as follows.
The process 0 does nothin@.P is the process which performs an atomic ac-
tion a and then behaves & The summatiorP + Q is a process which may
behave as eithelP or Q. P | Q represents the parallel composition Bfand

Q. Both P and Q can proceed independently but they can also synchronize if
they perform complementary actions. The restrictid@ behaves a® except
that it cannot perform the actiorssor 3. The namesa and a are said to be
boundin P\a. A(b,...,b,) denotes the invocation to a unique recursive defi-
nition of the formA(ay, ..., an) def P where all the non-bound names of process
P are in{ay, ..., ay}. ObviouslyP, may contain invocations td. The process
A{by,...,by) behaves aPa[by,...,bn/as, ..., &), i.e., Pa with eacha replaced

by b; — with renaming of bound names wherever necessary to avoid captures.

2.2 Semantics of Processes

The methods by which process terms are endowed with meaning may involve at
least three approachesperationa) denotationalandalgebraicsemantics. Tra-
ditionally, CCS and CSP emphasize the use of the operational and denotational
method, respectively, whilst the emphasis of ACP is upon the algebraic method.
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Operational semantics. The methods was pioneered by Plotkin in his Struc-

tural Operational Semantics (SOS) work [24, 25, 26]. An operational semantics

interprets a given process term by using transitions (labeled or not) specifying its
. . a apr

computational steps. A labeled transitiBr— Q specifies thaP performsa and

then behaves a®. The relations— are defined to be the smallest which obey

the rules in Table 1. In these rules the transition below the line is to be inferred

from those above the line.

ACT ————
aP—P
% P Q>Q
SUMl% SUM, ————
P+Q—F P+Q—Q
a _, a ,
COM1¥ COMZQ_a)—Q
PIQ— PP PIQ—P|Q

PLPQLCQ

COM;

PIQ—PIQ
PLp
RES——— ifa#aanda+a
P\a— P\a

a )/
PA[bl,...,bn/al,...,an]—>P ifA(al,...,an)dngA

REC :
Adby,... by —> P’

Table 1. An operational semantics for a process calculus.

The rules in Table 1 are easily seen to realize the intuitive description of pro-
cesses given in the previous section. Let us describe some. The ruless&3idM
SUM; say that the first action d@® + Q determines which alternative is selected,
the other is discarded. The rules for composition GGiidd COM describe the
concurrent performance ¢ and Q. The rule COM describes a synchroniz-
ing communication betweeR and Q. For recursion, the rule REC says that the
actions of (an invocationh(b, ..., by) are just those that can be inferred by re-
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def

placing everya; with by in (the definition’s bodyP, whereA(ay, ..., a,) = Pa.

Behavioral equivalences. Having defined the operational semantics, we can
now introduce some typical notions of process equivalence. Here we shall recall
trace failuresandbisimilarity equivalences. Although these equivalences can be
defined for both CSP and CCS, traditionally the first two are associated with CSP
and the last one is associated with CCS.

We need a little notation: The empty sequence is denoted l§yiven a se-

guence of actions = a;.a,.... € Act', define— as
T (& @ T \x T (s &n T \x
(=) = (). (=) — ()

Notice that=E>=—T>*S. We useP — to mean that there existsRi s.t., P — P’
and similarly forP —.

e Trace equivalenceThis equivalence is perhaps the simplest of all. Intu-
itively, two processes are deemed trace equivalent if and only if they can
perform exactly the same sequences of non-silent (or observable) actions.
Formally, we say thalP andQ aretrace equivalentwritten P =1 Q, if for
everyse [*,

P= ifQ=>.

A drawback of=t is that it is not sensitive to deadlocks. For example, let
P, = ab.0 + a.0 andQ; = a.b.0. Notice thatP; =r Q; but unlikeQ,, after
doinga, P; can reach a state in which it cannot perform any action, i.e., a
deadlock

¢ Failures equivalenceThis equivalence is more discriminating (stronger or
finer) than trace equivalence. In particular it is sensitive to deadlocks.

A failure is a pair § L) wheres € £* (called a trace) andl is a set of
labels. Intuitively, § L) is a failure of P if P can perform a sequence of
observable actionsevolving into aP’ in which no action fronlL U {r} can
be performed.

Formally, we say thatg L) is afailure of Pif there exists® such that

(1)P = P, (2) P and (3) for alll € L, P>

We then say thaP andQ arefailures-equivalentwritten P =¢ Q, iff they
posses the same failures.

Notice that=rC=t as a trace is part of a failure. To see the strict inclusion,
notice that for the trace equivalent procesBeandQ); given in the previous
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point, we haveP; #r Q; asP; has the failure &, {b}) but Q; does not.
Another interesting example is given by the proced3es a.(b.0 + c.0)
andQ, = a.b.0+a.c.0. They have the same traces, howeRgr Q, since
Q. has the failured, {c}) but P, does not.

o Bisimilarity. Here we first recall the strong version of the equivalence. In-
tuitively, P and Q are strongly bisimilar if whenevd? performs an action
a evolving intoP’ thenQ can also perforna and evolve into &’ strongly
bisimilar toP’, and similarly withP andQ interchanged.

The above intuition can be formalized as follows. A symmetric relaBon
between process terms is said to be a stitmsgnulationiff for all (P, Q)
B7

if P - P’ then for some, Q = Q and P,Q) € B.

We say thaP is strongly bisimilarto Q, written P =g Q iff there exists a
strong bisimulation containing the pak, Q).

A weaker version of strong bisimilarity, calledeak bisimilarityor simply
bisimilarity, abstracts away from silent actions. Bisimilarity can be obtained

by replacing the transitions> above with the (sequences of observable)

. S e
transitions= wheres € £*. We shall use=g to stand for (weak) bisimi-
larity. Notice thatP =g 7.P but P #sg 7.P.

Bisimilarity is more discriminating than trace equivalence. It is easy to
see that=gC=7. The usual example to see the strict inclusiorPjsand

Q. as given above. Also, bisimilarity is more discriminating than fail-
ures equivalence wrt thieranchingbehavior (i.e., nondeterminism); take
P; = a.(b.c.0 + b.d.0) andP; = a.b.c.0 + a.b.d.0; they have the same fail-
ures but one can verify thd&; #g Qz:. However, failures equivalence is
more discriminating than bisimilarity wdivergencd(i.e., the execution of
infinite sequences of silent actions). Notice that the divergent praigss

with Div 7.Div, is bisimilar to the non-divergent0, howeveDiv #¢ 7.0
sincer.0 has the failured, 0) but Div does not.

Denotational Semantics. The method was pioneered by Strachey and provided
with a mathematical foundation by Scott. A denotational semantics interprets pro-
cesses by using a functiot] which maps them into a more abstract mathematical
object (typically, a structured set or a category). The m§jis[compositionalin
that the meaning of processes is determined from the meaning of its sub-processes.
A strategy for defining denotational semantics advocated in works such as [13]
involves the identification of what can be observed of a process; what behavior is
deemed relevant (e.g., failures, traces, divergence, deadlocks). A process is then
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equated with the set of observations that can be made of it. For example, if the
observation is the traces of processes, the denotation of the prefix comsuct
can be defined as

[aP] ={efu{ase L |se[P]}

and the denotation of the summation can be defined as

[P+Ql =[Pl VIQl

It easy to see that these denotations realize the operational intuition of traces; any

trace ofa.P is either empty or it starts with followed by a trace oP; any trace

of P + Qs either a trace oP or one ofQ. Note that the compositional nature is

illustrated by stating the denotationsaP andP + Q in terms of those oP and

Q.
Once the denotation has been defined one may ask whether it is in complete

agreement with a corresponding operational notion. For example, for the trace de-

notation one would like the following correspondence wrt the operational notion

of trace equivalence,

[Pl = [Qliff for all contextsC, C[P] =1 C[Q]

(A contextis an expression with a holg puch that placing a process in the hole
produces a well-formed process term, e.gG & R|| [.] thenC[P] = R|| P.) If a
denotational-operational agreement like the one above can be proven, we say that
the denotation ifully-abstract[16] wrt the chosen operational notion.

Denotational semantics are more abstract than the operational ones in that
they generally distant themselves from any specific implementation. However,
the operational semantics approach is, in some informal sense, more elemental
in that when developing a denotational semantics one usually has an operational
semantics in mind.

Algebraic semantics. This method has been advocated by Baeten and Weij-
land [4] as well as Bergstra and Klop [5]. An algebraic semantics attempts to
give meaning by stating a set of laws (or axioms) equating process terms. The
processes and their operations are then interpreted as structures that obey these
laws. As remarked by Baeten and Weijland [4], the algebraic approach answers
the question “What is a process?” with a seemingly circular answer: “A process
is something that obeys a certain set of axioms...for processes”.

As an example consider the following axioms for parallel composition:

PIIO=P PIQ=QI[P PIQIR=(PIQIR

In other words parallel composition is seen as a commutative, associative operator
with 0 being the unit. Notice that the above axioms basically equate processes that
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are the same except for irrelevant syntacti€estences, thus one may expect that
any reasonable notion of equivalence validates them. But consider the following
distribution axiom

a(P+Q) =aP+aQ

This axiom is valid if we are content with trace equivalence, but not in general
(e.g., it does not hold for failures equivalence or bisimilarity).

Given a set of algebraic laws, one may be interested in looking into the cor-
respondence with a denotational semantics or with some operational notion of
equivalence. An interesting property is whether the equalities derived from the
laws are exactly those which hold for a natural notion of process equivalence. If
this property holds, the set of algebraic laws is said tadoapletewrt the notion
of process equivalence under consideration.

In the algebraic approach one can simpbstulateprocess equalities while in
the operational (or denotational) approach one would nepdtethem. On the
advantages of postulation Russell [29] remarked the following:

The method of postulation has many advantages: they are the same as the
advantages of theft over honest toil
— Bertrand Russell

Algebraic semantics, however, is a convenient framework for the study of pro-
cess equivalences; postulating a set of laws, and then investigating the consistency
of that set and what process equivalence it produces. Some frameworks (e.g., [19])
combine the operational semantics with the algebraic one by, for example, con-
sidering processes modulo the equivalence produced by a set of axioms.

2.3 Specification and Process Logics

One often is interested in verifying whether a given process satisfies a property,
i.e., a specification. But process terms themselves specify behavior, so they can
also be used to express specifications. Then this verification problem can be re-
duced to establishing whether the process and the specification process are related
under some behavioral equivalence (or pre-order).

Hennessy-Milner's modal logic. Another way of expressing process specifica-
tions is by using a process logic. One such logic is the Hennessy-Milner's modal
logic. The basic syntax of formulae is given by:

F :=true | false |F1AFy|F1 VvV F | (KYF|[K]F

whereK is a set of actions. Intuitively, the modalit)K) F, called possibility,
asserts (of a giveR) that: It is possible foP to doa € K and then evolve into a
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Q which satisfied=. The modality K]P, callednecessityexpresses that P can
doa € K then it must thereby evolve into@which satisfies-.

Formally, the compliance dP with the specificatiorF, written P = F, is
recursively given by:

Pt false

P E true

P'ZF]_/\FZ iff P'ZFlandP':Fz

P'=F1VF2 iff P'ZFlorPi:Fz

PE(KYF  iff forsomeQ,P - Q acK andQE F
PE[KIF iff ifP-5 QandaeKthenQEF

As an example consider our familiar trace equivalent (but not bisimilar) pro-
cessed; = a.(b.0 + c.0) andP, = a.b.0 + a.c.0. Notice that the formula

F = ({a}) ({{b}) true A ({c}) true)

discriminates among them, i.€; E F but P, £ F. In fact the discriminating
power of this logic wrt a finite processes (i.e., recursion-free processes) coincides
with strong bisimilarity (see [32]). That is, two finite processes are strongly bisim-
ilar iff they satisfy the same formulae in the Hennessy-Milner’s logic. The result
can be extended to image-finite processes by considering infinite disjunctions and
conjunctions in the Hennessy-Milner’s logic.

Temporal logics. The above logic can express local properties such as “an ac-
tion must happen next” but it cannot express long-term properties such as “an
action eventually happens”. This kind of property, which falls into the category of
liveness propertiegexpressing that “something good eventually happens”), and
alsosafety propertiegexpressing that “something bad never happens”) have been
found to be useful for reasoning about concurrent systems. The modal logics at-
tempting to capture properties of the kind above are often referred tenagoral
logics

Temporal logics were introduced into computer science by Pnueli [27] and
thereafter proven to be a good basis for specification as well as for (automatic and
machine-assisted) reasoning about concurrent systems. Temporal logics can be
classified into linear and branching time logics. Inlinear case at each moment
there is only one possible future whilst in theanchingcase at each moment time
may split into alternative futures.

Below we consider a very simple example of a linear-time temporal logic
based on [15]. The syntax of the formulae is given by

F:=true | false |[L|FyVF,|FiAF,|oF |OF
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whereL is a set of non-silent actions. The formulae of this logic express properties
of sequences of non-silent actions; i.e. traces. For the sake of uniformity, we
are interested only in infinite traces. Intuitively, the modality, pronounced
eventually F asserts of a given tracghat at some point i, F holds. Similarly,
oF, pronouncedilways F, asserts of a given tracethat in every point ofs, F
holds.

The models of the formulae are taken to be infinite sequence of actions; ele-
ments ofAct”. Formally, the infinite sequence of actions a;.a; . .. satisfies (or
is a model of)F, writtensE F, iff (s 1) E F, where

(S,i) | true

(s,i) I+ false

(sIYEL iff gelLur

(sYEFLVF, iff (si)EFior(si)kF,
(sYEF1AF, iff  (si)F Fiand(si)kE F2
(s,iy EOF iff forallj>i (sj)kEF

(s,iy E ¢oF iff thereisaj>i s.t.(sj)EF

Intuitively, P satisfies a linear-temporal specificatinwritten P = F, iff all
of its traces are models &. Recall, however, that the traces are finite sequences
of non-silent actions. But since formulae say nothing about silent actions, we can
just interpret a finite trace as the infinite sequence="s.(*) which results from
s followed by infinitely many silent actions. This leads to the definitiéni= F
iff wheneve® — then SEF.

Let us consider the definitior&a, b, c) e a.(b.A{a,b,c) + c.A(a b,cy) and
B(a, b, c) et ab.B(a,b,c) + ac.B(a b,c). Notice that the trace equivalent pro-
cessedA(a, b,c) andB(a, b, c) satisfy the formulaao(b v c); i.e. they always
eventually ddo or c. In general, for every two processes (finite or infinite) if they
are trace equivalent then they satisfy exactly the same formulae of this temporal
logic. The other direction does not hold in general since the logic is not powerful
enough to express, for example, facts about the immediate (or next) future. Take
the processeaa.0 anda.0; they are not trace equivalent, but they satisfy the same

formulae in this simple logic.

2.4 Analyzing Equivalences: Decidability and Congruence Is-
sues

Much work in the theory of process calculi, and concurrency in general, involves
the analysis of process equivalences. Let us say that our equivalence under con-
sideration is denoted by. Two typical questions that arise are:

1. Is~ decidable ?
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2. Is~acongruence ?

The first question refers to the issue as to whether there can be an algorithm that
fully determines (or decides) for eve® andQ if P ~ Q or P » Q. Since

most process calculi can model Turing machines most natural equivalences are
therefore undecidable. So, the interesting question is rather for what subclasses of
processes is the equivalence decidable. For example, bisimilarity is undecidable
for full CCS, but decidable for finite state processes (of course) and also for the
families of infinite state processes including context-free processes [8], pushdown
processes [31] and basic parallel processes [7]. Obviously, the decidability of
an equivalence leads to another related issue: the complexity of verifying the
equivalence.

The second question refers to the issue as to whether the fad® tnad Q
are (~) equivalent implies that they are stil-) equivalent in any context. The
equivalence- is a congruence iP ~ Q impliesC[P] ~ C[Q] for every context
C (as said before, a contetis an expression with a holg] such that placing
a P in the hole yields a process term). The congruence issue is fundamental for
algebraic as well as practical reasons; one may not be content with Hawing
equivalent buR || P » R|| Q.

For example, trace equivalence and strong bisimilarity for the process lan-
guage here considered is a congruence (see [18]) but weak bisimilarity is not be-
cause is not preserved by summation contexts. Notice that webttavg 7.b.0,
buta.0 + b.0 #g a.0 + 7.b.0. In this case new questions arise: In what restricted
sense is the equivalence a congruence? What contexts is the equivalence pre-
served by? What is the closest congruence to the equivalence? The answer to
these questions may lead to a re-formulation of the operators. For instance, the
problem with weak bisimilarity can be avoided by using a somewhat less liberal
summation called guarded-summation (see [19]).

2.5 Process Calculi Variants

Given a process calculus it makes sense to consider variants of it (e.g., subclasses
of processes, new process constructs, etc) to seek for simpler presentations of the
calculus or diferent applications of it. Having these variants one can ask, for
example, whether the process equivalences become simpler or harder to analyze
(as argued in the previous section) or whether there is loss or ga&ixpoéssive
power.

To compareexpressive poweshe has to agree on what it means for a variant
to be as expressive as the other. A natural way of doing this is by comparing wrt
some process equivalence: If for every prodess one variant there is @ in the
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other equivalent td then way say that the latter variant is as expressive (wrt to
the equivalence under consideration) as the former one.

Several studies of variants of CCS and their relative expressive power have
been reported in [2]. Also several variants of thealculus (itself a generalization
of CCS) have been compared wrt weak-bisimilarity (see [30]). An interesting
result is that ther calculus constructionP whose behavior is expressed by the
law !'P = P ||'P can replace recursion without loss of expressive power. This is
rather surprising since the syntax & &nd its description are so simple. Another
interesting result is that of Palamidessi [22] showing that under some reasonable
assumptions the asynchronous version ofittoalculus is strictly less expressive
than the synchronous one.

3 Conclusions

The A-calculus is a canonical model of sequential computation. Unfortunately,
there is no canonical model for concurrent computation at the present time. In
spite of promising progress towards canonicity (e.g. [11, 21, 20]) an all-embracing
theory of concurrency has yet to emerge. According to Petri [23] such a general
model may attain a range of application comparable to that of physics. As argued
in [18], however, even after the discovery of it, we shall need to chodEer et
special models for dierent applications. Here is an analogy from [14]: New-
tonian mechanics is not a suitable framework for describing the flow of fluids,
for which one needs a theory containing mathematical concepts corresponding to
friction and viscosity. Concurrency, as physics, is a field with a myriad of aspects
for which we may require dlierent terms of discussion and analysis.
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THE FREUDENTHAL PROBLEM AND ITS
RAMIFICATIONS (PART |)

Axel Born*  Cor A.J. Hurkens  Gerhard J. Woegingér

Abstract

This is the first article (in a series of three) dedicated to the many variants
and variations of the so-called Freudenthal problem. The Freudenthal prob-
lem is a mathematical puzzle in which the reader deduces two secret integers
from several rounds of communication between two persons. One person
knows the sum of the two secret integers, while the other person knows the
product. The current article surveys some of the most basic variants of the
Freudenthal problem.

1 The Freudenthal problem

Hans Freudenthal (1905-1990) studied mathematics at the University of Berlin in
the 1920s. He completed his Ph.D. thé€lber die Enden topologischer Raume
und Gruppen”under the supervision of Heinz Hopf in 1930. Around that time,
he moved to the Netherlands where he worked with Luitzen Brouwer and soon
became a lecturer at the University of Amsterdam. As a Jew, Freudenthal sur-
vived the period of German occupation unharmed, since he was married to an
Arian Dutch woman and since he had lots of luck. In 1946, Freudenthal was
offered the chair of pure and applied mathematics at the University of Utrecht.
He held this chair until he retired in 1975. Freudenthal’s scientific contributions
mainly fall into topology, geometry, and the theory of Lie groups. Freudenthal is
also remembered and recognized for his numerous contributions to mathematical
education and didactics. The institute for innovation and improvement of mathe-
matics education at the University of Utrecht is named after hinikreudenthal
Institute”.

In 1969, Hans Freudenthal [2] posed the following puzzle in the problem
section of the Dutch mathematics jourmdieuw Archief voor Wiskunde= New
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TEmail: {wscor | gwoegi}@win. tue.nl. Department of Mathematics and Computer Science,
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archive for mathematics). The original formulation of the puzzle is in Dutch. Here
is our free translation:

The teacher says to Peter and Sam: | have secretly chosen two integers
xandy with 2 < x < yandx+y < 100. | have told the sura= x+y

to Sam (but not to Peter) and the prodpct xyto Peter (but not to
Sam).

1. Peter says: | don't know the numberandy.

2. Sam replies: | already knew you didn’t know.

3. Peter says: Oh, then | do know the numbeandy.
4. Sam says: Oh, then | also know them.

Determinex andy!

At first sight, the given information just cannot be enough for determining the
two numbers... The Freudenthal problem was introduced to the English speak-
ing world in 1976, when David Sprows stated it in the problem section of the
Mathematics Magazine [7]. In December 1979, Martin Gardner [4] posed the
Freudenthal problem in his mathematical entertainments column in the Scientific
American. He writes!| call this beautiful problem impossible, because it seems
to lack syficient information for a solution’And indeed, nowadays the Freuden-
thal problem sometimes shows up under the ndrhe impossible problem’see

for instance Sallows [6]. Edsger Dijkstra [1] reports that he once solved a variant
of the Freudenthal problem during a sleepless night in 1978, when he was jet-
lagged. He states that it took him almost six hours, and that he solved it in his
head, without using paper or pencil.

In this article, we want to discuss some of the most basic Freudenthal variants.
We will mainly concentrate on two classes of variants, that are built around the
following definitions. Consider two positive integersand M with m < M, and
define the following sets:

Z*(m, M) contains all pairsX,y) withm< x <yandx+y < M.
Z=(m, M) contains all pairsx,y) withm< x <yandx+y < M.

In the Freudenthal variantrREubentaaL* (M, M) the introductory words of the
teacher state that the secret number paiy)(is taken fromZ*(m, M). In the
Freudenthal variant #&eubentuar=(m, M) the introductory words of the teacher
state that the secret number pairy is taken fromz=(m, M). In both variants,

the announcement of the teacher is followed by the above four-line conversation
between Sam and Peter. Note that the problem originally posed by Hans Freuden-
thal is RReupenTHAL? (2, 100).
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2 The algorithm of Denniston

The Nieuw Archief voor Wiskund@] lists the names of seventeen readers who
submitted correct solutions for the Freudenthal problem; interestingly, two of
the names on this list argé van LeeuwemndJ.H. van Lint Among other so-
lutions, [3] discusses a simple computational approach by Ralph Hugh Francis
Denniston. Although we will only formulate Denniston’s approach for problem
FreubentHaL*(m, M), it obviously generalizes to other Freudenthal variants.

Initialization. Introduce a matriXA where the row$ correspond to the products
and the columns correspond to the sums.
Set entryA[ p, §] to +, if there exist integers, y with (x,y) € Z*(m, M) that
satisfyx + y = sandxy = p. Otherwise, sef[p, 5] to —.

Step 1. Wherever a rowp contains just a single entry, replace this entry by 1.
(This productp contradicts statement #1 by Peter.)

Step 2. Wherever a columis contains some 1 entry, replace alentries in this
column by 2. (This suns contradicts statement #2 by Sam.)

Step 3. Wherever a rowp contains two or more- entries, replace them by 3.
(This productp contradicts statement #3 by Peter.)

Step 4. Wherever a columis contains two or more- entries, replace them by 4.
(This sums contradicts statement #4 by Sam.)

Output. The remainingt+ entries specify all sufproduct combinations that agree
with the full conversation. A+ entry in row pg and columns, means that
the valuessy and pp are sum and product of the secret numbeasdy.

If in the end there is a single remainiargentry, then the Freudenthal problem
has a unique solution. If there is more than one remainiegtry, then the prob-
lem has several possible solutions; Sam and Peter are able to deteranidy
from the conversation (and from their private knowledges of p), whereas the
reader is not. If there are no remainingentries, then the problem formulation is
contradictory.

Some more notation: We say that a ssand a producp arecompatiblg(with
respect to some fixed Freudenthal problem that usually is clear from the context),
if the initialization step of Denniston’s algorithm sets emyp, s] to +. During an
execution of Denniston’s algorithm, a row or a column is cadltide if it contains
at least one- entry. We denote b#; the set of rowgproductsp that are alive after
Step 1; note that these products are in agreement with statement #1. Similarly, we
denote byS; the set of column'sumss that are alive after Step 2 (and that agree
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with statements #1 and #2), we denotefythe set of rowgroductsp that are

alive after Step 3 (and that agree with statements #1, #2, and #3), and we denote
by S, the set of column'sumssthat are alive after Step 4 (and that agree with the
full conversation).

3 The Freudenthal problem with m=1 and M=11

We now take a closer look atrEupentHar?(1,11) and ReubentHar=(1,11),
which behave surprisingly fierent from each other.

Table 1 summarizes Denniston’s algorithm faetpentaar*(1, 11). This puz-
zle is contradictory and ill-posed: Statement #1 yieRis= {6,8,10,12,18, 24},
and statement #2 gives, = {7}. In statement #3, Peter determineandy from
his productp and froms = 7. This make$”; = {6, 10, 12}, and leaves us with the
three possibilities (16), (2 5), and (34) for (x,y). Sam cannot make statement
#4, as there is no way for him to identify the correct product fm7 and®s.

Table 2 demonstrates that problemetpentaar=(1, 11) is well-posed and has
a unique solution. Since = vy is legal in this variant, statement #1 now yields
P =1{4,6,8,9,10,12 16,18 24}. Statement #2 restricts the sumS8e¢ = {5, 7}.

In statement #3, Peter determineandy from his product: The product cannot
be 6, since then Peter could not distinguish 2,y = 3,s=5fromx =1,y = 6,

s = 7. ThereforeP; = {4,10,12}. Finally, statement #4 implies # 7, since
otherwise Sam could not distinguish betwgea 10 andp = 12. Therefores=5
andp = 4, which yieldsx = 1 andy = 4.

4 An analysis of the classical Freudenthal problem

We now want to get some understanding how Denniston’s algorithm behaves for
the classical Freudenthal problemeEpentrar” (2, 100).

The setP; is listed in Table 3; it consists of 574 elements, but has a rather
primitive structure: Every elemem € $; possesses at least two factorizations
p = xywith (x,y) € Z#(2,100). Here are some simple rules for excluding certain
products fron;: First, any product of two prime numbers is noin. Secondly,
any p with a prime factor greater than 50 is not#. Next, any humber of the
form p = g® with prime q is not inP;; otherwise, Peter would deduge= q and
y = ¢? right at the beginning. Finally, any number of the fopn= 2g? with a
primeq > 10 is not in®,; otherwise, Peter could deduge- g andy = 2q.

Next, let us investigate the structure of sgt For s € S,, all compatible
productsx(s—x) must lie inf;. Hence, the following values afare not contained
in Sy:
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Table 1: The outcome of Denniston’s algorithm faEpentHAL? (1, 11).
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Table 2: The outcome of Denniston’s algorithm faeEpentHAL=(1, 11).
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Table 3: The seP; for FrReubentHaL*(2, 100).
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e 55< 5<100: Forx = 53 andy = s— 53, the producky is not inP;.
e s=6: The product ok = 2 andy = 4 is not inf;.
e s=51: The product ok = 17 andy = 34 equals 2172, and is not irP,.

e 8 < s < 54, ands even: Thers can be written as the sum of two distinct,
odd primesx andy; hence the corresponding produgtis not in®;.

5 < s< 53, ands = q+ 2 for a primeq: The product ofx = 2 andy = qis
not inP;.

This leaves us with the ten numbers 17, 23,27, 29, 35, 37,41, 47,53 as candi-
dates forS,. The following lines enumerate the compatible products for every
candidate:

s=11: 18, 24, 28, 30.

s=17: 30, 42, 52, 60, 66, 70, 72.

s=23: 42,60, 76, 90, 102, 112, 120, 126, 130, 132.

s=27: 50, 72, 92, 110, 126, 140, 152, 162, 170, 176, 180, 182.

s=29: 54,78, 100, 120, 138, 154, 168, 180, 190, 198, 204, 208, 210.

s=35: 66, 96, 124, 150, 174, 196, 216, 234, 250, 264, 276, 286, 294,
300, 304, 306.

s=37: 70, 102, 132, 160, 186, 210, 232, 252, 270, 286, 300, 312, 322,
330, 336, 340, 342.

s=41: 78, 114, 148, 180, 210, 238, 264, 288, 310, 330, 348, 364, 378,
390, 400, 408, 414, 418, 420.

s=47: 90, 132, 172, 210, 246, 280, 312, 342, 370, 396, 420, 442, 462,
480, 496, 510, 522, 532, 540, 546, 550, 552.

s=53: 102, 150, 196, 240, 282, 322, 360, 396, 430, 462, 492, 520, 546,
570, 592, 612, 630, 646, 660, 672, 682, 690, 696, 700, 702.

Since all listed products are #,, we conclude that s, consists of 11, 17, 23,
27,29, 35,37,41, 47, 53.

We turn to setPs. A productp is in P, if and only if it is compatible with
precisely one of the sums ; this means thap shows up in exactly one of the
ten enumerations listed above. For instance, the three products 18, 24, 28 only
show up fors = 11, and hence are containedf3. The product 30 shows up
once fors = 11 and once fos = 17, and hence is not iR;. Here is a cleaned-up
version of the above enumerations, that only lists the valugs:in
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s=11: 18, 24, 28.

s=17: 52.

s=23: 76, 112, 130.

s=27: 50, 92, 110, 140, 152, 162, 170, 176, 182.

s=29: 54, 100, 138, 154, 168, 190, 198, 204, 208.

s=35: 96, 124, 174, 216, 234, 250, 276, 294, 304, 306.

s=37: 160, 186, 232, 252, 270, 336, 340.

s=41: 114, 148, 238, 288, 310, 348, 364, 378, 390, 400, 408, 414, 418.

s=47: 172, 246, 280, 370, 442, 480, 496, 510, 522, 532, 540, 550, 552.

s=53: 240, 282, 360, 430, 492, 520, 570, 592, 612, 630, 646, 660, 672,
682, 690, 696, 700, 702.

Finally, we deriveS,; = {17}, since the seP3 contains two or more compatible
products for each sume S,, except fors = 17. Hences = 17 andp = 52 with
x = 4 andy = 13 form the unique solution to the classical Freudenthal problem.

5 Stable solutions and phantom solutions for 2

Martin Gardner [4] attempted to simplify the classical Freudenthal problem for his
Scientific American column: He reduced the feasible region to the smaller region
2 < xy < 20, which is easier to handle but still safely contains the numbers 4
and 13 of the supposed solution. This simplification turned out to be fatal, and
hundreds of readers pointed out that Gardner’s modified problem has no solution
at all. In this section, we will discuss problemdepentaar(2, M) under varying
feasible regions, when the bouMigrows and tends to infinity.

We will write P1(M), S2(M), P3(M), S4(M) to stress that these concepts now
depend onM (whereasn = 2 is fixed). For a producp, we denote byM;(p)
respectivelyMs(p) the set of all bound$/ with p € £1(M) respectivelyp €
P3(M). Similarly, for a sums, we denote byM,(s) respectivelyM,(s) the set of
all boundsM with s € S,(M) respectivelys € S4(M). An interval[¢,r] consists
of all integersM with ¢ < M < r, and ahalf-line[¢, o] of all M with £ < M.

Theorem 1. For any sum s and any product p, the following holds true.
(&) May(p) is either empty or a half-line.
(b) My(9) is either empty or a half-line.
(c) Ms(p) is either empty or a half-line or an interval.
(d) My(s) is either empty or a half-line or an interval.
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Proof. Throughout we will ignore the trivial cases where the considered set
is empty.

(a) A productpis in P1(M), if and only if it has at least two distinct factoriza-
tions under the bountil. The claim now follows fronZ*(2, M) € Z#*(2, M + 1).

(b) A sumslies in Sx(M), if and only if all compatible products(s — x) are
in £1(M). By (a), this is the case if and only M lies in the intersection of the
corresponding half-linea;(x(s — x)). This intersection is again a half-line.

(c) A productp lies in P3(M), if and only if exactly one of its compatible
sumsx + p/xlies in S,(M). By (b), this is the case if and only M lies in exactly
one of the half-lines\,(x + p/x), say in the half-line corresponding to sia(p).

If there are no other half-lines involved, théis(p) coincides with the half-line
May(s(p)). If there are other half-lines involved, theviz(p) is the interval that
goes from the endpoint oM,(s(p)) to the leftmost endpoint of the remaining
half-lines. Note that in either case the left endpoinid$(p) coincides with the
left endpoint ofMy(s(p)).

(d) Let s be an arbitrary sum. Assume that the prodygt®nd p, both are
compatible withs, and that there exist two valuéd,, M, € My(s) such that
Pa € P3(My) andpy, € P3(My). Then the discussion under (c) yields tisgb,) =
s(pp) = s, and that furthermore the left endpoints #f;(ps) and Ms(pyp) both
coincide with the left endpoint ofy(s).

A sumsis in S4(M), if and only if exactly one of its compatible products
X(s = X) lies in P3(M). By (c), this is the case if and only M lies in exactly
one of the corresponding half-lines or intervals. By the above discussion, the left
endpoints of all these half-lines and intervals coincide with the left endpoint of
Msy(9). ThenMy(s) is the region covered by exactly one of these half-lines and
intervals, and is again a half-line or an interval (or is emptm).

For a pair &, y), we denote by\M(x, y) the set of all integers for which (x, y)
is a solution to kReubentHaL*(2, M). Theorem 1 yields thaM(x,y) is either a
half-line or an interval. We callx y) a stablesolution, if M(x,y) is a half-line,
and we call it gphantomsolution, if M(x,y) is an interval. For instance, the pair
(67, 82) is a phantom solution that is only active for the rang4 < M < 5.485.

Theorem 2. The pair(4, 13) forms a stable solution fdfrREuDENTHAL* (2, *). The
setM(4, 13) consists of all M> 65.

Proof. First, we discuss the cases with > 65. It is easily verified that the
six sums 11, 17, 23, 27, 35, 37 are containedj65). Theorem 1.(b) implies
that these six sums are also contained in all (M) with M > 65. As a
consequence, the set(M) does not contain any of the following six products:
30=5-6=2-15; 42=2-21=3-14; 60=3-20=4-15; 66=2-33 =
6-11; 70=2-35=7-10; and 72= 3-24 = 8-9. On the other hand the
product 52= 4-13 = 2- 26 lies inP3(M), since 17 S,(M) and 28¢ S,(M). We
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now derive 17 Sy(M) from this: The sum 17 can be written as-25, 3+ 14,
4+13,5+12,6+11, 7+ 10, and 8 9 with corresponding products 30, 42, 52, 60,
66, 70, and 72. Since exactly one of these products ligg({M), the pair (413)
indeed forms a solution favl > 65. Next, we discuss casés < 64. We claim
that neither 19 nor 37 is iS2(M):

e 2.17¢ P1(M) implies 19= 2 + 17 ¢ Sp(M).

e 186 ¢ #1(M), since only 186= 6 - 31 can be a legal factorization for
M < 64. (In particular the factorization 186 3 - 62 with sum 3+ 62> M
is not legal.) Then 186 6- 31 ¢ #;(M) implies 6+ 31 = 37 ¢ S,(M).

Now suppose for the sake of contradiction that the pait 84 forms a solution.
Then 17¢ S,(M) and 52 P3(M). Since the factorizations of 70 are- 35,
5.14, and 7 10, and since exactly one of the corresponding sums 37, 19, 17 lies
in Sz(M), we get 70e P3(M). SincePs(M) contains two products 52 4 - 13
and 70= 7 - 10 compatible with the sum 17, we get ¢54(M). Hence, the pair
(4,13) cannot be a solution fovl < 64. =

The pair (413) is actually theiniquesolution of ReupentaaL*(2, M) for 65 <
M < 1.684. ForM < 64 there are no solutions, and figr > 1.685 the pair (461)
forms a second solution. Martin Gardner conjectured in private correspondence
with John Kiltinen and Peter Young (mentioned in the introduction of [5]) that the
number of solution pairs for#eupentuaL? (2, ) should be infinite. To the best
of our knowledge, this conjecture is still open. We propose the following slight
strengthening.

Conjecture 3. FreubentHAL?(2, ) has infinitely many stable solutions.

Many stable solutions for #EubentHAL* (2, +) contain a power of 2, but not
all of them do: The pair (20556) is a stable solution that is active for all
M > 966293. Section 8 provides additional information on stable solutions for
FREUDENTHAL* (2, *).

6 A meta-variant of Freudenthal

In September 2000, Clive Tooth created a kind of Meta-Freudenthal problem,
and posed it to the readers of the newsgreu .math on the Usenet. We
present it in a slightly modified form that is built around the solutions of prob-
lem RreubentHAL=(2, 5.000).

The teacher says to Peter and Sam: | have secretly chosen two integers
xandywith 2 < x < yandx+y < 5.000. | have told their sura = x+y
only to Sam and their produgt= xy only to Peter.
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1. Peter says: | don't know the numberandy.

2. Sam replies: | already knew you didn’t know.

3. Peter says: Oh, then | do know the numbeandy.
4. Sam says: Oh, then | also know them.

Up to this point, John has listened quietly to the conversation.

5. John complains: But | still don’t know the numberandy.

6. Sam replies: But if we told you the value then you could
determiney.

7. John says: Oh, then | do know the numbesdy.

Determinex andy!

Denniston’s algorithm for keupentHaL™(2, 5.000) yields ten possible solution
pairs that agree with the first four statements of the conversation; these ten pairs
are listed in Table 4. Since the values- 4, x = 16, x = 32, andx = 64 do not
uniquely determine the correspondiggwe conclude (together with John) that

the answer must be the (phantom) solutioa 67 andy = 82.

1 2 3 4 5 6 7 8 9 10

4 4 4 16 16 32 32 64 64 67
13 61 229 73 111 131 311 73 309 82
17 65 233 89 127 163 343 137 373 149
52 244 916 1.168 1.776 4.192 10.976 4.672 19.776 5.494

T n< X

Table 4: Ten intermediate solutions for the Meta-Freudenthal problem.

If the meta-variant is built around problem#epentaar?(2, 5.000) instead of
FreupenTHAL® (2, 5.000), thenx = 67 andy = 82 remains the unique answer.
However, the line of argument changes slightly, sineeubentaaL?(2,5.000)
only possesses five feasible solutions, which are the first, second, fourth, fifth,
and tenth solution in Table 4.

7 A Mediterranean variant of Freudenthal

The Mediterranean Mathematical Olympigd@ledMO) is an annual mathemat-

ical competition for high-school students from all countries which either have a
Mediterranean coast or are adjacent to a country with a Mediterranean coast. Here
is a slightly adapted version of the first problem posed at MedMO’2005:
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The teacher says to Peter and Sam: | have secretly chosen two positive
integersx andy with x < y. | have told their suns = x + y to Sam
and their producp = xyto Peter.

1. Sam says: You are not able to deternsne
2. Peter says: Aha. But now | know that 136.

Determinex andy!

Note that Sam’s statement #1 summarizes and contracts the first and second state-
ment in the Freudenthal problem#fopentaaL(1, ): Peter is not able to work out
the numbersc andy from the productp, and Sam is aware of this fact. We will
demonstrate below that at the end of the conversation, Peter and Sam both know
the numberscandy. Hence, the above conversation is equivalent to the standard
Freudenthal problem, except that Peter explicitly reveals thesenmi36 to the
reader.

If we replace the value 136 in the conversation by an arbitrary positive in-
tegerz, then we arrive at the Mediterranean Freudenthal problem(# In
this section, we will fully analyze and understand all these Mediterranean prob-
lems. Some standard definitions: A divigbof a positive integee is proper, if
1 <d < z Anintegerz > 2 is compositeif it has some proper divisor. Our
analysis is structured into three observations.

First: Consider the moment just before statement #1. If the prqalisgtrime,
then Peter would already know at that moment that 1 and thaty = p. If the
product p is composite, then Peter cannot distinguish between the case where
x = 1 and the case whepeis the smallest proper divisor @f This yields thatp
must be composite.

Second: We conclude that statement #1 is equivalent to the following: For
all positive integersc andy with x + y = s, the productxy is composite. And it
is not hard to see that this statement simply boils down to: The nusibdris
composite.

Third: Let 1= d; < d; < --- < dg be an enumeration of the divisors pf
that are less or equal t¢/p. Then at the time point just before statement #2, the
valuess :=d;+p/d; (i = 1,...,K) are Peter’s current candidate values for the sum
s. The Mediterranean problem has a solution, if and only if Peter can exclude all
these candidates except one. And Peter can exclude the canslidatend only
if 5§ — 1is prime. Consequently, with a single exception all the vaguesl must
be prime. And we already have identified this single exception: Sipeel, the
values; — 1 = d; + p/d; — 1 equalsp, and we observed above thais composite.
Hencep=s-1,x=1,andy=p.

We summarize the above observations in the following theorem.
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Theorem 4. Let z > 2 be an integer. The Mediterranean problévten(z) is
well-posed and possesses a unique solution, if and only if z is a so-called Mediter-
ranean number, that is, a number that satisfies the following properties:

e z—1is composite
e d+ (z-1)/d - 1is prime, for any proper divisor d of z 1

Furthermore, the unique solution in this case is=x1 and y = z- 1, and the
corresponding productis g z— 1.

Let us quickly verify this theorem for problem#d(136), the well-posed prob-
lem from MedMO’2005: Clearly 135 is composite. The factorizations of 135 into
two proper factors are-35, 5 27, and 915. And indeed, the three corresponding
candidate sums845-1=47,5+27-1=31,and 9% 15— 1 = 23 all are prime.
Therefore 135 is a Mediterranean number, and the unique answekigt 86) is
x=1andy = 135.

The reader may want to check that 5, 9, 10, 16, 28, 33, 34, 36, 46, and 50
are the first ten Mediterranean numbers. Also 666 (the number of the beast) is
a Mediterranean number. Altogether,&®1 of the integers below.A00.000 are
Mediterranean numbers. We leave the following challenge to the reader: Is there
a polynomial time algorithm for deciding whether a given numbir Mediter-
ranean?

8 More stable solutions and phantom solutions

This section continues the discussion in Section 5. We investigate the solution sets
for FreubentHAL*(M, M) and ReupentaarL=(m, M) asM grows whilem is fixed.
Theorem 1 easily generalizesto > 1, and thus yields the classification into
stable solutions and phantom solutions for any fiwed 1.

Let us start with the casen = 1. The stable solutions for problem
FreupentHAL™ (1, %) are easy to describe, since they are closely related to Theo-
rem 4: A pair forms a stable solution, if and only if it is of the formZ% 1) where
zis a Mediterranean number. The stable solutions for problerodEntaar*(1, =)
can be characterized in a similar fashion: A pair is a stable solution, if and only if
it is of the form (1 z— 1) wherez satisfies the following two almost-Mediterranean
properties:

e z—1is neither prime, nor the square of a prime

e d+(z—1)/d - 1is prime or the square of a prime, for any proper dividor
ofz—1withd?> #z-1
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FREUDENTHAL™ (2, M) FREUDENTHAL? (2, M)

X YI| X+yeS, solution| x+ye S, solution

4 13 28< M 65< M 28< M 65< M

4 61 124< M 869< M 173< M 1.685< M
32 131 317<M 1505<M | 317<M 9.413< M
16 73| 169<M 1970<M 169< M 1970< M
16 111 233<M 2522<M | 233<M 2522< M
32 311 677<M 3832<M | 677<M 6.245< M
64 73| 265<M 4.037<M | 265<M 6.245< M

4 229| 460<M 4628<M | 460<M 6.893< M

8 239| 485<M 7.787<M | 485<M 72365< M

4 181 364<M 7898<M |1373<M 237173<M
16 163| 349<M 7.940<M | 349<M 7.940< M
64 127| 367<M 9104<M | 367<M 9.104< M

FrReUDENTHAL™ (3, M) FrREUDENTHAL" (3, M)

X yi| X+yeSs solution| x+ye S, solution
13 16 49< M 98< M 49< M 125< M
16 73| 169< M 961< M 169< M 9.413< M
64 127| 367<M 1783<M | 367<M 5045< M
16 133| 283<M 2767<M | 283<M 6.893< M
16 163| 349<M 5300<M | 349<M 5300< M
16 223 469<M 5761<M | 469<M 332933<M
64 367 847<M 5821<M | 847<M 18773<M
16 193| 403<M 7.229<M | 403<M 7.229< M
64 457| 1.024<M 9349<M | 1024<M 36485< M

Since the arguments are similar to those in Section 7, we leave all details to
the reader. The smallest stable solution fasdentaaL=(1, %) is (1, 4), which
is active for alM > 11. The smallest stable solution fordopenTHAL* (1, *)
is (1 6), which is active for allM > 23. There are plenty of phantom solu-
tions for RReubentuaL=(1, ) and RReupentaaL?(1, ), and they do not seem to
have interesting properties. We only mention that the phantom solutjdi f&
FreubentHaL= (1, *) is particularly simple and can be verified by hand; it is active

Table 5: Some stable solutions for= 2 andm = 3.

for the range 1& M < 22.

Now let us turn tan = 2 andm = 3. The left half of Table 5 lists all stable so-
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FREUDENTHAL™ (2, M) FREUDENTHAL* (2, M)
X y || active in the interval active in the interval

64 309| 4.625< M < 13168 | 187493< M <1.739764
67 82| 4721<M <5485 4.721< M <5485
139 192| 10975< M < 17.788 —_—
149 188| 12353< M < 14004 _—

83 248 e 17789< M < 19324
96 241 _— 16.133< M < 22804

Table 6: Some phantom solutions for= 2.

lutions for RREUDENTHAL™ (2, *) and ReubenTHAL™ (3, ) that enter the scene before

M = 10.000. The right half of the table lists the corresponding data for problems
FreubeNTHAL? (2, *) and RReubenTHAL? (3, x). Note that the stable solutions in both
halves of the table are the same. This is not just a lucky coincidence:

Theorem 5. Assume that the following modification of Goldbach’s conjecture
holds true: Every even number>s 8 can be written as the sum of two distinct
primes. Then for n+= 2 and m= 3, the stable solutions dfReupENTHAL™(M, *)
coincide with the stable solutions B&eupenTHAL (M, *).

Proof. Since we deal with stable solutions, the upper bouvid$o not play
any role and will be ignored throughout. We observe thabnly contains odd
numbers: The sums= 4 ands = 6 obviously cannot be i%,. Modified Gold-
bach yields that every even sum> 8 is compatible with the product of two
distinct primes, and hence not .

Now consider a product of the forgt, whereq is prime. This product has at
most one factorizatiog® = xy with (x,y) € Z#(m, %), but may have two distinct
factorizations with X, y) € Z=(m, ). The main dfference between the two variants
(without upper boundM) is that these productg’ will show up in the sef; for
one variant, but not i, for the other variant. However this will noffact the sets
S,, sinceS; only contains odd numbers, whereas the factorizatiomg obncern
the even numberg+ g®and 2. =

We have checked all pairs,fy) with x + y < 50.000 with the help of
a computer program. Among these pairs there ar®él stable solutions and
689 phantom solutions forREubenTHAL™(2, %) and FReubenTHAL? (2, %), and there
are 804 stable solutions and 288 phantom solutions tavdentaarL=(3, «) and
FreubentHAL? (3, ). Some of the phantom solutions for= 2 are listed in Table 6.
The smallest phantom solution for = 3 is (123 128); it is active in the interval
[2.870Q 10.480] for FreunentHAL=(3, *) and active in the interval [893 10.480]
for FREUDENTHAL? (3, ).
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The behavior of the cases with > 4 is not understood. We are not aware
of any solution forany of these problems. In particular, we have not found any
solutions &, y) with x +y < 50.000.

Conjecture 6. For m > 4, problems~reupeNTHAL™(M, *) and FREUDENTHAL® (M, )
do not have any solutions.

9 Yet another Freudenthal problem

All the Freudenthal problems discussed in this article contained a statement of the
type“l already knew that you didn’t know;"which in some sense is their common
theme. Here is a final puzzle of this type:

The teacher says to Peter and Sam: | have secretly chosen two integers
xandy with 1 < x < y. | have told their suns = x + y only to Sam
and their producp = xy only to Peter.

1. Peter says: | don’t know the numberandy.

2. Sam says: | already knew that. The sum is less than 14.

3. Peter says: | already knew that. But now | know the numkers
andy.

4. Sam says: Oh, then | also know them.

Determinex andy!

It is not difficult to show tha = 2 andy = 9, and we leave this to the reader.
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SuBPROBLEMS AND NP-CoOMPLETENESS T HEORY™

Li Sek Su

Abstract

Subproblems have become an important object of NP-completeness the-
ory since its beginning. In this paper, we show some undesirable conse-
guences for subproblems deduced by the standard foundation of the theory,
which are diferent from the practical viewpoint of computation. By the con-
sequences, we clarify further the range in which the standard foundation is
applicable to decision problems.

Keywords: NP-completeness theory, complexity, subproblems, decision problems

1 Introduction

NP- completeness theory has been widely used to prove the computational com-
plexity of various problems in mathematics, computer science, cryptography, etc.
Subproblems are obtained from the original problems by giving some restric-
tions to the allowed instances. The 3-CNF satisfiability problem, the planar graph
3 colorability problem and so on are well-known subproblems. Sometimes the
analysis of computational characteristics of subproblems are of very importance
in the practical application as well as the theoretical viewpoint. From the fact that
subproblems are also a kind of problems and their important role in both theoreti-
cal and practical aspects, they have become an object of NP-completeness theory
since its beginning [3, 13]. Now we have an amount of subproblems whose com-
plexity has been described by the terms of NP-completeness theory [8, 2, 5, 12].
However, we do not feel free when we apply the standard NP-completeness
theory to subproblems. In [9, 10], it has been mentioned that for a subproblem
with the set of instances not recognizable in polynomial time, its complexity is
not necessarily preserved by transforming into a language recognition according
to the standard foundation. As such an example, the problem of deciding whether
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a Hamiltonian graph is 3-colorable has been considered. In [14], it has been con-
sidered that we can not apply the standard foundation to such cases as the problem
of deciding whether a 3-colorable graph is planar.

In this paper, we present some undesirable consequences, including the results
in [14], for subproblems dierent from the viewpoint of practical computation
but deduced from the definitions of standard NP-completeness theory. By the
consequences, we clarify further the range in which the standard foundation is
applicable to decision problems.

2 Standard foundation of NP-completeness theory

In this section, we describe the fundamental concepts of the standard theory of
NP-completeness, referring mainly to [8, 11].

A decision problenil is a general question to require either “yes” or “no” as its
answer.I1 consists of 2 kinds of sel®; and Yy of instances, i.ell = (Dy, Yn),
where Dy; is the set of all instances ang; the subset oDy consisting of all
instances with “yes” answek. C X* is said to be a language over a finite alphabet
¥, whereX* is the set of all strings consisting of symbolsiinvith finite lengths.

The correspondence between a decision problem and a language is made by an
encoding scheme: Dy — X*. A problemII and its encoding schensseparate
>* into 3 classes of strings: the class of strings which represent the instances with
“yes” answer, the class of strings with “no” answer, and the class of strings which
do not represent even any instance. The prolileismiformalized by the first class
of strings under the encoding schemand this class is denoted hyll, €.

Definition 2.1. P is the class of all the languages recognizable by deterministic
Turing machines in polynomial time. A decision probléiris said to be in the
class P if the languagd[Il, €] is in P under a reasonable encoding scheme

Definition 2.2. NP is the class of all the languages recognizable by nondetermin-
istic Turing machines in polynomial time. A decision probl&his said to be in

the class NP if the languadgIl, €] is in NP under a reasonable encoding scheme
e

Definition 2.3. A languagelL; < X is polynomially reducible to a language
L, € X3, denoted byt « Ly, if there is a mappingd : X; — X as follows:

1. f is computable by a deterministic Turing machine in polynomial time,

2. forallx € X}, x € Ly if and only if f(x) € L,. LetII,, II, be de-
cision problems an@,, e, their reasonable encoding schemes, respectively. If
L[I11, &] o L[II, &], then we say thall; is polynomially reducible tdI, and
denote agl; « Il,.
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In the problem level, a polynomial reduction of a decision problénto a
decision problenil, means the existence of a mappihgDp, — D, as follows:

1. f is computable by a polynomial algorithm,

2. foralll € Dy, | € Y, ifand only if f(1) € Yp,.

Definition 2.4. A languagel is said to be NP-hard if’ « L for eachL’ € NP.

Definition 2.5. A languagel is said to be NP-complete if eNP andL is NP-
hard. A decision probleril is said to be NP-complete(or hard) if the language
L[IT, €] is NP-complete(or hard) under a reasonable encoding sckeme

Similarly to the above way, the other classes such as PSPACE, EXPTIME,
EXPSPACE etc. and their hardness, completeness are defined.

3 Subproblems and standard foundation

As seen in the above section, the standard foundation of NP-completeness the-
ory was established on the basis of the transformability of (solving) a decision
problem into (recognizing) a language and the convenience for the development
of complexity theory by the well-formed language theoretical approach [1, 8, 11].

A subproblem of a probledl = (Dy, Yy) is a problenil” = (Dy,, Y{;) such that
Dy < Dy andY}; = Y N Dy, [8]. Because subproblems are a kind of problems, it
is certain that they have become an object of the application of NP-completeness
theory [3, 13, 8, 2, 5]. Whenever we face a subproblem likely to be important in
the practical or theoretical view, we tend to analyze its computational complexity
in terms of the NP-completeness theory if it is decidable. However, as we men-
tioned in the section of Introduction, the standard foundation of NP-completeness
theory can cause some undesirability with subproblems.

In this section, we present such undesirability caused with subproblems, which
is hardly accepted in the viewpoint of practical computation. The first to mention
is that the dfiferent subproblems in the problem level can be appeared in the lan-
guage level as if they are the same problem.

For example, consider the 3-colorability problem for planar graphs (in other
words, planar graph 3-colorability) and the planarity problem for 3-colorable
graphs. To transform these 2 subproblems into languages, we use the follow-
ing reasonable encoding scheme aver {0, 1, =} for graphs which was given in
Cook [3]: a grapiG is represented by the string consisting of the successive rows
of its adjacency matrix, separated y. Then since the sets of yes instances of
the 2 problems under consideration are the same as the set of 3-colorable planar
graphs, the 2 languages corresponding to them also become the same language
overx.
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Similarly, consider the deadlock(ability) problem for 1-safe free choice Petri
nets and the 1-safeness problem for deadlockable free choice Petri nets [2, 15].
For these 2 subproblems, we can use the following reasonable encoding scheme
for marked free choice Petri nets over an alphabet{0, 1, «} which is analogous
to the one of [3, 5]: a marked free choice n@14°) is represented by 2 substrings,
concatenated by doubts, forC andu®, respectively. The substring f@consists
of the successive rows of its incidence matrix, separateesbyThe one fop°
consists of the successive binary numbers of its elements, separated Tiyen
since the sets of yes instances of the 2 subproblems are both the set of 1- safe
deadlockable marked free choice nets, the 2 languagessoverresponding to
the problems are the same.

In general, if the sets of properties involved in describirfedént (sub)prob-
lems are the same, then the problems can be transformed into a same language
under a reasonable encoding scheme irrespective of whether the properties are
in Givens or Questions. In such cases, th&edént problems are regarded in
the formal level as if they were the same problem, since their formal models are
languages. However, this is never accepted by computer scientists.

The second to say with the standard foundation is that the reduction in the
language level does not become just the one in the problem level. For example,
consider the reduction &f = (Dy, Yi) toI1; = (D, Yr,) or Iz = (Dry,, Yn,) such
thatYp, € Yn, and Op, \ Yn,) N (Dn, \ Yi,) = 0. Lete be the reasonable encoding
scheme folll. Let e, be the reasonable encoding scheme over an alpkdioet
I1; andIl,. Then the reduction of[I1, €] to L[II;,e,] € X* also becomes the
one ofL[IL, €] to L[IT, e;5] € X*, and hencél is reducible td1, according to the
standard foundation. But such a reduction can never become a reductioio of
II, in the problem level, which can be calleghgeudo-reduction

The third to say is that there really exist such subproblenis wf P (or NP)
which are not in P (or NP). For example, consider the planarity problem for 3-
colorable graphs. Since the planarity problem for general graphs is in P[8], it is
certain that the one for 3-colorable graphs is solvable in polynomial time. But
according to the standard definition of NP-completeness theory, we can deduce
the following proposition.

Proposition 3.1. The planarity problem for 3-colorable graphs is NP-complete.

Proof. As we considered in the above, under a reasonable encoding scheme
the language corresponding to this problem is the same as the language to the
3-colorability problem for planar graphs. Letbe the language. Since the 3-
colorability problem for planar graphs is NP-complete by Theorem 4.2 in[8],
is NP-complete. Therefore the problem under consideration to whistcorre-
sponding is NP-complete. Q.E.D.

195



BEATCS no 90 TECHNICAL CONTRIBUTIONS

With the conjecture NP the above problem can not be said to be in P de-
spite the problem is solvable in polynomial time. As a similar example, consider
the halting problem for free (program) schemas. For any free schema it is not a
halting one if and only if there is a LOOP statement or a cycle in it [16]. Since
the existence problem of a cycle is equivalent to that of a strongly connected com-
ponent in directed graphs and the latter is solvable in polynomial time [1], the
halting problem for free schemas and its complement are both solvable in poly-
nomial time. But from the standard foundation of NP-completeness theory the
following proposition is obtained.

Proposition 3.2. At least one of the halting problem for free schemas and its
complement is not solvable in finite time as well as in polynomial time.

Proof. LetII be the halting problem for free schemas atfdts complement
problem. Lete be a reasonable encoding scheme for program schemas. Since the
freeness problem for schemas is not even partially decidable (see property 3 at
page 270 in [16]), thee(Dp) is not recursively enumerable. Then, sie(By) =
e(Yn) U &(Yre), at least one of(Yr) ande(VYre) is not recursively enumerable. On
the other hand, sina&Yy;) = L[I1, €] ande(Yye) = L[IIC, €], at least one oL[I1, €]
andL[II, €] is not recursively enumerable, i.e. for at least one of these there exists
no deterministic Turing machine recognizable it. Therefore at least ofieaofd
I1°¢ is not solvable in finite time as well as in polynomial time. Q.E.D.

As another example, consider the deadlock problem for 1-safe free choice
Petri nets. Since the deadlock problem for free choice Petri nets is NP-complete
(see Theorem 14 in [2]), it should be apparent that each of its subproblems in-
cluding the one under consideration might be either NP-complete or polynomial
solvable (see page 80 in [8]). But we can deduce the following proposition ac-
cording to the standard foundation of NP-completeness theory.

Proposition 3.3. The deadlock problem for 1-safe free choice Petri nets is
PSPACE-hard.

Proof. As we considered in the first part of this section, under a reasonable
encoding scheme the language corresponding to this problem is the same as the
one to the 1-safeness problem for deadlock(able) free choice Petri netd. Let
be the language. Since the 1l-safeness problem for deadlock(able) free choice
Petri nets is PSPACE-hard by Theorem 14 in [15is PSPACE-hard. Therefore
the problem under consideration to whiths corresponding is PSPACE-hard.
Q.E.D.

As long as NPc PSPACE, the above problem can not be said to be in NP
despite the problem is solvable in nhondeterministically polynomial time. As con-
sidered in the above, some undesirable consequences which are hard to be ac-
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cepted in the viewpoint of practical computation can be obtained from the stan-
dard foundation of NP-completeness theory with subproblems. Especially, from
the propositions above we can be aware of that if the complexity of recognizing
the instances of a problem is so stronger than the complexity of solving the prob-
lem itself that we can not preserve the complexity class of the problem then we
may come not to apply the standard foundation to the problem. However, we can
not say that the above statement holds for all such cases. For example, consider
the liveness problem for bounded free choice Petri nets. This problem can be solv-
able in polynomial time [6], while the recognition of its instances can not be said

to be in polynomial time since it is PSPACE-hard by Corollary 17.2 in [15]. And

its language under a reasonable encoding scheme is in P. The reason is as follows.
Since the liveness and boundedness problem for free choice Petri nets is in P by
Corollary 6.18 in [4] and the set of yes instances of this problem is the same as the
one of the problem under consideration, their languages are the same; therefore
our problem is also in P as we considered in this section.

4 Conclusion

In this paper, we presented some undesirable consequences deduced with sub-
problems from the standard foundation of NP-completeness theory, which are
hardly accepted in the viewpoint of practical computation. Based on these con-
sequences, we considered about that in which cases we can apply the standard
foundation of NP-completeness theory and in which cases we can not.

In the cases that we could not apply the standard foundation, it would be in-
dispensable for us to use the promise problem extension of the standard theory,
which has been originated by Even-Selman-Yacobi [7] and systemized by Gol-
dreich [9, 10]. In my opinion, promise problems are a kind of/gegroblems
[16], which can be defined in the same way as decision problems described in this
paper. If we extend slightly the concept of languagesver X into the concept
of domain languaged (Dy) overX and transform a probleiii = (Dy, Yy) into a
domain languages(Yr), &Dr)) under a reasonable encoding schens@milarly
to [14], then we can get the same variant as the promise problem extension.
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abled to consider about the contents of the paper in various aspects. | am grateful to Harro
Wimmel for his discussions and opinions. | also wish to thank Javier Esparza and Jacobo
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making additional helpful suggestions.

197



BEATCS no 90 TECHNICAL CONTRIBUTIONS

References

[1] A. Aho J. Hopcroft, D. Ullman, The Design and Analysis of Computer Algorithms,
Addison-Wesley, 1974.

[2] A. Cheng, J. Esparza, J.Palsberg, Complexity results for 1-safe nets, Theoret. Com-
put. Sci.147 (1995) 117-136.

[3] S. Cook, The Complexity of Theorem-Proving Procedures, in: Proc. 3rd Ann. ACM
Symp. on Theory of Computing, ACM, New York, 1971, pp.151-158.

[4] J. Desel, J. Esparza, Free Choice Petri Nets, Cambridge University Press, 1995.

[5] J. Esparza, Decidability and Complexity of Petri net Problems-An Introduction, Lec-
tures on Petri Nets |: Basic Models, Advances in Petri Nets, Lecture Notes in Com-
puter Science, Vol.1491 (Springer Verlag, 1998) 374-428.

[6] J. Esparza, M. Silva, A Polynomial-time algorithm to decide Liveness of Bounded
Free Choice nets, Theoret. Comput. Sci.102 (1992) 185-205.

[7] S. Even, A. Selman, Y. Yacobi, The Complexity of Promise Problems with Applica-
tions to Public-Key Cryptography, Inform. and Contr. 61 (1984) 159-173.

[8] M. Garey, D. Johnson, Computers and Intractability, A Guide to the Theory of NP-
Completeness, Bell Laboratories, 1979.

[9] O. Goldreich, On Promise Problems: A Survey, in: Theoretical Computer Sci-
ence:Essays in Memory of Shimon Even, Lecture Notes in Computer Science,
Vol.3895 (Springer Verlag, 2006) 254-290.

[10] O. Goldreich, Computational Complexity: Conceptual Perspective, Department of
Computer Science and Applied Mathematics, Weizmann Institute of Science, Re-
hovot, Israel, Working draft, 2006.

[11] J. Hopcroft, D. Ullman, Introduction to Automata Theory, Languages, and Compu-
tation, Addison-Wesley, 1979.

[12] N. Jones, L. Landweber, Y. Lien, Complexity of some problems in Petri Nets, The-
oret. Comput. Sci. 4 (1977) 277-299.

[13] R. Karp, Reducibility among Combinatorial Problems, in: Complexity of Computer
Computations Proc. Symp., 85-103, 1972.

[14] Li Sek Su, New Foundation of NP-Completeness Theory, in: Proc of Collaboration
Reseach, USTC Press, P.R. of China, 1994, pp.156-161.

[15] Li Sek Su, Full-Output Siphons and Deadlock-Freeness for Free Choice Petri Nets,
Technical Report/®6, University of Oldenburg, 2006.

[16] Z. Manna, Mathematical Theory of Computation, McGraw-Hill, 1974.

198



JosepH GOGUEN

Kokichi Futatsugi
Japan Advanced Institute of Sciences and Technology,

Ishikawa, Japan

Jean-Pierre Jouannaud José Meseguer
Université Paris Sud, and University of Illinois at Urbana-Champaign,
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This contribution is unusual in content. It is about the life and death of Joseph
Goguen, a colleague who devoted his life to science. Joseph Goguen was born on
June 28, 1941, and died on the early hours of July 3, 2006, just a few days after the
Festschrift Symposium that we organized in his honor around his 65th birthday at
the University of California at San Diego.

Joseph had been diagnosed with cancer last February. Prior to that, the three
of us had been organizing the Festschrift volume and Symposium in his honor.
Joseph wanted us to go ahead with this symposium in spite of his failing health.

The amazing and wonderful thing is that Joseph was able to be present at all
the main events of the symposium : at the opening and first session; at a piano
recital by his wife Ryoko; at a banquet on his 65th birthday; and at the closing.
And he said some words at each of these events. One theme that he insisted on
several times was his encouragement for all of us to collaborate and help each
other.

Bulletin of the EATCS no 90, pp. 199-201, October 2006
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The symposium itself was a wonderful event, both scientifically, and because
of the great warmth that everybody showed to Joseph. And we know that it meant
a lot to him; so much so that he gathered super-human strength to be presentin it,
even though his life was quickly ebbing away. And his humor, while being fully
aware that he was dying, had a special spark and joyfulness to it; a joyfulness and
serenity that he communicated to all of us who had the fortune of seeing him in
those last days. Something worth mentioning, because it is a wonderful example
of true friendship, is that Rod Burstall, emeritus professor at the University of
Edinburgh and a long-time close friend and colleague of Joseph’s, moved to San
Diego for the last two months of Joseph'’s life to spend time with him and to help
out in all kinds of ways.

The great impact and influence that Joseph’s scientific ideas have had on com-
puter science, and in particular on semantics and formal methods is briefly ex-
plained in the preface we wrote for the Festschrift [1], which is partly reproduced
below. The Festschrift [1] also contains a full bibliography of Joseph Goguen'’s
published work. One amazing thing is the breadth of it all; in particular, his sys-
tematic and sustainedfert to connect the humanities, specially in areas relevant
to computing and its social impact, with mathematical models and with computer
science. We think that the papers in the volume speak for themselves and provide
a wonderful overview of Joseph Goguen’s enormously influential ideas in one of
the best ways possible, namely, by reflecting on how they have become and are
part of a vast scientific dialogue. In the preface of [1] we wrote:

Joseph Goguen is one of the most prominent computer scientists worldwide.
His numerous research contributions span many topics and have changed
the way we think about many concepts. Our views about data types, pro-
gramming languages, software specification and verification, computational
behavior, logics in computer science, semiotics, interface design, multime-
dia, and consciousness, to mention just some of the areas, have all been
enriched in fundamental ways by his ideas.

Considering just one strand of his work, namely the area of Algebraic Spec-
ifications, his ideas have been enormously influential. The concept of ini-
tiality (or co-initiality) that he introduced is now a fundamental concept
in theoretical computer science applied in many subfields. The Clear for-
mal specification language was the first language with general theory com-
position operations based on categorical algebra. Such generality inspired
Goguen and Burstall to propose institutions as a meta-logical theory of log-
ics, so that Clear-like languages could be defined for many logics. The
OBJ language, one of the earliest and most influential executable algebraic
specification languages, also incorporated the Clear ideas. Categorically-
based module composition operations had an enormous influence not only
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in formal specification, but also in software methodology: his parameter-
ized programming methodology predates by about two decades more recent
work on generic programming. These ideas, and many others that he has
pioneered, reverberate through the pages of the Festschrift, in which entire
chapters are devoted to some of them. Furthermore, there are several regu-
lar scientific meetings of an international scope, including the CALCO and
AMAST conferences and the WADT Workshop, dedicated to ideas either
initiated or directly influenced by Joseph Goguen. There are also a number
of important languages that have been influenced by his CLEAR and OBJ
algebraic specification languages, including: ACT1, ML, CASL, Maude,
CafeOBJ, and ELAN.

A common thread in his work is the use of abstract algebra, particularly
of categorical algebra, to get at the core of each problem and formulate
concepts in the most general and useful way possible. Algebraic and log-
ical methods are then deployed to provide a rigorous account of meaning,
both in computational systems and in semiotic systems. Furthermore, in
areas in which social aspects are involved, a humanistic perspective is com-
bined with mathematical and computational perspectives to do justice in a
non-reductionist and critical way to a wide range of human phenomena, in-
cluding phenomena arising from the use or misuse of computer systems in
concrete social situations.

We feel privileged to have edited the Festschrift, and for having been able to
be with him at the symposium shortly before his death. For us it has been a way
of expressing our admiration, our gratitude, and our friendship to Joseph Goguen.
The four of us worked closely together at SRI's Computer Science Laboratory
designing and implementing the OBJ2 language during the 1983—4 academic year.
The scientific enthusiasm, camaraderie, and friendship of that relatively short but
very influential period have grown over the years and have had a great impact on
our lives.

His death is a great loss for many of us, not only as a brilliant and most influ-
ential colleague, but above all as a dear friend. And we share in the sadness of his
family, and of many other friends who were touched by his life.
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ZDZISEAW PAWLAK
L irE AND WORK

i

1926—-2006

Professor Zdzistaw Pawlak, Member of the Polish Academy of Sciences, will be

remembered as a great human being with exceptional humility, wit and kindness
as well as an extraordinarily innovative researcher with exceptional stature. His
research contributions have had far-reaching implications with many of them play-

ing a fundamental role in establishing new perspectives for scientific research in a
wide spectrum of fields.

Zdzistaw Pawlak was born on 10 November 1926 in £6dz, 130 km south-
west from Warsaw, Poladd In 1947, Pawlak began his studies in the Faculty
of Electrical Engineering at £6dz University of Technology, and then from 1949
continued his studies in the Telecommunication Faculty at Warsaw University of
Technology. In 1950, he presented the first project of a computer in Poland, called
GAM 1. He completed his M.Sc. in Telecommunication Engineering in 1951. His
publication in 1956 on a new method for random number generation was the first
publication abroad in informatics by a researcher from Poland. In 1958, Pawlak
completed his doctoral degree from the Institute of Fundamental Technological
Research at the Polish Academy of Science with a Thesis on Applications of
Graph Theory to Decoder Synthesis. In 1961, Pawlak was also a member of a

Wikipedia summary of the life and work of Z. Pawlak:
http://pl.wikipedia.org/wiki/Zdzislaw_Pawlak

Bulletin of the EATCS no 90, pp. 202—204, October 2006
(© European Association for Theoretical Computer Science



The Bulletin of the EATCS

research team that constructed one of the first computers in Poland called UMC 1.
Pawlak received his habilitation from the Institute of Mathematics at the Polish
Academy of Sciences in 1963. In his habilitation "Organization of Address-Less
Machines", he proposed and investigated parenthesis-free languages, a general-
ization of polish notation introduced by Jan tukasiewicz.

During succeeding years, Pawlak worked at the Institute of Mathematics at
Warsaw University and, in 1965, introduced the foundations for modeling DNA
and what has come to be known as molecular computing. In 1968, he proposed a
new formal model of a computing machine known asPag/lak machinevhich
was based on the addressing structure of contemporary computers. During the
1970s, Pawlak introduced knowledge representation systems as a result of his
broader research on the mathematical foundations of information retrieval. This
led to his most widely recognized contribution, namely, his brilliant approach to
classifying objects with their attributes (features) and his introduction of approxi-
mation spaces, which establish the foundations of granular computing and provide
frameworks for perception and knowledge discovery in many areas.

During the early 1980s, he worked at the Institute of Computer Science of
the Polish Academy of Sciences, where he introduced rough sets and the idea of
classifying objects by means of their attribifteRough set theory has its roots
in Pawlak’s research on knowledge representation systems. Rather than attempt
exact classification of objects with attributes (features), Pawlak considered an ap-
proach to solving the object classification problem in a number of novel ways.
First, in 1973, he introduced knowledge representation systems. Then, in 1981,
he introduced approximate descriptions of sets of objects and considered knowl-
edge representation systems in the context of upper and lower classification of
objects relative to their attribute values. During the succeeding years, Pawlak
refined and amplified the foundations of rough sets and their applications and nur-
tured worldwide research in rough sets that has led to over 4000 publications
The consequences of this approach to the classification of objects relative to their
feature values have been quite remarkable and far-reaching. The work on knowl-
edge representation systems and the notion of elementary sets have profound im-
plications when one considers the problem of approximate reasoning and concept
approximation. Also, during the 1980s, Pawlak invented a new approach to con-
flict analysis.

2Z. Pawlak, Rough Sets. Research Report PAS 431, Institute of Computer Science, Polish
Academy of Sciences (1981); Z. Pawlak, Classification of Objects by Means of Attributes. Re-
search Report PAS 429, Institute of Computer Science, Polish Academy of Sciences, ISSN 138-
0648, January (1981); Z. Pawlak, Rough sets. International J. Comp. Inform. Science 11 (1982)
341-356; Z. Pawlak, Rough Sets — Theoretical Aspects of Reasoning about Data, Kluwer Aca-
demic Publishers, Dordrecht, 1991.

3See, e.g., Rough Set Database Systernp: //rsds.wsiz.rzeszow.pl/.
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Professor Zdzistaw Pawlak was with us only for a short time and, yet, when
we look back at his accomplishments, we realize how greatly he has influenced us
with his generous spirit and creative work in many areas such as approximate rea-
soning, intelligent systems research, computing models, mathematics (especially,
rough set theory), molecular computing, pattern recognition, philosophy, art, and
poetry. As many can readily testify, Pawlak gave generously his time and energy to
help others. His spirit and insights have influenced many researchers worldwide.
During his life, he manifested an extraordinary talent for inspiring his students
and colleagues as well as many others outside his immediate circle.

Andrzej Ehrenfeucht, James F. Peters, Grzegorz Rozenberg, Andrzej Skowron
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AUTOMATA: FROM M ATHEMATICS TO APPLICATIONS
AutoM ATHA

AN ESF Stanping COMMITTEE FOR
PHYsIcAL AND ENGINEERING ScIENCES (PESC) FroGRAMME

M ay 2005—May 2010

Abstract

AutoMathA (Automata: from Mathematics to Applications) is an inter-
national research programme of the European Science Foundation (ESF).
As it lies at the crossroad of mathematics, theoretical computer science and
applications, it is expected to catalyse progress in both theoretical and prac-
tical directions. Main activities of the programme are to provide a full finan-
cial support for visitgexchanges among the programme participants (usually
for short periods, typically two weeks), to organize workshops and schools
for programme participants and to sponsor conferences in the area of Au-
toMathA. All applications should be submitted via the online application
forms available on AutoMathA webpagewf . esf.org/automatha).

Automata theory (AT) is one of the longest established areas in computer sci-
ence. Over the past few years AT has not only developed in mdiieyeht direc-
tions but has also evolved in an exciting way at several levels: the exploration of
specific new models and applications has at the same time stimulated a variety of
deep mathematical theories. Standard applications of AT include pattern match-
ing, syntax analysis and software verification. In recent years, novel applications
of automata-theoretic concepts have emerged from biology, physics, cognitive sci-
ences, neurosciences, control, tomography, linguistics, mathematics, etc., while
developments in information technology have increased the need for formally
based design and verification methods to cope with emerging technical needs such
as network security, mobile intelligent devices and high performance computing.
At the same time, the mathematical foundations of AT rely on more and more
advanced areas of mathematics. While in the early 1960s only elementary graph
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theory and combinatorics were required, new tools from non-commutative alge-
bra (semigroups, semirings and formal power series), logic, probability theory
and symbolic dynamics have been successively introduced and the latest devel-
opments borrow ideas from topology and geometry. Both trends have enhanced
the role of fundamental research in AT and the importance of closer interaction
between theoretical and applied scientists. This multidisciplinary programme lies
at the crossroads of mathematics, theoretical computer science and applications.
By setting up a framework where new applications of AT and theoretical insights
can be communicated and shared by an open and qualified group of European
scientists, this programme will catalyse progress in both directions.

Activities
The programme includes the following planned activities.
e Short-term visjtexchanges among the programme participants. Eligibility
for exchange grants are:

1. Undertake work applicable to the programme, that is, related to Au-
tomata theory or applications.

2. Apply to stay in a country other than the country of origin.

3. Return to the institute of origin upon termination, so that the appli-
cant’s institution may also benefit from the broadened knowledge of
the scientist.

4. Acknowledge ESF in publications resulting from the grantee’s work
in relation with the grant.

e Organisation of workshops for programme participants, to allow the dis-
semination of early research results and experiences.

e Sponsoring of conferences in the area of AutoMathA.
e Organisation of schools on the subjects covered by the programme.
¢ Organisation of open workshops in the area of Auto-MathA.

e Setting up a comprehensive Internet research dissemination channel and
publication activities.

Priority will be given to applications where the institutions involved are in
countries that financially support the programme.

Every year, Automatha plans to support 30 short visits, and in 2005-2006,
Automatha has already supported the following events: Workshop on Semigroup
and Automata, Workshop on Weighted Automata Theory and Application (WATA
2006), Workshop on Advances on Two-dimensional Language Theory, Work-
shop on Tree Automata, Mons Days of Theoretical Computer Science (JM 2006),
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Workshop on Algebraic Theory of Automata to Applications, International Con-
ference of Formal Modeling and Analysis of Timed Systems (FORMATS 2006).
For more information please visitiw. esf.org/automatha or send an email

to automatha@liafa. jussieu. fr.

Funding

ESF scientific programmes are principally financed by the Foundation’s Mem-
ber Organisations on an a la carte basis. AutoMathA is supported by: Fonds
zur Forderung der Wissenschaftlichen Forschung, Austria; Fonds National de la
Recherche Scientifique, Belgium; AkademieédvCeské republiky, Czech Sci-
ence Foundation, Czech Republic; Forskningsradet for Natur og Univers, Den-
mark; Academy of Finland, Finland; Centre National de la Recherche Scien-
tifigue, France; Deutsche Forschungsgemeinschaft, Germany; Hungarian Acade-
my of Sciences, Hungarian Scientific Research Fund, Hungary; The Israeli Acade-
my of Sciences and Humanities, Israel; CNR: Ist. di Elettronica e di Ingegneria
dell'lnformazione e delle Telecomunicazioni, Torino, Ist. di Cibernetica "E. Ca-
ianiello”, Pozzuoli ; Ist. di Scienza e Tecnologia dell'Informazione "A. Faedo",
Pisa, Italy; Polska Akademia Nauk, Poland; Fundacéo para e Ciéncia e a Tecnolo-
gia, Portugal; Slovak Academy of Sciences, Slovak Republic; The Swiss National
Science Foundation for the promotion of scientific research, Switzerland.

Steering committee

e Jean-Eric Pin (Paris, France), chair

e Jorge Almeida (Porto, Portugal)

e Véronique Bruyére (Mons, Belgium)

¢ Stefano Crespi-Reghizzi (Milano, Italy)

e Jacques Duparc (Lausanne, Switzerland)
e Sgren Eilers (Copenhagen, Denmark)

e Zoltan Esik (Szeged, Hungary)

e Jozef Gruska (Brno, Czech Republic)

e Tatiana Jajcayova (Bratislava, Slovak Republic)
e Juhani Karhumaki (Turku, Finland)

e Andrzej Kisielewicz (Wroclaw, Poland)

e Werner Kuich (Wien, Austria)

e Stuart W. Margolis (Ramat Gan, Israel)

¢ Wolfgang Thomas (Aachen, Germany)
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Report oN ICALP 2006 / PPDP 2006/ LOPSTR 2006

33rd Intl Colloguium on Algorithms, Languages and Programming
and
8th Symposium on Principles and Practice of Declarative Programming
and
Symposium on Logic-based Program Synthesis and Transformation

9-16 July, Venice, Italy

Manfred Kudlek

ICALP 2006, the 33rd in this series of conferences on theoretical computer sci-
ence, took place from July 10-14, 2006, together with the workshops from July
9-16, 2006, at Venezia, the fourth time in Italy. It was co-located with PPDP
2006, held from July 10-12, 2006, and LOPSTR 2006 (International Symposium
on Logic-based Program Synthesis and Transformation) which took place from
July 12-14, 2006. There were also 9 satellite workshops. Conference site was
on San Servolpa small island about 2 km southeast from the centre San Marco.
Now a conference and meeting place, a former Benedictine monastery and later a
hospital run by nuns, monks, and priests.

ICALP 2006 was organized by Dipartimento di Informatica, Universita Ca’
Foscari di Venezia. The Organizing Committee consisted afiivle BucLiest
(ICALP and chair), AnaLisa Bosst (PPDP), @BiNna Rosst (LOPSTR), AVDREA
PieTracaPRINA and FRancesco Ranzaro (satellite events), Aianna Carpon and
Nora Hoggur (Key Congress), and aBLo BaLpan, MartHA CooPER, FRANCESCO
DI NEs, RAFFAELE FaccHIN, MArRco FRANCESCHIN, MARco Guinti, DAVIDE L APPON,
FrRANCEScO LEVOrRATO, DamiaNo Maceponio, Marteo MAFrel, GIUSEPPE PIRROTTA,
ALESSANDRA RAFFAETA, GiuLio RanzaNETTO, MARCO Scavazzon and Evrico Ramo.

ICALP 2006 was sponsored by Dipartimento di Informatica, Universita Ca’
Foscari, Venice International University, Microsoft Research, IBM ltalia, VENIS
S.P.A. (venezia informatica e sistemi), CVR (Consorzio Venezia Ricerche), and
EATCS.

The conferences and workshops were attended by at least 432 participants
(data from July 11), with some details given in the following table:

ICALP only 245 |CALP+workshops 110
PPDP only 50 ICALRPPDR-LOPSTR 12
LOPSTRonly 30 workshops total 195

ICALP 2006 covered the following fields in the three tracks :
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A B
Algorithms Automata
Approximation Algorithms | Equations
Complexity Games
Data Structures Logics
and Linear Algebra Models
Fixed Parameter ComplexitySemantics
Formal Languages C
Game Theory Bounded Storage
Graph Algorithms and Quantum Models
Graph Theory Cryptographic Primitives
Graphs Cryptographic Protocols
Networks, Circuits Foundations
Regular Expressions Multi-party Protocols
Quantum Computing Secrecy and Protocol Analysis
Randomness Zero Knowledge and Signatures

The scientific program of ICALP 2006 consisted of 4 invited lectures, 4 special
lectures, and 109 contributions, selected from 407 submissions, exactly the same
number as in 2005. They came from 43 countries, the highest number so far. 6
papers were withdrawn, 5 in track B, 1 in C. Details on number of authors and
distribution by countries for all tracks are given below. The program was divided
into 24 sessions (14 in track A, 3in B, 7 in C), sometimes 3 in parallel, 4 plenary
sessions (1 joint with PPDP, 1 joint with LOPSTR), as well as 2 special sessions.
The program can be foundlattp: //icalp86.dsi.unive.it.

The following table gives the statistics by number of authors (S submitted, A
accepted) in all tracks and total :

A B C x
S A S Al S A S A
1| 53 13|25 8|10 4| 88 25
2| 81 18|35 6|38 11|154 35
3| 66 19/17 6|18 ©6|101 31
41 17 4111 4, 8 2| 36 10
5 8 4] 1 4 13 4
6 4 3|1 1 1 6 4
7 1 1 2
8 1 1
230 61]91 24|80 24|401 109

The next table presents the statistics by countries.
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C AS AA| BS BA| CS CA[ 35S :A

AT 1 1 1 1
3 3 13 2 13 g

e A - B i

BE 1 7 L 5| &3 &

CA 75 1i| 2l 2 112 1l
5 5 1 1 7 11

CH 55 o3 8 3

vl I I ; A

CN 9¢ 1| 108 1| 3¢ 232 1l

co| | 1 %

ov| | %

cz 1 1) 11 & 2f 11

DE| | 20 05| o 24| 4 2| 40p 13

DK 55 2| 1 5 2

DZ 1 1

EE 2 1 3

ES 43 21 7

Fl 3 122 4z 2
2 3 5 1 53 1 22 7

FR 145 5118, 43 105 53| 38f 104

GR 55 2 1 65 2

HK 3 3 2 3

HU 1 2 3

IE 11 11
2

IL 202 41| 3 3¢ 3| 27% T2

IN ol 2 5 4l 2

IS L 11 111

IT 112 3| 82 21 3 222228 8L

Jo 1 1

P 62 11 72 2| 14 3L

KR 2 7 9

NL 20 1| 12 1| 5! 1| 84 3

NO 1 1

PL 22 4 4 3 1 o8 4

PT 1 i 3| 1B 3

RO 1 1

RU 20 1| 1 31

SE 33 1 33 1

SG 1 1

si| | ;
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C[I[ AS AA] BS BA[CS CA[] IS :A
SK 11 1 11 1

3 3

N 3 3
T™W 1 1 1 1

2 2

UA Z Z
UK | 2| 62 12| 13t 31|22 13| 2282 7%
US| 1|61y 21i|15L 47|13 5| 892 30;
7] 230 61| 91 24 80 24| 401 109

ICALP 2006 was accompanied by the following 9 workshops :

CHR 2006 Third Workshop on Constraint Handling Rules
FCC 2006 Formal and Computational Cryptography
MeCBIC 2006 Membrane Computing and Biologically

Inspired Process Calculi
ALGOSENSORS 2006 International Workshop on Algorithmic
Aspects of Wireless Sensor Networks

CL&c Classical Logic and Computation
SecReT 2006 1st International Workshop on Security
and Rewriting Techniques
DCM 2006 2nd International Workshop on Developments
in Computational Models
iIETA Improving Exponential Time Algorithms
WCAN 2006 2nd Workshop on Cryptography for

Ad Hoc Networks

The next table presents the date, number of invited lectures and contributions.

CHR 709 1 9| SecReT 7.15 1 8
FCC 7.09 9| DCM 716 1 9
MeCBIC 7.09 2 15| IETA 716 2 9
ALGOSENSORS 7.15 1 20 WCAN 7.16 1 10
CL&c 715 2 7

ICALP 2006 was opened on Monday morning byciiLe BucLiesi, introduc-
ing Venezia, San Servolo, and thanking the program committeegd NieLseN,
Jn van LEeuweN, the organizers, invited speakers, and sponsors.

In the excellent first invited lectur@dditive Approximation for Edge-Deletion
Problems’(Gruseppe ITaLiano had to chair sincexo WeGener was lost in Venice)
Noaa ALoN (co-authors Aar Suarira, BENNY Subakov), mentioning football WC
the penalty shooting the day before, presented new results on algorithms for
monotone graph properties, using results from extremal graph theory and spec-
tral techniques by EpGs, Szemerepi, and TURAN.
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Cynrria Dwork, in the very good and interesting second onéRigferential
Privacy’, presented an approach to formalize privacy. She started wiEKs
‘Let’s talk about sexand Dalenius’ definition of privaclAnything to be learned
from statistical data bases can be learned without access to data bagkeh
she presented a survey on a general impossibility reséirdntial privacy, how
to achieve it, and a substantiating impossibility result, finishing wth Holy
Grail’

The third one (joint with PPDPJIComposable Memory Transactiongjiven
by Smon Peyton Jones on his 20" wedding anniversary, was an excellent, very
vivid, survey on the history of concurrenciHpw to program these beasjs’
races, deadlock, lost wakeups, diabolical error recovery), significant recent pro-
gress {bricks and mortar instead of banangsand 3 primitives (atomic, retry,
orElse). Then he gave an introduction on realising STM in Hashkddigkell pro-
grammers are brutally trained from birth to use memaoffgets sparsingly. He
concluded withlt's like using a high-level language instead of assembly code.
Not a silver bullet’ Unfortunately, it is not in the proceedings, but information
can be found inAtomic Blocks and Transactional Memorgo-authors i Har-

RIS, SMON MARLOW, athttp://research.microsoft.com/~simonpj.

The fourth one (joint with LOPSTR)The One Way to Quantum Computa-
tion’ by PrakasH PaNaNGADEN (CO-authors Weent Damos, ELiam K AsHEFT) was an
excellent survey on the topic, the new model from physics (Qquantum mechanics
and computation, entaglement and teleportation), measurement based computa-
tion and calculus, standardization, the Bell Ineaquality, and also quantum process
algebra. He was introduced byLAbivmiro Sassone Who also mentioned his fan-
tastic jokes.

In the IBM session on Monday late afternoom&t Pritzmann gave an inter-
esting talk on'Security and Privacy Challenges in Industrial Researdtarting
with ‘This is a rather industrial talk’ She presented a survey on present IBM,
todays security challenges, impact of new IT paradigms, problems in complex-
ity reduction, construction of sound foundations, model-driven security design
paradigms, risk and compliance, legal problems, and the market. She finished
with ‘Security remains a critical research topic. How to cope with complexity ?
Theory would help in many ways’

The award session on Thursday afternoon was opened dagNsl NIELSEN.

The first event was the presentation of @del Prize It started with the interest-

ing special talkKurt Godel, Some Dated)y Perre-Louts Curien. In it he gave

a survey on Godel scientific life, the incompleteness theorem, the Princeton lec-
tures, and the system T Dialectica as well as the development of computability

in the 30s of last century. After that he informed us on the Gddel price and its
winners. Finally he explained the decision of the committee (lexhk Diek-

ERT, CHrIsTOS PapapIiMITRIOU, JOHN REIF, JEFF ULLMAN, PauL VITANYI) tO present the
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price to ManmnbrA AGRAWAL, NEERAT K avaL, Nimin Saxena for their paperPrimes
are in P. (in Annals of Mathematics 160(2), pp 781-793, 2004).

After this ManinbrA AcrawaL explained in a very nice talld Short History
of ‘Primes is in P" the research history from August 1998 until August 2002,
conjectures, failures, experiments, and the final breakthrough to get the result,
also mentioning his professob@eNara Biswas.

The next event was the presentation of the EATCS distinguished award to
MicuaeL S. Raerson for his scientific work. The decision was explained byrvl
1aNGioLA Dezani-CiancagLini.  After that Mike Paterson gave a very interesting
talk on‘Secrets of my Successtarting with‘Thank you !" and lifting the se-
cret of the initial S., namely®wart. First : ‘Start early’ (19647 in his case),
meeting right people as Miss D. MisEnnam (also present at ICALP as his wife),
and‘Get lucky’, e.g on technology in conferences (he gave a talk on ICALP’78
in Udine how to use slides). SecontHang around with smart peopléas Mg
Fiscuer, Urt Zwick, Lesuie Gorperg). Third : ‘Enjoy what you do I Some
photos illustrated his life. He finished witiihank you again !

To mention are also the excellent presentations of the best papers. In track
A by MicHaeL Paterson (co-authors MRrriNn Dyer, Lesuie ANN GOLDBERG) ON
‘On Counting Homomorhisms to Directed Acyclic Graphs’ track B by Fuip
MurLak on‘The Wadge Hierarchy of Deterministic Tree Languageasd in track
C by ‘Danny Harnik (co-authorsdtaca Harrner, Omer ReNGorp) on ‘Efficient
Pseudorandom Generators from Exponentially Hard One-way Functiaastell
as of the best student paper byQ¥an on ‘Lower Bounds for Complementation
of w-Automata via the Full Automata Technique’

Excellent and interesting presentations were given lgNds BorbEwicH 0N
stopping time analysis and approximate counting, byiduca Neary on the P-
completeness dfVolfranis cellular automaton 110, bydn HitcHcock on com-
parison of reductions to NP-complete sets, byadt Karnumikr on the power
of rewriting and communication of 2 stacks, and byius Lourey on decision
problems for theories of HNN extensions and amalgamated products.

To mention are also the good and interesting talks byc®ersiTsky, refer-
ring to a follow-up paper, on testing the graph isomorphism problem, tag A
Coia-OcHLAN 0N a spectral gap of certain random graphs, byddas E. CarroLL
on the embedding of bounded bandwidth graphs, byaB® pe WoLr, starting
with ‘Not really QC’, on lower bounds on matrix rigidity, applying quantum ar-
guments, and finishing witfTo be or not to be quantumby Jikumar RADHAKR-
1sHNAN 0N gap amplification in PCP’s, and byiddar Kunc on algebraic charac-
terization of the finite power property.

Other good and interesting presentations were givendays@s Karoutsis on
non-closure under complement of small sweeping NFA's, ayiiias SAMUELIDES
on the power of pebble automata, bywéenty Dopis on the impossibility to ex-
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tract classical randomness by quantum computersplpyukr Yamakamr, Show-
ing Buddha as oracle, on quantum hardcore functions, finishing'@ithis lis-
tening by phone’by Seastien Zimmer onhardness of distinguishing MSB and
LSB of secret keys, and by iMaLis YANNAKAKIS ON recursive concurrent stochas-
tic games.

Not to forget are the also interesting and good talks bynCSrirLING ON a
game-theoretic metod to decide higher-order matching, seywBiar HaGHVERDI
on typed geometry of interaction for exponentials, lrE Prrcaer on security
languages using-calculus, by WnG Karianto, advertising STACS 2007, on in-
tersection problems for polynomially generated sets, byiho Murano, having
the proper name for ICALP 2006, on complexity of enrichedalculi, and by
Braise Genest On exponential-size deterministic Zielonka-automata.

Koner Honpa started with'First, it's useful’, and Bws Lurtik with ‘You ended
up in an equation session. There will be many more in this talk’

The EATCS General Assembly was held on Tuesday late afternoon. On it
there is a separate report.a®d Parerson received the best paper award for track
A by Inco WEGENER, and Qa1 Yan the best student paper award byaWimiro
SassoNe. The winners in tracks B and C received their prices latarrRkBarD
Monien got an EATCS button by the author of this report for having reached more
than 5 full papers on ICALP’s. Each of the four editors of the proceedings received
a button, too. The current state of busy contributors to ICALP’s is given in the
table above.

The proceedings, edited byibeLe BugLiest, BART PRENEEL, VLADIMIRO Sas-
soNg, and Nco WEeGENER, have been published for the first time in two volumes as
Springer LNCS 4051 (track A), and 4052 (tracks B, C). They contain all contri-
butions and invited lectures, except for that by@& Peyron Jongs, that of Noga
ALon only as abstract. There is also a CD-ROM with the two volumes.

The social program started on Sunday late afternoon, watching the Football
World Championship final in théuditorio. On Monday evening the welcome
reception took place in the church yard $&n Servolpimmediately after the
IBM session. It lasted well until 21h. On Tuesday evening, fater the EATCS
general assembly, there was a reception in the patio. On Wednesday afternoon
we had a guided excursion on two boats to other islands in the Lagoon. The first
stop was orMuranowhere we visited the glass factoPgrro-Lazzarini Master
Giorgio demonstrated us the traditional glass blowing, producing a glass horse
within a few minutes. After that we could visit the show and shopping room, or
have a walk through a part of the island. The next stop wa$azeello with a
short walk toBasilica Santa Maria Assunt&om 639 AD the oldest church in the
region, andAttila’s chair. The last stop was ddurang famous for lace making,
and a lop-sided church tower. There we had one hour time for walking around
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Kurt Mehlhorn 11 | ICALP Contributors

Jean-Eric Pin 104

Juhani Karhumaki 9& | Dominique Perrin 42
Zvi Galil 8 Zohar Manna 42
Amir Pnueli 73 | Thomas Henzinger 43
Mihalis Yannakakis 3 | Juraj Hromkovt a5
Philippe Flajolet 74 | Denis Thérien 4%
Grzegorz Rozenberg | 7 Moshe Vardi 4112
Paul Vitanyi 61} | Manfred Droste 43
Claus-Peter Schnorr | 63 | Robin Milner 43
Torben Hagerup 63 | David Peleg 43
Géraud Sénizergues | 63 | Ming Li 42
Christos Papadimitrioy 52 | Maurice Nivat 41
Karel Culik 11 6 | Moti Yung 41
John Reif 52 | Volker Diekert at
Walter Vogler 5% | Piotr Berman at
Joost Engelfriet 5% | Marek Karphiski at
Matthew Hennessy | 53 | Thomas Wilke at
Arto Salomaa 5% Christophe Reutenauer 4
Juris Hartmanis 5% Marcel Paul Schitzenbergerd
Andrzej Lingas 5% Davide Sangiorgi 4
Burkhard Monien 5%—8 Leslie Valiant 4
Ronald Book 57 | Colin Stirling 4
Christian Chdfrut 5

Michael Rabin 5

Arnold Schénhage 5

see small canals and houses painted in many colours. By 19h we returned to San
Servolo, but most participants had left at San Marco already. The ICALP banquet
on Thursday evening took place Monaco et Gran Canaat Canale Grande

about 200m from San Marco Cathedral. It ended by 23h.

PPDP 2006 (Eigth ACM SIGPLAN Symposium on Principles and Practice
of declarative Programming), taking place from July 10-12, 2006, was organized
by Universita Ca’ Foscari di Venezia and ACM SIGPLAN, and supported by the
same sponsors as ICALP 2006. The organizing committee consistexkafis
Bossi, MicHAEL M AHER, and AsosTiNO CORTESI.

The scientific program of PPDP 2006 consisted of 3 invited lectures and 22
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contributions. The invited talks were given byLAsivMiro Sassone (co-author
MikkeL Bunpcaarp) on ‘Typed Polyadic Pi-calculus in Bigraphddy Taom Fris-
wirtH On ‘Constraint Handling Rules — The Story so Faaihd (joint with ICALP)
by Smon Peyton Jones on‘Composable Memory Transactiond’he program can
be found ahttp://www.dsi.unive.it/ppdp2006.

The proceedings, edited byiliaeL Maner, containing all contributions and
invited lectures, except for that bysen Peyron Jones and that by dv FRUHWIRTH
only as extended abstract, have been published asa report by ACM Press, order
number 550060.

LOPSTR 2006, taking place from July 12-14, 2006, was organized by Univer-
sidad Politécnica de Madrid and Universita Ca’ Foscari di Venezia, and supported
by the same sponsors as ICALP 2006. The organizing committee consisted of
ANNALISA Bossi, MicHELE BuGLiesi, GERMAN PuesLa, and SBina Rossi.

The scientific Program of LOPSTR 2006 consisted of 3 invited lectures and
17 contributions. The invited lectures were given bysMvo M archior: on ‘How
to Talk to a Human : the Semantic Web and the Clash of the Titanghteresting
title, by Prakasu PananGapen (joint with ICALP) on ‘The One Way to Quantum
Computation, and by $iaz Qapeer (co-author Mipan Musuvarar) on ‘CHESS :
Systematic Stress Testing of Concurrent Softwarhe program can be found at
http://www.dsi.unive.it/lopstr2006.

The proceeedings, edited by:&an PuesLa, containing all contributions and
invited lectures (as abstracts only), except for that kykRsn PanancaDen, have
been published &apporto di Ricerca CS-2006Hy Dipartimento di Informatica,
Universita Ca’ Foscari di Venezia.

In the breaks cidee, tea, juice, mineral wate8én Benedetth and cakes were
served in the patio. Lunch was served in the cafetertzanf Servololnternet was
available on 21 PC’s from 10-18h, but one had to leave a deposit for a card. There
was also the traditional book exhibition by Springer, as well a one by Elsevier.

Most participants stayed in the lodgings $an Servol@r in Junghandodg-
ings onGiudecca another island. Weather was warm and humid, nearly without
clouds, and highest temperatures abovC30

Thus ICALP 2006 (as well as PPDP 2006 and LOPSTR 2006) was a suc-
cessful conference again, on high scientific level and well organized. And with
Viabpmmiro Sassone at the endExcellent audience to excellent ICALPThe next
ICALP will be in Wroctaw, PoLanp from July 9-13, 2007, co-located with LICS
and Loagic CoLLoquium 2007.

C1a0 VENEZIA AND WITAMY W VWWROCLAWE.
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REeport oN ICE-TCS

Icelandic Centre of Excellence in Theoretical Computer Science
(ICE-TCS)
Second Symposium on Theoretical Computer Science
and
Public Lecture by Moshe Vardi

Luca Aceto, Magnus Mar Halldérsson and Anna Ingolfsdottir

The Icelandic Centre of Excellence in Theoretical Computer Science (ICE-
TCS) is a research centre devoted to research in Theoretical Computer Science
that started its activities in April 2005. It is the result of a collaboration between
the Division of Computer Science, Engineering Research Institute, University of
Iceland, and the Department of Computer Science, School of Science and Engi-
neering, Reykjavik University, and is based at both institutions.

One of the yearly activities of the centre is to organize an “Icelandic Theory
Day”. The second event in this series was held on Wednesday, 31 May 2006,
at the University of Iceland. The aim of these “theory days” is to give the Ice-
landic computer science community a bird’s eye view of the area of Theoretical
Computer Science, with emphasis on the research fields of the members of the
centre.

The second symposium was graced by the presence of three outstanding in-
vited speakers from outside Iceland, namely Wan Fokkink, Jan Kratochvil and
Moshe Vardi. The presentations by the invited speakers were complemented by 25
minute talks delivered by Luca Aceto, Ragnar K. Karlsson, Magnus Mar Halldérs-
son, and Anders Claesg&ergey Kitaev (who shared the closing slot).

The morning session was devoted to “Volume B” talks. Moshe Vardi gave
the meeting the best of starts with a talk describing the design of the ForSpec
Temporal Logic, the new temporal logic of ForSpec, Intel's new formal property-
specification language, which is today part of Synopsis OpenVera hardware veri-
fication language. The focus of Moshe Vardi’s talk was on design rationale, rather
than a detailed language description, and during the presentatidfenedoa very
accessible discussion of the field of model checking, of linear and branching time
temporal logics, and of the automata-theoretic approach to LTL model checking.
Moshe Vardi also told the audience that his analysis of the relative merits of LTL
and CTL has been referred to as “character assassination” by some of our col-
leagues!

Moshe Vardi’s talk was immediately followed by the second keynote address,
which was delivered by Wan Fokkink. Wan Fokkink’s talk presented joint work
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with Bard Bloom, Rob van Glabbeek and Paulien de Wind devoted to the system-
atic derivation of congruence formats for various behavioural equivalences in the
linear-timgbranching-time spectrum from decomposition results for the modal
logics that characterize them. This worars yet another beautiful example of
the usefulness of modal logics in concurrency theory.

Luca Aceto closed the morning session with a talk presenting joint work with
Taolue Chen, Wan Fokkink and Anna Ingolfsdottir on the axiomatizability of
bisimulation equivalence over the language BCCSP extended with the priority
operator.

The afternoon session was devoted to “Volume A’ talks. The first talk in that
session was delivered by Jan Kratochvil, who presented a survey of work on graph
homomorphisms, viz. edge-preserving vertex mappings between two graphs. He
showed how the use of graph homomorphisms unifies previously defined and in-
dependently studied notions such as graph covers, role assignments, and distance
constrained graph labellings. Jan Kratochvil surveyed recent results and open
problems related to these notions, with special emphasis on the computational
complexity issues. He also mentioned connections to the Constraint Satisfaction
Problem and the Dichotomy Conjecture.

Graphs featured also in the two 25 minute talks that followed Jan Kratochvil’s
address. The first talk was delivered by Ragnar Karlsson, who had defended his
MSc. thesis the day before. Ragnar Karlsson presented the main results in his
MSc. thesis related to so-called strip graphs. These graphs are formed by an in-
terval graph together with an equivalence relation on the vertices, and can be used
to model the classic Job Interval Selection Problem on one machine. In this prob-
lem, the input is a set of jobs, each of which is a set of intervals, and the object
is to select at most one interval from each job such that no two chosen intervals
intersect. This corresponds to being given multiple possible run-times for each
job and trying to schedule as many jobs as possible. This problem is known to be
NP-complete. However, strip graphs provide a very nice way to model the input of
this problem and, by using structural observations of the input, Ragnar Karlsson
was able to find a fairly ficient exponential algorithm to solve this problem.

Magnus Mar Halldérsson presented the next 25 minute talk, reporting on joint
work with Takeshi Tokuyama and Alexander \WWol The scientific director of
ICE-TCS considered the problem of computing a non-crossing spanning tree of
a graph that has been embedded in the plane. This problem is known to be NP-
hard. During his talk, Magnis Mar Hallddrsson considered the complexity of the
problem in terms of an input parameterthe number of pairs of edges that cross.

He gave an algorithm with a dependencelohbeing kK, improving on recent
work by Knauer et al. who gave a simple algorithm that runs in linear time, for
fixed values ok; the dependence dawas X.
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The meeting was brought to a fitting close by Anders Claesson and Sergey
Kitaev, two of the members of the ICE-TCS combinatorics group, who presented
an accessible survey of work within the area of permutation patterns. A (permu-
tation) pattern is a permutation of a totally ordered set. An occurrence of a pattern
P in a permutatiorp is a subsequence of letters pivhose relative order is the
same as that of the letterskh As an example, the permutation 461352 has three
occurrences of the pattern 321, namely the subsequences 432, 632 and 652. In
1969 Don Knuth pioneered this work by showing that the stack sortable permuta-
tions are exactly the 231-avoiding permutations. Anders and Sergey gave a brief
introduction to the field, starting with a presentation of Don Knuth’s result.

The symposium was attended by about 25 participants, was held in a relaxed
workshop atmosphere, and was scientifically stimulating. It was pleasing to see
that several MSc. students in Computer Science and Mathematics showed intel-
lectual curiosity and attended the whole event. This bodes well for the future of
research in (Theoretical) Computer Science in Iceland.

As part of its “theory week activities”, ICE-TCS also hosted a public lecture
by Moshe Vardi on Thursday, 1 June 2006 at Reykjavik University. This public
lecture, entitled “And Logic Begat Computer Science: When Giants Roamed the
Earth”, was probably the event with the highest profile hosted by ICE-TCS so far,
was heavily advertised and was attended by over one hundred people. (Chairs had
to be brought in the room to accommodate the audience, and people were sitting
along the aisles of the lecture theatre.)

During the talk, Moshe Vardi provided an overview of the unusti@ative-
ness of logic in computer science by surveying the history of logic in computer
science, going back all the way to Aristotle and Euclid, and showing how logic
actually gave rise to computer science. This was an erudite and witty lecture, full
of memorable one liners. For example, Moshe Vardi told his audience that

Aristotle was the most influential intellectual of all times, whose wis-
dom stood unchallenged for over 2000 years. Now we hope for two
years!

Above all, we believe that each person in the audience learned something new
about the history of thought that led to the development of computer science as
we know it, and about the lives of the people involved. We certainly did and loved
every minute of it.

Moshe Vardi’s public talk was taped, and will soon be available on the web.

Information on the ICE-TCS centre may be foundchatp://www.ru.is/
icetcs/. Future events organized under the auspices of the centre will be adver-
tised there and will be reported on in the pages of this bulletin.

We look forward to hosting further events that will increase the visibility of
Theoretical Computer Science in Iceland, and to seeing many of you in Reykjavik!
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REPORT ON BERTINORO | NTERNATIONAL CENTER FOR | NFORMATICS

The “Leonardo Melandri” Programme at BICI
Bertinoro International Center for Informatics

Luca Aceto

BICI (Bertinoro International Center for Informatics) is an association whose
mission is to foster cutting-edge research and advanced education (PhD and post-
doctoral level) in Computer Science. BICI-sponsored events take place at the
University Residential Center of the University of Bologna. The center is a won-
derfully renovated Xl century castle in Bertinoro, a charming old medieval town
situated amidst beautiful countryside, near the byzantine-art treasures of Ravenna
and not far from Bologna.

Typical events sponsored or organized directly by BICI include thematic re-
search workshops, strategic meetings charting new research agenda and advanced
schools.

In spite of the young history of BICI, from a scientific point of view its events
rank on a par with those of older and more established institutions such as DI-
MACS, Schloss Dagstuhl and Mathematisches Forschungsinstitut Oberwolfach.
BICI thus introduces a new exciting possibility for high quality scientific meet-
ings at the international level, in wonderful surroundings.

A look at the list of coming and past events that have been held in Bertinoro
shows that BICI is fulfilling its mission very well. Seventeen BICI events, at-
tended by about 500 participants, have been held in Bertinoro in 2005, and about
twenty events are expected to be held in 2006. Bookings for 2007 are already well
under way. BICI has also hosted high profile international conferences like COLT
2005, the Eighteenth Annual Conference on Learning Theory.

In the past, BICI events have been sponsored by

e institutions like UNESCO, DIMACS (Center for Discrete Mathematics and
Theoretical Computer Science, Rutgers, New Jersey), INDAM (Istituto Na-
zionale di Alta Matematica “Francesco Severi”), ETH (Swiss Federal Insti-
tute of Technology, Zurich), and NSF (National Science Foundation, USA);

¢ firms working in Computer Science and Information Technology like Eu-
rotech Group, IBM Research, Microsoft Research and Yahoo!; and

¢ local firms like Romagna Acque.

On June 10, 2006, BICI held a press conference at the University Residential
Center in Bertinoro announcing the establishment of a new form of sponsorship
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for BICI events, namely th&_eonardo Melandri” Programme This is a three-

year sponsorship programme in favour of BICI. The sponsors are three banks or,
more precisely, the foundations associated with them—namely, the Foundations
of the Cassa di Risparmio di Bologna, Cesena and Forli. The programme is named
after the late Leonardo Melandri, a senator of the Italian Republic and former
president of SerlnAr, who was the prime mover behind the establishment of the
initial funding for BICI.

With the money provided by the programme, BICI will institute a fellowship
programme to allow scholars inflitult financial conditions and PhD students
to take part in Bertinoro events. The funding will be used to provide junior and
senior fellowships, funding for invited speakers and for event sponsorships.

The level of funding is still very far from that enjoyed by similar institutions
in other countries, but it is nevertheless substantial. This is remarkable given how
difficult it is to find funding for initiatives of this kind, and science in general, in
Italy. As an Italian abroad, | consider this a great omen for the future.

Proposals for events under the auspices of BICI can be submitted to any mem-
ber of the Executive Committee. | myself have organized two workshops in Berti-
noro, and will try to do so again in the future. The location and the facilities are
truly excellent, and so is the local support. | strongly encourage the members
of the Theoretical Computer Science community to consider Bertinoro as a loca-
tion for hosting high quality scientific events. If my experience is anything to go
by, these events will be well attended, will be successful both scientifically and
socially, and you will feel like visiting Bertinoro again.
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Report oN WG 2006

The 32nd International Workshop on
Graph Theoretic Concepts in Computer Science
22-24 June 2006, Sotra, Norway

Dieter Kratsch

From June 22-24, 2006, tB2nd International Workshop on Graph-Theoretic
Concepts in Computer ScienceWG 2006, was held at the Norlandia Marsteinen
Hotell at Sotra, near to the city of Bergen (Norway). The hotel is located on an
island within a few metres from the coast. The surrounding landscape is beautiful
and worth visiting the remote place.

This was the first WG outside continental europe. The 91 submitted papers
(of which one was withdrawn) had authors from 2&elient countries. 30 papers
were accepted for presentation. In addition to these 30 regular lectures, there were
two invited lectures. There were over 70 participants, from all over the world.

From the two excellent invited lectures, the first one entiflezbwidth: char-
acterizations, applications and computationas given by Hans Bodlaender at
Thursday morning. The talk, starting fromfidirent definitions and characteri-
zations of the treewidth of a graph and applications, as e.g., in probabilistic and
electrical networks, presented various algorithms to compute lower bounds, upper
bounds or the exact treewidth of graphs; and it reported on experimental results.
The second invited lecture was given Friday morning, by Tandy Warmdgo-
rithmic issues in inferring the “Tree of Life” This talk was also very inspiring.

It reviewed several techniques in reconstructing the tree of life from DNA se-

guences, in particular polynomial time distance methods and algorithms to solve
NP-hard problems like Maximum Parsimony. The succesful use of chordal graphs
in designing the corresponding TNT software was of great interest for the WG
community.

Each of the 30 accepted papers was presented at the meeting by one of the
authors. The talks showed a variety of topics concerning graphs, with many of
their aspects in relation to computer science. Many talks gave new or better al-
gorithms for graph problems, some with a theoretical formulation, and some with
an application. The overall quality of the presented results and the presentations
was high. These talks and the two invited lectures made that WG 2006 had an
excellent scientific program.

The social program consisted of a welcome reception with dinner on wednes-
day evening, an excursion on friday afternoon and a conference dinner on fri-
day evening. The excursion was a 4 hour boat trip providing amazing views and
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wonderful impressions of the norwegian coast region and its famous fjords. The
conference dinner gave the participants an excellent taste of norwegian cuisine.

The nice location, the excellent organisation, the very interesting scientific
program, and the pleasant atmosphere among the participants made this a very
enjoyable meeting.

WG 2007 will be held near Jena in Germany, and this is a meeting to look
forward to. The scientific program of WG 2006 is availabléetp: //vwww.ii.
uib.no/wg®6/program.shtml.
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REerorT oN DLT 2006

Tenth International Conference on Developments in Language Theory
June 26-29, 2006, Santa Barbara, CA, USA

Mark Daley

The Tenth International Conference omvBLOPMENTS IN LANGAUGE THEORY
(DLT 2006) was held at The University of California at Santa Barbara this sum-
mer, shortly following DCFS 2006. This marked the first time that a conference
in the DLT series had been held in North America and Santa Barbara, boardered
on one side by the Pacific Ocean and the Santa Ynez Mountains on the other,
provided a venue rich in natural beauty and historical significance.

The conference was organized by Oscar lbarra and Omer Egecioglu (co-
chairs) with the assistance of the organizing committee of Bee Jay Estalilla,
Cagdas Gerede, Jan Holtzclaw, Matthew Shayefar, Jianwen Su, Shelly Vizzolini,
Sara Woodworth, and Fang Yu.

The 59 participants at DLT 2006 came from 20 countries, with the exact dis-
tribution by country listed in the table below.

DEU 11 CAN 10 USA 9 ITA 7
FRA 4 HUN 2 ZAF 2 RUS 2
ESP 1 KOR 1 JPN 1 POL 1
GRC 1 CHE 1 CZE 1 FIN 1
ROU 1 GBR 1 MLD 1 TWN 1

Table 1: DLT 2006 participant numbers by country of employment

The technical programme consisted of 4 invited lectures and 35 contributed
lectures on a wide variety of language- and automata-theoretic topics encompass-
ing both purely theoretical and more application driven work. Each day typically
began with an invited lecture and continued in a single-track format for the con-
tributed talks.

The first invited lecture was the exception to this rule with the speaker pre-
senting at the end of the day on Monday due to air trav@ikdities. Rajeev Alur
(co-author P. Madhusudan) introduced the notiomedted wordsis a model of
structures which have both a natural linear sequencing as well as nested hierarchi-
cal interdependencies. The study of nested words was motivated by the desire to
explore the expressiveness of specification languages used in model-checking and
program analysis tools. The theory regular languages of nested words was shown
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to be a reformulation of the theory of visibly pushdown languages, providing a
direct connection to existing work.

On Tuesday morning, Grzegorz Rozenberg's (co-author A. Ehrenfeucht) in-
vited lecture provided insight into a new, discrete, model for the abstract descrip-
tion of chemical reactions. Theseaction systemare based on two fundamen-
tal mechanisms of chemistry: facilitati@tceleration and inhibitigretardation.

In contrast to traditional computational models in which states are modified by
transformations, reactions are viewed as first-class citizens while structures are
are secondary; in particular, reactions create states rather than transforming them.
The nature of reaction systems was shown to be quiferdnt from other existing
formalizations of concurrent systems and examples relevant to both biochemistry
and computer science were provided.

Wednesday'’s invited lecture saw a dynamic presentation by Gheogghe P
providing both a general introduction to the rapidly-growing field of membrane
computing as well as some specific details on the newly emerging theory of Spik-
ing Neural P Systems. The Spiking Neural P Systems are inspired by ideas from
neurobiology which describe the nature of inter-neuronal communication in terms
of electrical pulses. The notion of a network of neurons, interconnected by vari-
ous synapses was shown to be quite naturally captured within the formalism de-
veloped during the study of P systems. The interaction and mutual contribution
between the distinct, yet related, fields of formal language theory and membrane
computing was highlighted throughout.

The final invited lecture came in the form of a question posed by Yuri Gurevich
(co-author Charles Wallace): “Can abstract state machines be useful in language
theory?” A brief introduction to the theory of Abstract State Machines (ASMs)
was given, with an emphasis on the often-overlooked, but critical, role of abstrac-
tion in the description of computational processes. ASMs were proposed as a
“richer notion of universality” compared to, e.g., Turing Machines which, while
computationally universal, are bound to a permanently fixed level of abstraction.
Tools for working with directly with ASMs on a computer were also discussed
and briefly demonstrated.

The programme of the contributed talks may be found at:

http://d1t2006.cs.ucsb.edu/program.html.

Thanks to the #orts of the organizing and programme committees, the final
proceedings, published as humber 4036 in Sprindextture Notes in Computer
Scienceedited by Oscar H. Ibarra and Zhe Dang, were available immediately at
the conference.

The social program of the conference began with a reception on Monday
evening, following the first day of talks. The reception was held outdoors at a
facility overlooking the Pacific Ocean, allowing participants the opportunity to
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spot both marine mammals (opinion remains divided on whether they were dol-
phins or porpoises) and several local avian species.

The primary social events took place on Wednesday beginning with a trolley
tour of Santa Barbara in the afternoon. The tour visited several sites of local histor-
ical interest and culminated in a visit to what has been called “the most beautiful
government building in America”: The Santa Barbara County Courthouse. The
courthouse was built in the late 1920’s, following the destruction of the original
courthouse in a 1925 earthquake. Designed by William Mooser I, the architec-
ture and artwork draw inspiration from a diverse collection of traditions including
Spanish, Moorish and Classical Roman. The excursion was followed by a lovely
dinner at the UCSB Faculty Club which showcased local Californian wines and
concluded with a surprise visit from The Great Bolgani for subsequent intimate
magic shows.

A beautiful collection of photos from both the conference sessions and excur-
sion is available on the conference website at:

http://d1t2006.cs.ucsb.edu/Photos/index.html.

The skillful photography is courtesy of Alexander Okhotin who also provided the
participants of DLT 2006 with a compelling preview of DLT 2007 to be held in
Turku, Finland.

DLT 2006 was very well organized and extremely successful with both in-
truiging and diverse technical programs and social events. The natural beauty of
Santa Barbara provided a perfect backdrop for the mathematical beauty of the
invited and contributed presentations.
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Rerort oN DCM 2006

2nd Int Workshop on Development of Computational Models
16 July 2006, Venice, Italy

Manfred Kudlek

DCM 2006 (2nd International Workshop on Development of Computational
Models) was held as a satellite workshop of ICALP 200&/@meziaon July 16,
2006. Conference site was on the islé&8ah ServoloDCM 2006 was organized
by MariBeL FernANDEZ and kN Mackie. The workshop was attended by about 30
participants. The scientific program consisted of an invited lecture and 9 contri-
butions. It can be found atvw.dcm-workshop . org.uk/2006.

The invited talk Every Computable Function is Linear (in a Senday’Mari1-

BEL FERNANDEZ (joint work with Sanpra Arvez, Luts Damas, MArio FLORIDO, |aN
Mackie), had a curious title for people from complexity theory. It was a good and
interesting survey lineat-calculus (every arguent used only once), showing also
that linear recursive functions are Turing complete, and that the system T is linear.

A nice and interesting presentation was also given Byd®raL NAGARAIAN
(co-authors B1on Gay, NikoLaos PapanikoLaou) on quantum computing, quantum
information science, and quantum cryptographyrd¥a-Dan Hernest presented
a demo of a program system, with the mo@m Gddel's Dialectica to Light
Dialectica (like Coca Cola Light?). A nice and interesting talk was also given
by Rosert K. MEYER ONn BBL, the Better Bubbling Lemn{aot chewing gum!),
dealing with ternary relation semantics.

The pre-proceedings, edited byaN-Pierre Jouannaup and N Mackie, con-
taining all contributions, can be found as a pdf file at the following web site
http://www.dcm-workshop.org.uk. It will also be published electronically
in ENTCS(Electronic Notes in Theoretical Computer Science)

DCM 2006 was a successful workshop of high scientific level.
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Rerort ON MECBIC2006

Membrane Computing and Biologically inspired Process Calculi
9 July 2006, Venice, Italy

Manfred Kudlek

MeCBIC2006 (Workshop on Membrane Computing and Biologically Inspired
Process Calculi) was held as a satellite workshop of ICALP 200&ieziaon
July 9, 2006. Conference site was on the isl&ash Servolo MeCBic2006 was
organized by Mbia Bust and Gaubio Zanpron. The workshop was supported
by Universita di Bologna, Universita di Milano-Bicocca, and the PRIN project
SYBILLA (System Biology: Modelling, Languages and Analysis). The workshop
was attended by about 30 participants.

The scientific program consisted of 2 invited lectures and 15 contributions.
It can be found atww.bio.disco.unimib.it/MeCBIC. The first invited talk
‘Bitonal Membrane System$y Luca CarpeLLr was a very good and interest-
ing intoduction to a formal calculus on algebraic and topological operations for
globality and locality. It was very well presented with many nice illustrations,
including a short movie. @orcHe PAun in the second invited lectur®embrane
Computing and Brane Calculi (Some Personal Notgaye an excellent presenta-
tion on the history and research in these two fields, in particular on the similarity
and dissimilarity between them, showing that they are essentially similar.

Nice and interesting presentations were also given byoR Freunp (Co-
author Marion OswarLp) on specialtissue P systems&and by MiuricE M ARGEN-
STERN (COo-author Guprrta FrRaNco) on universal computing by floating stringa
new form of presentation was shown by#gier Ciosanu (See picture page).

The pre-proceedings, edited byha Bust and G.aubio ZANDRON, contain-
ing all contributions except for the invited lecture byda CarpeLLi, have been
published as a report, and will also be published electronicalsNACS (Elec-
tronic Notes in Theoretical Computer Sciened)the following web sitamww.
elsevier.nl/locate/entcs.

MeCBIC2006 was a successful workshop of high scientific level.
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REporT oN G| T HEORIETAG 2005

Formal languages: 15th German meeting
September 2005, Lauterbad near Freudenstadt, Germany

Henning Fernau

This annual meeting started with a one-day workshop entitled Theoretical As-
pects of Grammar Induction (TAGI), followed by a couple of tutorials on Gram-
mar Induction (directed towards formal language specialists) on the second day,
and finally the mentioned workshop on Formal Languages itself, featuring nearly
twenty contributed talks. The detailed program can be found on the web page of
the workshopwww-fs.informatik.uni-tuebingen.de/~fernau/. For each
of the three days, a separate Technical Report containing abstracts of the talks is
available from University of Tubingen.

Within the workshop, we asked the participants to write down their favorite
open problems. In the following, we list these problems in alphabetical order
w.r.t. the contributors. We also include the names of the contributors of the open
guestions, so that this hopefully initiates collaboration on the open questions.

Artiom Alhazov, Rudolf Freund, Marion OswalBestricting ourselves to P sys-
tems with symport antiport rules and only one symbol, are we able to generate
any recursively enumerable set of natural numbers?
A P systentof degreem > 1) with symporfantiport rules(e.g., see [2], ohttp:
//psystems.disco.unimib.it) is a tuplell = (O, u, Wy, -+ ,Wm, Ry, -+ , Ry),
whereQ is the alphabet abbjects i is themembrane structurét is assumed that
we havemmembranes, labelled with 2, . . ., m, the skin membrane usually being
labelled with 1)w;, 1 < i < m, are strings oveD representing thaitial multiset
of objectspresent in the membranes of the syst&n,1 < i < m, are finite sets
of symport/antiport rulesof the formx/y, for somex,y € O*, associated with
membranae (if x| or |y| equals O then we speak of a symport rule, otherwise we
call it an antiport rule).

An antiport rule of the fornx/y € R, means moving the objects specified by
x from membrané to the surrounding membrarjgto the environment, if = 1),
at the same time moving the objects specified/liy the opposite direction; the
rules with one ok, y being empty are called symport rules, but in the following we
do not explicitly consider this distinction. We assume the environment to contain
all objects in an unbounded number. The computation starts with the multisets
specified bywy, . . ., Wy, in them membranes; in each time unit, the rules assigned
to each membrane are used in a maximally parallel way, i.e., we choose a multiset
of rules at each membrane in such a way that, after identifying objects inside and
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outside the corresponding membranes to fiected by the selected multiset of
rules, no objects remain to be subject to any additional rule at any membrane. The
computation is successfuf it halts.

The main results established in [1] are summarized in the following table;
the class of P systems indicated by A generates exdd#iN, by B generates
at leastNREGand by d can simulate aryregister machine. A box around a
number indicates a known computational completeness bound, (U) indicates a
known unpredictability bound.

Membranes

o | 1 2 3 4 5 m

1 [A B B B B B

2 |B 1 2 (U) 4 m-1

3 |1 2(U) [4] 6 8 2m-2

4 | 2() 6 9 12 3m-3

5 6 9 12 16 4m-4

6 |4 8 12 16 20 5m-5

S |s—-2 2s-4 3s-6 4s-8 5s-10| maxXm(s—2),
(m-1)(s- 1)}

[1] A. Alhazov, R. Freund, M. Oswald: Symbdllembrane complexity of P systems
with symportantiport rulesPre-Proceedings WMGC8/ienna (2005), 123-146.

[2] Gh. Paun:Computing with Membranes: An IntroductidBpringer, 2002.
Henning Bordihn The language
Ly = {uxvdxv | x e {a,b}, u,v, U,V € {a, b}, u = U], M = [V]}
(with at least one correct copy) is known to be context-free. Is the language

L, ={uxvywuxvyw | x Ve {ab}, uv,w,u,v,w € {a b},
ul = U, M = V], Wl = W[}

(with at least two correct copies) context-free?

The problem becomes easy if languages over alphabets with at least three
letters or over one-letter alphabets are considered.

Henning Fernauls there a “unified theory” of regular language learning?

There exist lots of papers dealing with learning regular string languages, some
papers on learning regular tree languagesy-danguages, or picture languages.
The proofs and algorithms are often quite similar. Is there are logical or algebraic
“reason” behind? For example, thé algorithm of Angluin [1] has a very alge-
braic flavour and can thus be adapted from learning regular string languages to
learning regular tree languages.
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[1] D. Angluin. Learning regular sets from queries and counterexampief®rm. &
Comput, 75:87-106, 1987.

Wong Karianto Find a lower bound (with respect to the number of states) for the
transformation of a nondeterministic Biichi automaton to a deterministic Muller
automaton (omv-words).

Andreas Malcher What kinds of nondeterministic versions of DFA candgg-
cientlyminimized ?

Known resultsMinimization of DFA for finite sets is doable in tim@(n) [4] and

for infinite sets inO(nlog(n)) [1]. However, minimization of NFA is PSPACE-
complete [2], but NP-complete for restricted models: UFA [2], NFA with finite
branching [3], and DFA with multiple initial states [3].

[1] Hopcroft, J.E.: Ann log n algorithm for minimizing states in a finite automaton. In:
Kohavi, Z. (ed.): Theory of Machines and Computations. Academic Press, New York
(1971) 189-196.

[2] Jiang, T., Ravikumar, B.: Minimal NFA problems are haRIAM J. Comput22:6
(1993) 1117-1141.

[3] Malcher, A.: Minimizing finite automata is computionally hafBheor. Comp. Sci.
327:3 (2004) 375-390.

[4] Revuz, D.: Minimisation of acyclic deterministic automata in linear tirfibeor.
Comp. Sci92:1 (1992) 181-189.

FrantiSek Mrédz DoesL(RWW) = L(RRWW) hold?

RRWW andRWW denote two classes of restarting automataRRWW-automa-

ton [1] has a finite control with a readrite window of a fixed size. The window
moves on a flexible tape with sentinels. Such an automaton works in cycles. In
each cycle, it starts in its initial state with the left sentinel and the beginning of
the tape in its regdrite window. It moves the readrite window to the right

one cell at a time until it decides (nondeterministically) to rewrite the part of the
tape content in the readrite window by a shorter string. In the rewriting, also
some non-input symbols can be used. Then, it can continue to move right until
it restarts that is, it reenters the initial state and places the /v window

over the left end of the tape. The next cycle starts on the shortened tape. The
automaton halts either by performing an accept operation, in which case it accepts
the input word, or by entering a configuration for which it has no instruction, in
which case it rejects. ARWW-automaton is aRRWW-automaton which must
restart immediately after performing a rewrite operation.

[1] P.Jartar, F. Mraz, M. Platek, J. Vogel. Bérent types of monotonicity for restarting
automata. IFFST&ETCS'98 LNCS 1530, Springer, 1998, 343-354.
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Friedrich Otta Gilman’s Conjecturdl] A group given through a finite monoid
presentation involving a confluent monadic string-rewriting system is the free
product of finitely many finite groups and a free group of finite rank.

A finite monoid presentatiois a pair £; R), whereX is a finite alphabet, and
Ris a finite string-rewriting system air The systenR is monadicif |u| > |v| and
IV < 1 hold for all rules ¢ — V) of R. It is confluentif the induced reduction
relation—g is confluent. For more information, see [2].

[1] R.H. Gilman. Computations with rational subsets of confluent groups. In: J. Fitch
(ed.),EUROSAM 84, ProcLNCS 174 (1984) 207-212.

[2] K. Madlener, F. Otto. About the descriptive power of certain classes of finite string-
rewriting systemsTheor. Comp. Scb7 (1989) 143-172.

Daniel ReidenbachThe Equivalence Problem for E-pattern Languages
Definitions: Let X be a finite alphabet derminal symbols- e.g.a,b,c € X
—andX = {Xg, X, ...} an infinite set ofvariableswith ¥ N X = (. A patternis a
word in € U X)*. A morphismg¢ : (£ U X)* — (X U X)* is terminal-preserving
if, for everyA € X, ¢(A) = A. A terminal-preserving morphisin is asubstitution
if, for everyi € N, o(x) € £*. TheE-pattern language (@) of a patternx is
the set of all images af under arbitrary substitutions, i. ex(@) = {o(a) | o :
(XU X)* — X* is a substitutioh
Question:Let  be a terminal alphabet. Is the equivalence problem for E-
pattern languages decidable, i. e. is there a total computable function which, given
any pair of patterng, 38, decides whether or nak(a) = Ls(8)?
Pattern languages have been introduced by Angluin and Shinohara [1,7]. The
equivalence problem is one of the most discussed questions on the subject, but
nevertheless it is widely unresolved. Problem statements, related properties and
conditions have been presented in [2-6].
Conjecture (Ohlebusch, Ukkonen [5]Det X be a terminal alphabet witk| >
3, and leta, 8 be patterns. Thebs(a) = Lg(B) iff there are terminal-preserving
morphismsp, ¢ such thats(a) = g andy(B) = a.
Simple examples show that it is necessary to restrict the conjecture to terminal
alphabets with more than two letters:|3f = 1, thena = x;X andg = Xy X1 XoXo
generate the same language, but there is no terminal-preserving morphism map-
ping @ ontoB and if || = 2, thena = x;abX;, andB = xja X b X3 provides
a counterexample. Recent results disprove the conjecture for terminal alphabets
with three or four distinct letters [6]. With the current state of knowledge, this does
not imply the undecidability of the equivalence problem. It is unkamrether
counter-examples to the conjecture exist for every alphabet size.
[1] D. Angluin. Finding patterns common to a set of stringsComp. Syst. S¢i21:46—
62, 1980.
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[2] G. Filé. The relation of two patterns with comparable languagePrbt. 5th An-
nual Symposium on Theoretical Aspects of Computer Science, STACI NS
294:184-192, 1988.

[3] T. Jiang, E. Kinber, A. Salomaa, K. Salomaa, S. Yu. Pattern languages with and
without erasinglntern. J. Comp. Math50:147-163, 1994.

[4] T. Jiang, A. Salomaa, K. Salomaa, S. Yu. Decision problems for pattdrrGomp.
Syst. Scj.50:53-63, 1995.

[5] E. Ohlebusch, E. Ukkonen. On the equivalence problem for E-pattern languages.
Theor. Comp. Scil186:231-248, 1997.

[6] D. Reidenbach. On the equivalence problem for E-pattern languages over small al-
phabets. IfProc. 8th International Conference on Developments in Language Theory,
DLT 2004 LNCS3340:368-380, 2004.

[7]1 T. Shinohara. Polynomial time inference of extended regular pattern languages. In
Proc. RIMS Symposia on Software Science and EngineeriNgS147:115-127,
1982.

236



ABSTRACTS OF
PHD THESES







| |
Abstract of PhD Thesis

Author: Ugo Dal Lago
Title: Semantic Frameworks
for Implicit Computational Complexity
Language: English
Supervisor: Simone Martini
Institute: Universita di Bologna, Italy
Date: April 27th, 2006
]

Abstract

This thesis is about computational complexity, programming languages and math-
ematical logic. The main contribution of this thesis is the study of two unifying
frameworks for the analysis of complexity properties of higher-order programs
and proofs.

The first one is Gonthier, Abadi and Lévy’s context semantics, which is shown
to be applicable to the quantitative analysis of proofs and programs. A new no-
tion of context semantics for multiplicative and exponential linear logic is intro-
duced and related to the complexity of normalizing proofs. Moreover, a context
semantics for higher-order primitive recursion is studied, obtaining some novel
characterization results for fragments of the calculus.

The second one is a framework based on realizability models. It leads to new
proofs of soundness for threeffidirent subsystems of linear logic. As a prelimi-
nary step, a new invariant cost model for the pure, call-by-value lambda calculus
is defined.

Semantical models described in this thesis are modifications (or generaliza-
tions) of already known models. Nonetheless, here they are shown to be appli-
cable to the quantitative analysis of a wide range of systems. This leads to some
interesting new results.

Table of Contents
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Language: English
Supervisor: Marie-Pierre Béal and
Filippo Mignosi
Institute: Université de Marne-la-Vallée (France)
Universita degli Studi di Palermo (ltaly)
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Abstract

This thesis describes the theory and some applications of minimal forbidden
words, that are the most little words that do not appear as factors of a given word.

In the first part we start with the description of the properties of minimal for-
bidden words and we show some particular cases, as that of a finite word, a finite
set of finite words, and a regular factorial language. We also present the proce-
dures for the computation of the theoretical results.

Then we generalize the minimal forbidden words to the case of the existence
of a period, which determines the positions of occurrences of the factors modulo a
fixed integer. These are called minimal periodic forbidden words. We study their
basic properties and we give the algorithms for the computation in the case of a
finite word and of a finite set of finite words.

In the second part we show two applications of minimal forbidden words.

The first one is related to constrained systems. We give a polynomial-time
construction of the set of sequences that satisfy a constraint defined by a finite
list of forbidden blocks, with a specified set of bit position unconstrained. We
also give a linear-time construction of a finite-state presentation of a constrained
system defined by a periodic list of forbidden blocks.

The second one is a problem issued from biology, the reconstruction of a ge-
nomic sequence starting from a set of its fragments. We show that a theoretical
formalization of this problem can be solved in linear time using minimal forbid-
den words. We also prove that our algorithm solves a special case of the Shortest
Superstring Problem.

At the end of the thesis we present a detailed example of computation of our
algorithm for the reconstruction of a finite word.
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