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INTRODUCTION

Strategy

CWI's core strategic activity in the report year
was to act on and realise the principles set down
in the 1992 policy document Towards New Equi-
libria: MOBILE. This document deals with
CWT's position and policies vis-a-vis both na-
tional and international developments. Given the
positioning of CWT1 as a fundamental research
institute with a high public profile, applicabil-

ity of research and knowledge transfer is central
to CWT's strategic thinking. Hence, we increas-
ingly seek to conduct our research and related
activities in cooperation with other actors in the
research and development process, e.g., applied
research institutes. In the domestic marketplace
we are intensifying acquisition of contract re-
search projects. Here the large technological
institutes can play an important role as interface
between fundamental research and concrete ap-
plications. In the wider arena, back in 1988 CWI
co-founded the European Research Consortium
for Informatics and Mathematics (ERCIM). Now,
ERCIM membership is an increasingly valuable
means to benefit from international programmes
such as Human Capital and Mobility (EU), the
INTAS support programmes for the former Soviet
Republics, and - in the near future - Real World
Computing (Japan) and ERCIM’s own initiative,
EDGE (European Distributed Generic Environ-
ment). When defining the thrust of CWI research
we also anticipate the European Union’s Fourth
Framework Programme, which is due to start in
1994, with a special eye o its topics of informa-
tion technology and its greater stress on applica-
tions and cluster forming.

The objectives in MOBILE were further de-
tailed in SMC's plan for 1995-1999, which
appeared in November 1993, Alongside its
research institute CWI, SMC is also in charge
of the National Activities in Mathematics pro-
gramme (LAW) at Dutch universities. LAW is
financed by the Netherlands Organisation for
Scientific Research (NWO). CWT's research ac-
tivities are now set out and fine-tuned in close
liaison with LAW and, as far as the computer sci-

4

ence section is concerned, with the Netherlands
Computer Science Research Foundation (SION),
The decision to limit and deepen CWI's strategic
research areas has led to concentration on the
following themes:

- Computer assisted mathematics

- Biomathematics and non-linear dynamics

- HPCN (High Performance Computing & Net-
working)

- Research at the interface between optimal con-
trol and computer science

- Computer intensive methods in stochastics

- Multiple computing agents

- Formal methods in software technology

- Data mining

- Multimedia

Strategic joint-project alliances with counterpart
research institutes were among the visible indica-
tors of CWTI's new course during the report year.
These included the Inrerdisciplinary Centre for
Complex Computer Facilities Amsterdam (IC3A)
with Amsterdam University, and the Research
Institute for the Applications of Computer Al-
gebra (RIACA) with the Netherlands Computer
Algebra Foundation (CAN) and the Kurt Gidel
School (formerly RISC-Linz, Austria). Similar
links were established with a number of national
research schools. Lastly, the report year saw the
development of several imporiant national initia-
tives in the fields of HPCN and MPR (Massively
Parallel Computing), with CWI being a major
contributor. We expect that in 1994 these ini-
tiatives will lead to concrete research projects
involving CWI.

National and International Programines
An important part of CW1 research is conducted
within national and international programmes.
More than 70 projects were awarded external fi-
nancing in 1993, The most striking development
related to the SION foundation. Reinforcement
of links with SMC went beyond the policy level
(SION already proposes three of the present 12



SMC trustees, and CWI computer science re-
search policy is also discussed and agreed with
SION); as from 1992, research financed by SION
has been open to proposals by CWI. This spec-
tacularly increased CW1I's participation in the
foundation’s projects, from 5 1o 18 in 1993, Re-
cent years have also seen NWO launch special
programmes whereby research is organised on a
larger scale than in the past: CWI is also involved
here. Alongside its significant participation in the
NWO programme Non-linear Systems, started in
1992, in 1993 CW1 also commenced research

as part of two LAW programmes, Computer-
intensive Methods in Stochasties and Algorithms
in Algebra. There was a steady rise in CWI in-
volvement in projects of the Dutch Technical Sei-
ences applications in 1992, Three STW projects
were awarded to CWTin 1992, namely Paramerer
dentification and Maodel Analysis for Non-linear
Dynamic Svstems, Parallel Codes for Circuit
Analysis and Control Engineering and ACELA
{Architeciure of a Computer Environment for Lie
Algebras). New applications were prepared in
1993.

Over the next several years, HPCN/MPR will
be an important research area for CWI. This sub-
ject melds perfectly with CWT's rescarch pro-
file; there are very many interesting fundamental
problems here in both computer science and (nu-
merical) mathematics. Furthermore, the multi-
disciplinary angle offers broad potential for coop-
erative alliances. CWI complements its research
activities by helping to build up a meaningful
infrastructure; the two aspects of this are a net-
work of researchers and a high-speed network for
massive information exchange. In 1993 CWI's
active commitment was evidenced by participa-
tion in a range of activities such as preparations
for the NWO Priority Programme, Massively Par-
allel Computing (due to start in 1994), and the
HPCN93 European Conference, held in Am-
sterdam in May. Another important milestone in
spring 1993, was the set-up of IC3A. This joint
initiative by CWI and Amsterdam University has
since been formalised in a cooperative agreement
between the university and NWO. In a further
joint activity, CW1 and Utrecht University or-
ganised a series of symposia entitled Massively
Farallel Computing & Applications; the first three
were held in the second half of 1993, CW1 is also
involved in working out the national HPCN pro-
gramme, which the government is financing with
revenues from Holland’s natural gas fields.
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Further, CWI and a number of industrial part-
ners submitted a research proposal to the Dutch
Government, as part of the Innovative Research
Programme (10P) Distribution, Logistics and
Tran.\'purl.

CWTI's international activities also progressed.
The year under review was notable for successes
in the fields of mobility and communication.
CWI - and in principle the entire Dutch research
community - stands to benefit from ERCIM ini-
tiatives: these include fellowships part-funded by
the European Union’s Human Capital & Mobility
(HCM) programme. In addition to being a di-
rect recipient of HCM grants for eight Science &
Technology Networks, CWI also coordinates two
SCIENCE programmes, namely System Identi-
fication and Mask (Mathematical Structures in
Semantics for Concurrency). The year under re-
view was also notable for the award ol five PECO
projects, under the European Union’s Central
and Eastern Europe programme. CW1 has a long
and broad track record in European research pro-
grammes (see page 50), with ESPRIT featuring
prominently. In 1992, the start of three new
projects, Pythagoras (databases), MADE (mul-
timedia) and CAFE (electronic payment) sig-
nificantly broadened CWI's previous ESPRIT

502 air pollution
on the European
scale, indicated in
colour (highJow
concentrations
correspond to red-
blue). In a joint
effort with RIVM,
CWI's mult-discipli-
nary Mathematics &
the Environment
programme is
developing new
numerical algo-
rithms for a Euro-
pean smog-predic-
tion model.
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A flux loop in the solar
corona, escaped from
the photosphere. The
study of macroscopic
waves and instabilities in
both thermo-nuclear
confinement machines
(e.g. tokamaks) and in
astrophysical magnetic
flux loops requires the
large-scale parallel com
putation of internal
eigenvalues of very
arge, sparse complex
matrices. In this

earch CWI
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resear

roCOLT,

h focus on software technology.

participates in a joint
project of NWO's FOM
Foundation and Utrecht
Unwversity. The plat
shows part of the inter-
nal Alfvén spectrum of
magnetohydrodynarmic
plasma waves. The
arrows point at four
eigenvalues computed
with a new iterative shift
method suitable for
implernentation on
massively parallel
computers.

Neu-

a fourth new project added toward the

end of 1993, involved an ESPRIT Basic Re-
search working group for Neural and Compu
tational Learning. Involvement in programmes

like RACE

BRITE and LIBRARII

also con-

tributes o CWT's excellent position in Europe,

Knowledge transfer, central role

Alongside pioneering res

>arch in mathematics

and computer science, CWI's mission involves
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the transfer of new knowledge to the community
at large and business and industry in particular.
In recent years CWT has steadily reinforced the
traditional knowledge transfer tools like publi
cations, lectures and courses by making contacts

with polential stakeholders, notably in the busi-
ness community. Building on 19927s success, the
second CWI in the Market-place presentation day
was held in October. Participants heard and saw
this yea

s theme, Technology Transfer, elabo-
rated by players from the software sector, govern-
ment, research, and the Federation of Netherlands
Industry (respectively M.H. Slagmolen of FENIT,
P.A.J. Tindemans of the Science and Education
ministry, G. van Qortmerssen of CWI, and

A H.G. Rinnooy Kan of VNO)., CWI1 staff also
gave papers and demonstrations on their research

work. The success and status of this CWI initia-
tive is evidenced by the doubling of participants
in 1993 to 12(). Building on this good start, we
plan a series of gatherings at which representa-
tives of the software industry can present their
problems to the scientific team here at CWL In
addition, a special team has been tasked with
knowledge transfer in the field of software tech
nology; these activities further improved contact
search during 1993,
The main ongoing coniract projects in 1993
concerned traffic and transport (marshalling
rolling stock, queueing problems at intersections
and crossings, and control problems on motor-
), soltware verification for chip technology,
advanced research into 3D transport models and

with potential users of

g2

consultation on miscellaneous statistical subjects.



Obviously, knowledge transfer via confer-
ences, workshops and courses continued as major
CWT1 activity, Our researchers played a promi-
nent role in four conference-type events during
summer 1993, The first of these was a sympo-
sium to mark the end of the ten year REX pro-
gramme (Research and Education in Concurrent
Systems), appropriately named REX — a Decade
of Concurrency (1.W. de Bakker). As with the
previous six REX workshops, the proceedings
were published in Springer Lecture Notes in
Computer Science. The other three summer
conferences, respectively the 22nd, 4th and Sth
editions, were SPA'Y3 — Stochastic Processes and
their Applications (AL, Baddeley), EMG'93 —
European Multigrid Conference (P.W. Hembker)
and Category Theory and Computer Science
(E.-J. de Vries)., All were held in Amsterdam.
June 1993 was an undisputed peak period for
CWTI's activities in stochastics. Hence, as part
of LAW’s Stochastics Theme Year, the SPA'93
conference on stochastic processes was com-
plemented by a series of lectures on percolation
theory at Utrecht University, Delft University of
Technology and CWI. That same month, SMC
started up special NWO-financed research into
compuler intensive methods in stochastics. CWI
was also involved in the ERCIM course Partial
Differential Equations and Group Theory, and
two more conferences, namely Tyvped Lambda
Calculi and Applications, and The History of
ALGOL6S; the latter recalled CW1's leading role
in designing this influential programming lan-
guage, a quarter century ago. One ol the very
first activities of SMC was the active transterred
knowledge to secondary schools through a vaca-
tion course for mathematics teachers. The topic
chosen for 1993 was The Real Number,

Alongside many articles in periodicals and
conference reports, CW1 researchers also wrote
or jointly produced several books, including:

- Computer Algebra in Industry — Problem Solv-
ing in Practice (A.M. Cohen, editor)

- Wavelets — an Elementary Treatment of Theory
and Applications (T.H. Koornwinder)

- An Introduction to Kolmogorov Complexity and
its Applications (P.M.B. Vitanyi & M. Li)

- Morphological Image Operators (H.J.AM.
Heijmans, to be published in 1994)

- Topological Dynamics (1. de Vries).

Another important aspect of our knowledge trans-
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fer work is the nurturing of a pool of scientific
talent for the community at large. LAW projects
are one aspect of SMC's close links with the aca-
demic community, Further evidence comes from
the large numbers of CWI researchers with part-
time professorships, and the 21 Ph.D.s granted o
younger SMC research staff in 1993, 8 at CWI,
and 13 within the framework of LAW.

Other research

Not all CWI research came under the umbrella of
the programmes and topics outlined above. The
selection below gives a good idea of depth and
breadth of our work.

Symbolic manipulation
CWI has five research projects into various as-
pects of symbolic manipulation:

Manchester coding of bit string 11010011
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CD player
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Fully fledged com-
puter networks are
standard features in
today's consu-mer
electronics, like this
Philips 900 audio
system. CWI has
proved the correct-
ness of part of the
Easylink real-time
protocol used for
the system'’s inter-
communication.

Fhoto courtesy n.v.
Philips Industrial
Actities Leuven




o Uniform ways ol manipulation with mathemat-
ical and non- mathematical expressions on a
computer (SION project MathViews);

» Architecture of a computer environment for Lie
algebras (STW project ACELA);

» Interfaces and linkage between computer alge-
bra, automatic proof theory and term rewrite
systems (SION/SMC joint project WINST);

* A knowledge package for link and knot invari-
ants based on Hopf algebras (SMC Special At-
tention Area AIDA — Algorithms in Algebra);

o Interactive versions of large mathematical

knowledge packages, e.g., the Encyclopaedia of

Mathematics (KAFP, 1988-1994) and the Hand-
book of Algebra (Elsevier, 1994- ) (Chart &
Web of Mathematics).

CWT is also involved in the activities of CAN and
RIACA.

Dvnamic Systems Laboratory

CWI hosts and runs the Dynamic Systems Lab-
oratory. This melds knowledge and computer
facilities into an interdisciplinary centre for ser-
vices and research focused on non-linear systems.
Activities in 1993 included the positioning of
workstations at a number of universities, provi-
sion of special software packages and the recep-
tion of guest researchers at CWI.

Epidemiology

Models developed by CW1 were used by the
Netherlands Central Veterinary Institute in
Lelystad to deal with the spread of disease in
pigs. Now this joint effort is to be followed up
with similar research into epidemics among the
seal population around Holland's North Sea Is-
lands.

Qperations research, statistics, system theory
After a short lull, contract and consultation ac-
tivities grew apace in 1993, The main areas in-
volved were traffic & transportation and stalis-
tics, The efforts devoted to the training of young
researchers in the past several years produced
acrop of three Ph.D.s in 1993 (M.C.J. van Pul:
Statistical Analysis of Software Reliability Mod-
els; B. Veltman: Multiprocessor Scheduling with
Communication Delays; and P. Wartenhorst: Per-
formance Analysis of Repairable Systems). A
further six are expected next year, three in the Im-
age Analysis group.

8

Pan-Ewropean numerical research

CWTI is active in numerical mathematics research
projects across a broad European front. The re-
port year saw the start of research activities as
part of four different European programmes:
PEPS - Performance Evaluation of Parallel Sys-
lems (ESPRIT). AERO 11 - Solution adaptive
Navier-Stokes solvers using multidimensional
upwind schemes and multigrid acceleration
(BRITE/EURAM), NOWESP — North-West Eu-
ropean Shelf Programme (MAST), and Equations
of Fluid Mechanics and Related Topics (HCM).

Mathematics and the Environment

This multi-disciplinary project got up full steam
in 1993, CWI's involvement is partly on a con-
tract basis, We work jointly with a number of
leading Dutch bodies: the Institute of Public
Health and Environmental Protection, the Pub-
lic Works department, the Central Veterinary In-
stitute, the Royal Meteorological Institute, Delft
Hydraulics, the Informatics Centre for Infras-
tructure and the Environment, Utrecht Univer-
sity and Delft University of Technology. The
research covers a broad range of disciplines in-
cluding biomathematics, system theory, statistics,
numerical mathematics and algorithmics (high
performance computing and computational fluid
dynamics in particular).

Programming environments

GIPE came to an end in 1993; the initials stand
for Generation of Interactive Programming En-
vironments. CWI and six European partners had
been involved in this ESPRIT project for almost
ten years. Work is presently underway on detail-
ing the meta-environment for interactive develop-
ment of programming languages and application
languages which arose during the period of GIPE.

Data Mining

Using only the routine management systems,

it can be difficult 1o retrieve strategic informa-
tion held in modern databases. To this end CWI
has commenced research into data mining tech-
niques; this work combines elements of database
theory, statistics and learning machines.

Software specification and verification

CWI researchers actively seek meaningful tech-
niques to specily and verify programs for dis-
tributed and concurrent compuler systems. Most
of this work comes under the European Union’s



ESPRIT and RACE programmes. The tech-
niques are based on process algebras (an area
where CWI has made important theoretical con-
tributions), and also increasingly on program in-
variants (jointly with MIT). The expansion of
these techniques into real-time systems is now
bringing industrial applications within reach (au-
dio equipment, process controllers, elc.).

CAFE

CWI coordinates this ESPRIT project. The ob-
jective of CAFE (Conditional Access for Europe)
is to give Europe an open and secure electronic
payment system, with potential for expansion
including the use of personal attributes like pass-
ports and house keys. The system will be based
on public-key cryptographic techniques. As
planned, the first year was mainly devoted to sys-
tem design and consumer surveys.

FraCaS

The EU’s Linguistic Research and Engineering
(LRE) programme contributes to the solution ol
language problems within the European Union
via development of a basic language technology
for computer applications, with natural language

playing an essential role. Starting in 1994, CWT's

Logic and Language group will take part in
LRE’s FraCaS project (a Framework for Com-
putational Semantics).

Multiple Computing Agents
A priority area of CWI research is the study of
cooperative parallel processes to describe natural

INTRODUCTION
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systems with an inherent parallel character, like
flow phenomena. Examples of such processes
are cellular antomata, artificial neural networks,
genetic algorithms and autonomous databases.
In 1993 this CWI research received a powerful
boost with the award of no less than three SION
projects, namely Computational Learning The-
ory, MDL Neuro Computing and Design Theory
for Autonomous Databases.

Computational Steering

Visualisation of data is presently the subject of
intensive development as an aid to scientific re-
search. The focus at CW1 is on ‘computational
steering’, a method which integrates input, simu-
lation and visualisation of output in a single sys-

Two possible
realisations of the
electronic wallet,
under development
in the ESPRIT pro-
ject CAFE, coordi
nated by CW.

Data mining.



tem; this makes for fast visibility of the effect on
the output of changes in input. A key concept
here is ‘navigation’, the planned realisation of a
goal, c.g. finding a local maximum of a function.
This is a joint project with the Dutch Energy Re-
search Institute ECN,

MADE

European industry urgently needs a uniform ap-
proach to multimedia basis software, MADE
stands for Multimedia Application Development
Environment: research in this large-scale ESPRIT
project is directed towards an object-oriented
software basis for multimedia applications and
the provision of programming tools for the users.
MADE is led by Groupe Bull of France, with
CW1 as its main partner. Bull and CWT will
Jointly build the complete software basis and
provide the tools and techniques for integrated
multimedia objects. CWI is also responsible for
developing the basic object model and modelling
the database interface.

MAGUS/FERSA

A pair of two-year projects financed by the Dutch
Economics ministry as part of its RTD pro-
gramme PBTS were brought to a close in 1993,
These were MAGUS — Management Games Util-
ities Support (jointly with Lasermedia B.V.), and
FERSA — Facial Expression Recognition as a
driver for lip-Synchronous Animation (jointly
with the Valkieser Groep). FERSA is described
in more detail in this annual report.

ERCIM

In 1993 the European Research Consortium for
Informatics and Mathematics (ERCIM), could
look back with some satisfaction on its first five
years in operation. Setup in 1988 by GMD (Ger-
many), INRIA (France) and CWI, membership
of the consortium rose 1o eleven with the admis-
sion of AEDIMA (Spain) and VTT (Finland) in
1993 ERCIM presently represents almost 5,000
rescarchers, making it a player to be reckoned
with in the European research scene.

From its inception, ERCIM has promoted
grealer mobility for researchers in Europe.
ERCIM fellowship activities, backed by the EU’s
Human Capital & Mobility (HCM) programme,
grow apace with new members; eleven fellow-
ship places are now available for the 1994/95
round. In addition ECU 0.5 million in HCM

10

grants went 1o a pair of ERCIM Networks on
Computer Graphics and Databases. ERCIM also
started up its own internal mobility project.

High Performance Computing & Network-
ing (HPCN) is a priority field for ERCIM, and
in 1993 the consortium responded to the Euro-
pean Union’s Rubbia report on this subject. Fur-
thermore, the first of a series of annual ERCIM
conferences dealt with the theme of Affordable
Parallel Processing (the next theme will be Elec-
tronic Publishing). This conference led to the
set-up of an ERCIM Parallel Processing Network,
with participation of small and medium-sized
enterprises from across Europe,

Finally, in 1993 ERCIM devoted consider-
able time and effort to preparation for EDGE, a
large-scale initiative to realise a distributed envi-
ronment leading to Europe-wide availability of
generic technologies in the form of IT tools for
six sectors: the processing, footwear, electronic
parts and automotive industries, and tourism and
culture,

Communication

The burgeoning communication factor in rescarch
and related activities is spurred by the fast pace
of technical advances. CW1I's early awareness is
evidenced by a range of activities during 1993.
Hence, the SMC library made good progress in
electronic access. Three achievements by the li-
brary were: realisation of world-wide, on-line
availability of a catalogue, and other information
through Telnet, WWW and Gopher; the enabling
of literature research via CD-ROM (alongside
the traditional searching of external databases);
and use of fip to obtain and supply scientific re-
ports. In so doing the library responded to - and
partly anticipated - recommendations by the gov-
ernmental Advisory Committee on Mathematics.
The SMC library also takes part in the European
Union's RIDDLE project (Rapid Information
Display and Dissemination in a Library Environ-
ment) and has an ongoing involvement in devel-
opment of electronic periodicals.

Looking ahead over the next two years, CWI has
secured almost NLG 6 million in NWO funding
for the build-up of a high-speed network (ATM)
for massive information exchange. This is be-
coming essential in more and more scientific re-
search and is particularly significant for CWI's
spearhead work on HPCN/MPR.



Whatever the contributions made by technology,
communication is still a human activity. Ina liv-
ing, dynamic organisation like CW1I this is some-
thing none of us can afford to forget. We are
fortunate to have a team ofpeople here who are

G. van Oortmerssen, Managing Director
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aware of this and who make a deliberate shared
contribution to the fine working atmosphere. In-
deed, this is a prerequisite for excellent scientific
research.

P.C. Baayen, Scientific Director
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ORGANIZATION

CWI (Centre for Mathematics and Computer Sci-
ence) is the research institute of the Foundation
Mathematical Centre (SMC), which was founded
on 11th February 1946. SMC operates within
the auspices of the Netherlands Organization for
Scientific Research (NWO), the main source of
funding.

The organizational structure of SMC and CWI
is shown on the opposite page. CWT's mission is
twofold:

- to perform frontier research in mathematics and
computer science:

- to transfer new knowledge in these fields to so-
ciety in general, and trade and industry in partic-
ular.

CWTI's research is carried out in six scien-
tific departments. There is considerable inter-
departmental collaboration, for example in the
ongoing multidisciplinary programmes Mathe-
matics & the Environment and Multimedia. Re-
searchers at CWT are supported by state-of-the-art
computer facilities and a well equipped library
of national importance and, hence, ideally pre-
pared Lo handle the dynamic and interdisciplinary
demands of present day research.

SMC also finances National Activities in
Mathematics at Dutch Universities, This re-
search is organized in eight national working
parties in the following fields:

- Numerical mathematics

- Stochastic mathematics

- Discrete mathematics

- Operations research and system theory

- Analysis

- Algebra and geometry

- Logic and foundations of mathematics

- Mathematical physics.

In addition, SMC also supports the national
working party on History and Social Function of
Mathematics.

Anticipating NWO's policy of concentration
of financial support on large-scale research pro-
grammes, SMC introduced two new types of ac-
tivity in 1992 these were designated as Special
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Atlention Areas and Special Years. Two new
‘Areas’ - Algorithms in Algebra and Compuia-
tionally intensive Methods in Stochastics - were
started during the year under review, and a third,
Algebraic Curves and Riemann Surfaces, was
approved. This now gives SMC a total of five
Special Attention Areas. The 1993 Special Year
Theme was devoted to Stochastics. All these
activities, National Working Parties, Special At-
tention Areas and Special Years, involve a total of
almost sixty projects.

SMC is administered by a Board of Trustees.
Actual management is delegated to the Board
of Directors of SMC, which is also responsible
for CWI. The Netherlands Computer Science
Research Foundation (SION) has a twofold for-
mal connection with SMC: STON proposes three
members of the Board of Trustees and advises
SMC about CWT's research programme in com-
puter science. The Dutch mathematics commu-
nity is, since the end of 1993, structurally repre-
sented in the Board of Trustees by three members
appointed on the recommendation of the section
Mathematics of the Royal Netherlands Academy
of Science,

In the year under review NWO implemented a
change of policy with respect to the foundations
under its umbrella. This related 10 the founda-
tions” functions of financing projects, review-
ing research proposals and acting as a platform.
SMC responded by creating a small Science
Couneil, o replace the Science Committee, on
which all National Working Parties had been
represented. The new Science Council could be
much smaller as the National Working Parties are
no longer involved in the reviewing process. The
Science Council advises the Board of Trustees
on matters of research policy and organization
involving both the National Research Activities
in Mathematics and CWI. The Science Council
consists of five researchers from universities and
CWI. A number of Advisory Committees make
recommendations to CWT scientific departments
on implementing research plans.




CRGANIZATION

OARD OF TRUSTEES SMC -~ - - ScienceCouncil |~~~ - 1 ‘National Activities Mathematics
BOARD OF DIRECTORS ‘
Advisory C‘omlnillecs—’ -+ I SCIENTIFIC DEPARTMENTS ‘ I SUPPORTING DEPARTMENTS
Analysis, Algebra & Geometry Bureau SMC -

Operations Research, Statistics & System Theory

Library & Information Services

Numerical Mathematics

Computer Systems & Telematics

Software Technology

Publications & General Services

Algorithmics & Architecture

Personnel Department

Interactive Systems

Financial Department

Organizational chart: the Stichting Mathematisch Centrum SMC and its research institute CWI.
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RESEARCH HIGHLIGHTS

Yang-Baxter Equations and Link Invariants

Research Programme

Algebra, discrete mathematics and computer algebra

Researcher M. Hazewinkel
E-mail : mich@cwi.nl
Introduction portance in a multitude of fields in mathemat-

The notion of symmelry is a key concept in math-
ematics and physics. Traditionally we associate
with every symmetry a group of transformations
(e.g., reflections, rotations) which leave an object
possessing this symmetry invariant. These un-
derlying symmetry groups, of which Lie groups
represent an important instance, are of fundamen-
tal importance for understanding and describing a
wide range of natural phenomena.

Over the past several years interest in exten-
sions of the classical symmetry concept has in-
creased considerably, Such extensions seem to
play an important, but as yet very imperfectly
understood role in various phenomena, e.g., in
quantum inverse scattering. The discovery of
quasi crystals exhibiting a symmetry which is im-
possible according to the crystallographic group
symmetry theory, has only added to this interesi.
A quantum group is such an extension (or de-
formation) of the Lie algebra belonging to a Lie
group. There are intimate connections with the
already much earlier known g-special functions
as deformations of the special functions associ-
ated with the classical equations of mathematical
physics.

Of particular interest are the so-called Hopf
algebras (of which quantum groups are a special
case), related to the g-special functions as Lie
algebras are related to the ordinary special func-
tions. Hopf algebras arise from solutions of the
Yang-Baxter equations and probably play a piv-
otal role there as a generalized symmetry group.
These braid-like equations arose independently in
the context of quantum field theory (C.N. Yang)
and soluble Ising-models in statistical mechan-
ics (R.J. Baxter). Since then they gained im-
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ics and physics, including knot and link theory,
(quantum) integrable systems and Von Neumann
algebras, For example, in quantum integrable
systems the integrability is ensured by such a
generalized symmetry (Hopf algebra), whereas
symmelry in the usual group sense is absent.

All solutions of the Yang-Baxter equations sat-
isfying a certain condition have been described
at CWL In addition, those solutions which are
extendible to define link invariants were also
identified. The study of these invariants is still
underway, Link and braid invariants are of pre-
eminent importance in fields including topology
(knot theory) and quantum field theory. In the
remainder, the relation between link and knot the-
ory and solutions of the Yang-Baxter equations is
further elucidated.

Knots and links

A knot is the image of a piece-wise linear diffeo-
morphism of the circle into 3-space. A link is the
image of a finite number of disjoint circles under
a piece-wise linear diffeomorphism to 3-space.
Here are some examples:

(P

Trefoil knot Two linked circles



%S,

Figure eight knot Mirror image of

Figure eight knot

Two knots or links arc considered equivalent, if
one can be changed continuously into the other,
without cutling and glueing (ambient isotopy).
This is precisely the intuitive idea of the equiva-
lence of two knots. For instance, the following
knot is equivalent to a simple circle in 3-space
(the ‘unknot").

The ligure eight knot and its mirror image are
equivalent, but the mirror image of the trefoil
knot is not equivalent to the trefoil itself. The
example below (due to Tietze) shows two knots;
one of these is trivial, the other not. They differ
in only one spot, where an overcrossing has been
changed into an undercrossing.

Examples like these indicate the need for algo-
rithmically computable objects (knot and link in-
variants) which are the same for equivalent knots
and links and which, ideally, distinguish between
different knots and links. Whether this ideal can
be realized is still an open question. However, in
the last few years a number of most striking new
invariants have been discovered, notably the so-
called Jones and Kauffman polynomials. Both
of these arise from solutions of the Yang-Baxter
equations.
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The braid group

A braid on m strings (strands) is formed as fol-
lows. Take mn points on a line in an upper hori-
zontal plane and m points vertically below it in a
lower horizontal plane. Auach strands connect-
ing each upper point to some lower point in such
a way that each horizontal plane between the two
(including the upper and lower plane themselves)
intersects the strands in precisely m points. Here
is an example of a braid on five strands:

i -

-
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Yang-Baxter equations, R-matrices and quantum algebras
Let V be an n-dimensional vector space, and [ an endomorphism R : V@ V' — V @ V i.e. after choosing a
basis in V., R is an n” » n” matrix with coefficients in the base field. Foreachi =1,...,m — 1 let

Ri=idy ®...@idvaR@idy @ ... @idy : VO™ — V&

i— | factons e i~ | fachors

With these notations the Yang-Baxter (Y-B) equations are: /7y R: iy = [ Ry [y, which written out in terms
of the entries of /2, & = (r2}), yields n® equations in 11" variables. Hence, apart from trivial ones (all en-
tries identically zero), one does not a priori expect many solutions, Most interest is in invertible solutions, of
which there are in fact many: they are virtually all closely related Lo semi-simple Lie algebras and associated
or similar objects. A solution of the Yang-Baxter equations (Y-B solution) is often called an R-matrix.

A bi-algebra (over, say, the complex numbers) is a vector space with an algebra structure (an associative com-
position structure) and a co-algebra structure (a co-associative decomposition structure) which are compatible
in a natural way. Examples are the group algebras of groups and in this way bi-algebras. and in particular
Hopf algebras (bi-algebras with an additional structure corresponding to inverses in groups), embody a more
general idea of symmetry than can be handled with groups.

Given any n° % n” matrix / one can associate to it a bi-algebra as follows. Consider the free associative
algebra in nn® indeterminates k{(t) = k(t} 3, - thiti 3, - thio -1t 42, - 1), Now consider the
expression

(*) RO -NTR
where 1 is the n % n matrix of indeterminates

! 1
e R
: Ti=T@Id h=Id&T

SRR

(so that T} and Ts are also n® x n’ matrices). Let I(12) be the ideal in k{t) generated by the n* entries of
(*). Then the quotient algebra I, (R) = k{f)/I{A) always has a natural bi-algebra structure under the
standard matrix co-multiplication (the decomposition structure) £ — e 7 (where the Einstein summation
convention is in force).

For certain special (and by now relatively well known) F-matrices, which are Y-B solutions, one thus finds
quantum groups corresponding to the simple classical Lie algebras. More generally. a Y-B solution tends to
yield very nice bi-algebras, including Hopf algebras. In fact it is precisely the relation (¥) which makes the
so-called quantum inverse scattering method (due to L.D. Faddeev and his school) work. More details on the
above issues are given in Ref. 2.
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Iis easy to compose braids: identify the lower
plane of one braid on m strands with the upper
plane of another on the same number of strands.
This gives a new braid on the same number of
strands. The example below shows the composi-
tion of two braids.

ooy

= .

Twao braids are equivalent if they can be de-
formed into each other by an ambient isotopy (as
in the case of knots or links) while keeping the
end points fixed and without the strands passing
out of the area bounded by the horizontal and
vertical plane. Non-uniform stretching or shrink-
ing is also allowed, i.e., moving the two bound-
ing planes and/or the endpoints on the upper and
lower line further apart or closer together.

The trivial braid on mn strands consists of (the
cquivalence class of) m strands dropping straight
down. For instance, the two braids below are
cquivalent: the right one is the trivial braid.

78

by
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The braids on 1 strands form a group, called
the Artin braid group 3,,,. Consider the [ollow-
ing elementary braids on nr strands:

i i+l

i P [
5

It is now easy to see that each braid on m
strands is equivalent to one composed of the el-
ementary braids o, . . . , AL R
where the inverse elementary braids are exactly
like the elementary braids above, except that
the strand from i to ¢ ++ | overcrosses the one
from: + 1 to 4. Much harder is Artin’s theorem:
the braid group on m strands is generated (as a
group) by the elementary braids oy, ..., a7,
subject to the relations

TiTig 100 = Op1 TiCisyy, 1= 1,00, m—1
00 = 03, it [i—j]l=>1
Links and braids

Given a braid, it is easy to obtain a link or knot
fromit: simply connect the upper nodes with the
lower nodes by non-intersecting curves. It does
not matter how these curves go (left or right), as
long as they do not intersect. The resulting links
will be ambiently isotopic. The following picture
illustrates the process.

.\ al b1
az bz
a3 b3

w

&
o
B
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Every link can be obtained as the closure of
a braid (Alexander’s theorem). [Uis not always
casy to see whether two knots or links are equiv-
alent, or to see whether the closure of a braid is
equivalent to a given knot. As a matter of fact,
the closure of the braid on the right is the trefoil
knot (one of the two mirror images). To see this,
inspect the picture below.

o al b1
\

o a4 a2 b2

a3 b3

ad b4

Link invariants from Y-B solutions

An extended Yang-Baxter operator is a quadruple
(#, 1, c0, F), where I is an invertible Y-B solu-
tion, and where » is an n ¢ 1 matrix, and o, 7
are invertible scalars, such that » » » commutes
with /2 and Tro( % o (v @ 1)) = o®' Gr. Here,
if M = (mp})isann® % n? matrix (with the
usual lexicographic ordering of lower and up-

per indices), then Tro (M) = N, N = (n]),

n; = mj-'l + ...+ mi. Given an extended
Y-B operator, then Turaev’s formula (see Rel. 3)
TR(E) = o &G ™ Tr(pp(€) o ™) defines a
link invariant. Here £ = o] ... o}  is an element
of the braid group B,,,. w(&) = g, + ... + 5.
and pp is the representation of the braid group
defined by the Y-B solution R, which sends o,
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1o ;. The recent famous new link polynomials,
such as the Jones and Kauffman polynomial, can
be obtained from this construction.

Multi-parameter R-matrices

In Ref. 1, all solutions of the Y-B equations are
described for which the matrix 17 satisfies the ad-
ditional condition v} = 0 unless {a, b} = {e.d}.

These solutions are built up of two types of
blocks, a trivial and a non-trivial type, which can
be interconnected in various non-trivial ways.
Each block has a number attached (o it; if these
numbers are all equal, then the solution extends
to an extended Y-B operator and, hence, defines
a link invariant. Single block solution yields no
new invariants (just trivial ones and the *A, -type’
invariants underlying the Jones polynomial).
However. non-trivially interconnected solutions
of various types promise more. Even two trivial
blocks, non-trivially interconnected, give interest-
ing invariants. It is probably feasible to weaken
the condition above to obtain similar results con-
cerning * 13, (', D-type” solutions. Work in this
direction is underway.

The single block non-trivial solutions (by the
construction discussed in the Box) give precisely
rise (o the multi-parameter quantum groups of
type A,, which have been constructed by several
groups of authors in the last few years (see Ref. 1
for details).
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Minimum Circulation of Railway Rolling-stock
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Introduction representing its capacily. Assuming a steady

Nederlandse Spoorwegen N.V. (Dutch Rail) seeks
10 determine the minimum number of train-units
they need to purchase in order to perform their
time-table, whereby lower bounds are prescribed
for the number of 1st and 2nd class scats per
scheduled train. A train is taken to mean one

or more coupled units, with the potential for a
change ol composition at certain intermediate
stops. This can be described as a minimum-cost
circulation problem, which is a special case of an
integer linear programming problem, Classical
network flow techniques can be used where there
is just one type of rolling-stock. but the problem
becomes more complicated with mixed configu-
ration trains. To this end we apply techniques of
polyhedral combinatorics.

Development of the field

The field of network flows and circulations goes
back to a classic 1927 paper by K. Menger in
which he characterizes a certain bifurcation num-
ber in topological spaces. In modern terms one
can call this a formula for the maximum number
of paths found in a network between two fixed
points, where any of the two paths are disjoint
(with the exception of the end points). This the-
orem acquired the status of a fundamental result
in graph theory. In the 19505, driven by the in-
creasing interest in computations for transporta-
tion and other logistic problems, researchers at
the RAND Corporation (the U.S. Air Force think
tank in Santa Monica, California) focused on the
following related maximum flow problem: ‘Con-
sider a rail network connecting two cities by way
of a number of intermediate cities, where each
link of the network has a number assigned to it

state condition, find a maximal flow from one
given city to the other.” It was observed that this
question is a special case of a linear program-
meing problem, and can hence be solved with

the famous simplex method designed by G.B.
Dantzig which forms the basis for the field of
aperations research.

At RAND, Ford and Fulkerson developed a
direct method for the maximum flow problem
and derived the max-flow min-cut theorem. This
theorem states that the maximum amount of flow
which can be transmitted is equal to the mini-
mum capacity of any cut separating the source
and the sink. It transpired that the theorem was
equivalent o Menger's theorem. A similar tech-
nigue can be used where there are lower bounds
(demands) instead of upper bounds (capacities)
and one seeks to minimize the lotal amount of
flow. In 1957, Bartlett showed thal this gives an
algorithm for the minimum number of transport
units o maintain a fixed schedule. An impor-
tant phenomenon here is that when all bounds
are integer-valued, the optimum solution is also
automatically integer-valued; this being due to
the total unimodularity of certain underlying ma-
trices. This applies to the Dutch Rail’s problem
where a single type of train-unit is used.

Hence, for example, consider the hourly train
service run on the Amsterdam-Vlissingen route.
The weekday time-table is given in Table 1. Al-
though the trains make more stops, the chart only
shows those which are of interest to us. Dutch
Rail’s projections for the number of 1st and 2nd
class passengers for each stage of any scheduled
train are shown in Table 2,

The problem to be solved is: What is the min-
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imum amount of rolling-stock needed to perform
the service so that there are sufficient seats at
each stage? In a first variant of the problem con-
sidered, the rolling-stock comprises a single type
of two-way train-units, with three carriages each
and 38 1st class and 163 2nd class seals per unit.
There is a driver’s cab at cach end of the uni,

and units can be coupled together, up to 4 maxi-
mum of 5 units. The train length can be changed
by coupling or uncoupling units at the termini,
i.e. Amsterdam and Vlissingen stations, and en
route at two intermediate stations, Rotterdam and
Roosendaal. Any train-unit uncoupled from a
train arriving at location X at time ¢ can be linked
up to any other train departing from X at any
time later than £. (The Amsterdam-Vlissingen
schedule is such that in practice this gives enough
time to make the necessary switches.) A last con-
dition set is that logistical factors require that for
cach location X' € { Amsterdam, Rotterdam,
Roosendaal, Vlissingen}, the number of train-
units staying overnight at X must be constant
during the week (but may vary for different lo-
cations). Only the number of units is important
here and there is no need for the same train-unit
after sojourning overnight at a given location, to
return there at the end of the day.

Given these problem data and characteristics,

the problem is to find the minimum number of
train-units needed to perform the required daily
cycle of train rides. The amount of reserve stock
is not taken into account here, as this generally
only amounts to a fixed percentual addition on
top of the net minimum. To apply the network
flow methods, a network N is constructed as
follows, Foreach location X ¢ {Amsterdam,
Rotterdam, Roosendaal, Vlissingen } and for
each time { at which any train leaves or arrives
al X, we make a point (X, ¢). For any stage
of any train journey, leaving place X at time
tand arriving at place ¥ at time ', we make
an arc directed from (X, () to (¥, #'). Forin-
stance, there is an arc from (Roosendaal, 7.43)
to (Vlissingen, 8.38). Morcover, for any loca-
tion X and any two successive times ¢, " at which
any train leaves or arrives at X, we make an arc
from (X, #) to (X, ¢'). Thus in our example
there will be arcs, e.g., from (Rotterdam, 8.01)
1o (Rotterdam, 8.32), from (Rotterdam, 8.32) to
(Rotterdam, 8.35), from (Vlissingen, 8.38) to
(Vlissingen, 8.56), and from (Vlissingen, 8.56) to
(Vlissingen,9.38).

Finally, for each place X there will be an arc
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from (X, 1) to (XL 1), where ¢ is the last time of Directed network
the day at which any train leaves or arrives at X (all arcs oriented
and where ' is the first time of the day at which clockwise) descri-

bing traffic flow on
the Amsterdam -
Viissingen route.

any train leaves or arrives at X'. So there is an arc
from (Roosendaal, 23.54) 1o (Roosendaal, 5.29).
We can now describe any possible routing of
train stock as an integer-valued circulation that
obeys, for any arc, a given lower bound (and
an upper bound of 5). The number of units de-
ployed is given by the the total flow on the four
‘overnight” arcs, and this is the number that
needs 1o be minimized. Having this model, we
can now apply standard flow algorithms. Imple-
mentation gives solutions of the problem (for the
above data) in about 0.05 CPUseconds on an SGI
R4400. It turns out that 22 units are required for
the Amsterdam-Vlissingen route. It is possible
to modify and extend the model quite directly in
order to contain several other problems, Instead
of minimizing the number of train-units one can
minimize the amount of carriage-kilometres to be
travelled daily, or any linear combination of hoth
quantities, One can also put an upper bound on
the number of units that can be stored at any of
the stations. Instead of considering just one line
on its own, one can more generally consider nei-
warks of lines sharing the same railway rolling-
stock, including trains which are scheduled for
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splitting or combination. (Dutch Rail has trains
from The Hague and Rotterdam to Leeuwarden
and Groningen which are combined into one
single train on the common trajectory between
Utrecht and Zwolle.) If only one type of unit is
employed for that part of the network, each unit
having the same capacity, the problem can be
solved fast even for lurge networks.

More train types

Network flow techniques work very efficiently
for the problem of circulating one type of rail-
wity stock because optimum solutions are au-
tomatically integer-valued if the input data are
integer-valued. This is due to the rotal unintod-
wlarity of the underlying matrix. This attractive
phenomenon disappears where there is more than
one type of mutually couple-able unit. In this
situation the problem gets harder and we need

to extend the model to a *multi-commodity cir-
culation’ model. The method we developed at
CW1 uses elements of the powerful technigue of
polyhedral combinaiories, U.S. hers have
recently employed this technigue to solve very
large scale traveling salesman problems.

To return to the case Amsterdam-Vlissingen
again, here we can now deploy two types of two-
way train-units, which can be coupled together:
these are type 11, with each unit made up of three
carriages, and type IV, with cach unit comprising
four carriages. Type 111 capacily is 38 st class
and 163 2nd class seats, and 635 and 218 respec-
tively in type IV. Once again, there is a maximum
of 15 carriages per train. Hence, if a train con-
sists of @ units of type I11 and y units of type 1V,
then 32 + 4y = 15 should hold. It is quite easy
1o extend the above model to the present case.
Again we consider the network N as above., We
should now find swe circulations f and g which
together obey a given lower bound and which
minimize a given cost function. Note that in con-
trast to the case of one type of unit, here there is
no minimum number of units required for any
train stage. In fact, there are now two dimen-
sions, so that minimum train compositions need
not be unique. The cost function depends on the
cost of purchasing units of types 11T and IV, Al-
though train-units of type 1V are dearer than type
111, they are cheaper per carriage, because of the
relatively costly driver’s compartment.

When solving this as a linear programming
problem, we lose the pleasant phenomenon ob-
served above whereby we would automatically
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obtain optimum circulations with integer values
only. In fact, the problem is an integer linear pro-
gramming problem, with 198 integer variables,
Looking at the Amsterdam-Vlissingen case, solv-
ing the problem in this form with the integer pro-
gramming package CPLEX would give a running
time of several hours. This long running time is
caused by the fact that, despite a fractional opti-
mum solution being found quickly, a large num-
ber of possibilities has to be checked in a branch-
ing tree (corresponding to rounding fractional
values up or down) before one finds an integer-
valued optimum solution. However, there are
ways of speeding up the process by sharpening
the constraints and by exploiting more facilities
offered by CPLEX. The lower bound conditions
can be sharpened as follows. For each arc repre-
senting a stage, consider the set of integer-valued
vectors (@, y) with the property that using x units
of type I and y units of type TV yields sufficient
seats for the corresponding train stage and does
not mean a train with more than 15 carriages. For
instance, the trajectory Rotterdam- Amsterdam of
train 2132 gives the polygon

() P={{z,y)|e>0,y>0,3c+4y <15
38x + 65y = 47, 163x + 218y > 344}

In a picture:

0 1 2 3 4 5 0
type Il —=

In a sense, the inequalities are too wide. The
constraints given in (1) could be tightened so as
to describe exactly the convex hull of the integer
vectors in the polygon P (the ‘integer hull'), as
in:
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Thus for train 2132 on the segment Rotterdam-
Amsterdam the constraints (1) can be sharpened
to:

Q) 220y=02+y220+2 23,

¥E33x+4y <5,

Doing this for each of the polygons represent-
ing one of the 99 stages gives a sharper set of in-
equalities. This helps to obtain more easily an in-

teger oplimum solution from a fractional solution.

(This is a weak form of application of the tech-
nique of polyhedral combinatorics.) Finding all
these inequalities can be done in a pre-processing
phase, and takes about (.04 CPUseconds. An-
other ingredient that improves the performance
of CPLEX when applied to this problem is 1o
give it an order whereby the branch-and-bound
procedure should select variables. In particular,
one can give higher priority to variables that cor-
respond to peak hours (as one may expect that
they form the bottleneck in obtaining a minimum
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circulation), and lower priority to those corre-
sponding to off-peak periods. Implementation
of these techniques ensures that CPLEX gives a
solution to the Amsterdam-Vlissingen problem
in 1.58 CPUseconds. In total, one needs 7 units
of type LI and 12 units of type 1V, So, comparing
this selution with the solution for one type only
(where 22 units of type T are needed), the possi-
bility of having two types means both a decrease
in the total number of train-units and in the total
number of carriages needed.

As part of our research for Dutch Rail we also
considered more extended problems requiring
more complicated models and techniques. One
requirement is that in any train journey between
Amsterdam and Vlissingen, at least one unit
should make the whole trip. A further require-
ment is the ability o couple or uncouple units
from a train - but not both simultaneously - at any
of the four stations involved, L.e., Amsterdam,
Rotterdam, Roosendaal and Vlissingen., More-
over, fresh units may only be coupled onto the
front of the train, and laid-ofT units may only be
uncoupled from the rear. All this makes the or-
der of the different units in a train a significant
factor, and gives the conditions a more global im-
pact: the order of the units on a given morning
train can still influence the order of a given train
that evening. This does not fit directly in the cir-
culation model described above, and requires an
extension. The method we have developed for
Dutch Rail 1o date is based on introducing extra
variables, extending the network described above
and utilizing some heuristic arguments, which
yields a running time (with CPLEX) of about 30
CPUseconds for the Amsterdam-Vlissingen prob-
lem.
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Figure 1. The
solution computed
with a uniform grid

{left) and an adap-
tive grid (right).

Local Uniform Grid Refinement for
Time-Dependent Partial Differential Equations

Research Programme @

Discretization of Evolution Problems

Researchers R.A. Trompert, 1.G. Verwer
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Introduction

Numerous processes in nature are described by
models containing time-dependent partial differ-
ential equations. One can simulate these pro-
cesses by solving these equations. However,

the complexity of the equations often demands
that they are solved numerically. A numerical
solution ean be obtained by approximating the
partial differential equations in some way on a

set of discrete points in space and time, called a
space-time grid. The accuracy of such an approx-
imation is determined by the distances belween
the neighbouring grid points and the variation of
the solution from point to point. The necessary
computational effort to obtain the numerical solu-
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tion depends on the number of points used. The
local uniform grid refinement (LUGR) method is
an adaptive grid method which aims to distribute
grid points in such a way that an accurate approx-
imation of the solution is obtained with the fewest
possible points.

Adaptive grid methods
Many time-dependent partial differential equa-
tions have solutions which vary rapidly in space
and time. Partial differential equations arising
from models describing shock hydrodynamics,
transport in porous media, combustion processes
and plasma physics and so on, can serve as an
example in this respect. The accuracy of the ap-
proximate solution depends on the variation of
the true solution from point to point. Loosely
speaking, the larger the variations, the smaller the
distances needed between neighbouring poinis to
obtain accurate results. This means that when the
variations get larger the grid needs to be finer.
When the variations of the solution in space
are only loeally large but small anywhere else,
adaptive grid methods prove to be greatly benefi-
cial; the reason being that in this type of situation,
these methods seek accurate results with minimal
computational effort, by using the fewest pos-
sible grid points. These methods adapt the dis-
tances between grid points to the local variations
of the solution. Over the years, a large number
of adaptive grid methods has heen proposed for
time-dependent problems. Two main categorics
of adaptive grid methods can be distinguished,
namely, moving-grid or dynamic-regridding
methods and static-regridding methods. There
are also hybrid methods combining static and dy-



namic regridding. Both types of methods have
played a part in CW1 research.

In dynamic-regridding methods, points move
continuously in space and time. The number of
points contained by such a grid is constant in
time. In static-regridding methods the location
of points is fixed. A method of this type adapts
the grid by adding points to the grid where they
| are necessary and removing them when they are
no longer needed. This type includes methods
which embed new points in the existing grid.
Another method of the static-regridding type. the
LUGR. method, has been the subject of research
al CWI. This method creates a series of increas-
ingly finer local uniform subgrids where they are
needed. To advance the solution in time from
one time point to the next, the partial differential
equations are solved separately for this time step
ateach grid. Instead of being embedded in the
coarser grid, these finer grids overlay it.

The main advantage of static-regridding meth-
ods over moving-grid methods is that the former
are more reliable than the latter. The main prob-
~ lem with moving grid methods is the lack of con-
trol aver the grid movement which leads to the
phenomenon of ‘grid point crossing” in one space
dimension and *grid distortion” or *grid skew-
ness’ in two or three space dimensions. This can
considerably reduce the accuracy of the compu-
tations, A problem of this kind may be overcome
by applying penalty functions which limit the
grid motion. However, these penalty functions
- contain parameters which have to be chosen by
- theuser, and the choice of the parameters. which
may be critical, depends on the partial differential
equations at hand. Static-regridding methods do
not have this type of problem. Moreover, they
only need a few user-defined parameters such as
error tolerances, and in general the choice of such
parameters is not critical. However, in contrast
1o static-regridding methods, moving-grid meth-
ods attempt to smooth the variations of the solu-
tion in the time direction; this allows larger time
steps when the grid motion is sufficiently smooth.
Finally, when working properly, moving-grid
methods use fewer points than static-regridding
methods for a given accuracy.

The LUGR method

CWI has researched this method for the past
five years. The particular type of adaptive grid
method emerged in the early 1980s. The idea
behind LUGR is simple. Starting from a coarse
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base grid covering the whole region where the
partial differential equations are defined, succes-
sively finer uniform subgrids are recursively cre-
ated locally in a nested manner in regions where
the variations are large, i.e. where the solution is
steep. For each time step the partial differential
equations are solved at each grid separately in a
consecutive order, from coarse to fine. Hence,
rather than being patched into the coarser grids,
the local subgrids actually overlay them. A finer
erid uses a time step which is smaller or equal

to the coarser-grid time step. When a grid of a
certain level of refinement has reached the same
time level as a coarser grid, then the solution at
the coarser grid is, in some way, updated by the
more accurate solution at the finer grid, leading to
amore accurate solution at the coarser grid. The
location, shape and size of these subgrids are ad-
justed at discrete times to follow the movement of
the region where the solution is steep. The gen-
eration of subgrids is continued until sufficient
accuracy is reached at the finest subgrid.

The construction of these local subgrids is con-
trolled by a refinement strategy which can be
based on heuristic criteria like the slope or the
curvature of the solution or error estimates. In
general, a refinement strategy based on heuristic
criteria is computationally cheaper than a strategy
based on error estimates. However, a strategy
based on error estimates can give more accurate
results than a strategy based on heuristic error
monitors. This is due to the fact that heuristic
error monitors bear no relationship to the true
numerical error. Because of this, the situation
can arise whereby a strategy based on heuristics
does not refine a grid cell which should be refined
in view of the numerical error and vice versa.
Therefore, a strategy based on error estimates can
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Figure 2. The
composite grid
used in the LUGR
method (left), and
its component local
unifarm subgrids
{right). During a
single given time
step the solution is
computed first on
(1), then on (2) and
finally on (3).
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Figure 3. The LUGR
method applied to the
description of a steep
pulse rotating clockwise
around the centre of the
domain. The pictures
above and below show
the composite grid (left)
and spatial error (right)
for a refinement strate-
gy based on error esti-
mates (A) and error-
monitor computations
(B) respectively. Error
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size 15 indicated in
colour (large errors red,
small errors blue). In this
case strategy A yields
far better results, and
smaller errors, than
strategy B; moreover,
with strategy A the lar-
gest errors occur in the
region covered by the
finest subgrid, contrary
to the error-monitor
case.

generate better subgrids than a heuristic strategy.
The rescarch at CWI focused on the development
of a LUGR method, together with a refinement
strategy based on error estimates.

An error-cstimate-based refinement strategy re-
quires an error analysis. Error analyses were car-
ried out for different kinds of partial differential
equations and different time stepping schemes.

In these analyses we were able to split the error
up into its spatial and temporal parts; the reason
being that certain kinds of partial differential
equations were considered and that the ‘method-
of-lines’ was used whereby the spatial approx-
imation of the partial differential equations is
carried out before the temporal approximation.

The LUGR method and the two different re-
finement strategies developed at CWI, aimed at
the control of the spatial part of the error by the
spatial refinement of the grid. The strategies are
based on the control of the local space error and
global space error respectively. The global space
error is the spatial component of the error and the
local space error is the local contribution to the
global space error corresponding with one time
step. Both strategies aim to control the global
space error in some way. The most important dif-
ference between the two is that the global-space-
error stralegy is less restrictive than the local-
space-error stralegy, because it creates smaller
local subgrids than the latter: this in turn makes
it computationally cheaper, However, the local-
error-based strategy is ‘safer” and this strategy
enabled theoretical results to be obtained which
would not have been feasible via the global-error-
based strategy.

A basic demand 1o be met by a refinement
strategy is that the largest global space error must
be in the region overlapped by the finest subgrid.
If this is not the case then this finest subgrid be-
comes redundant in that it does not improve the
accuracy of the solution, and the computational
effort to compute the solution on this grid is
wasted. Both strategies appear to fulfil this de-
mand. Moreover, the results obtained indicated
that when the number of subgrids is fixed in time,
the obtained accuracy is approximately equal to
the accuracy obtained with a single comparable
uniform grid. This property could be proved for
some model situations when the local-space-error
refinement strategy is used.




Figure 4. The LUGR
method applied fo a
simple model used in
meteorology to describe
the mixing of hot and
cold air. The composite
grid (left) and the tem-
perature distribution
{right) are shown at
three successive times.
Temperature is indi-
cated in colour (hot-cold
= red-bluel. The initially
harizontal boundary
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layer separating cold
and hot air is twisted by
a steady rotational wind
field resembling the
cyclonic air motion at
low pressure systems,
as seen on the daily-
weather maps, As time
proceeds the transitions
from hot to cold become
steeper and steeper and
increasingly finer local
subgrids are needed.
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Introduction

During the past ten years, considerable progress
has been made in solving the problems of au-
tomatic generation of inleractive program-
ming/development environments, given a for-
mal definition of some programming language or
specification language. In most cases, research
has focused on the functionality and efficiency
of the generated environments; indeed, these are
the aspects which will ultimately determine the
acceplance of environment generators. Even so,
only marginal attention has been devoted to the
actual development process of formal language
definitions. Assuming that the quality of automat-
ically generated environments will be satisfactory
within a few years, the development costs of for-
mal language definitions will then become the
next limiting factor determining ultimate success
and acceptance of environment generators. We
will briefly sketch the design and implementation
ol a meta-enviromment (a development environ-
ment for formal language definitions) based on
the formalism AsF+SDF and show some of its ap-
plications.

Background — CENTAUR system

A programming environment is a coherent set

of interactive tools such as syntax-directed edi-
Lors, debuggers, interpreters, code generators, and
prettyprinters to be used during the construction
of texts in the desired language. Automatic gen-
eration of programming environments has been
used to generate environments lor languages in
different application areas including program-
ming, formal specification, proof construction,
text formatting, process control, and statistical
analysis. All projects in this area are based on the
assumption that major parts of the generated en-

28

vironment are language independent and that all
language-dependent parts can be derived from a
suitable language definition.

An example of such a general architecture is
the CENTAUR system developed in the ESPRIT
GIPE project in which CWI has participated.
This is a set of generic components for build-
ing environment generators. The kernel provides
a number of useful data types but does not make
many assumptions about, [or instance, the lan-
guage definition formalism itself. It has been ex-
tended with compilers for various language del-
inition subformalisms, as well as several interac-
tive tools. CENTAUR thus resembles an extendible
toolkit rather than a closed system.

Research at CWI - Asr+Spr

Meta-environment

Our own contributions to the GIPE project are

focused around the idea of constructing a devel-

opment environment for formal language defini-
tions. Our research went through three phases:

- Design of an integrated language definition for-
malism (ASF+5DF).

- Implementation of a generator which generates
interactive programming/development environ-
ments given a language definition.

- Design and implementation of an interactive
development environment for the ASF+SDF for-
malism itself.

The result is the Meta-environment mentioned in
the introduction, in which language definitions
can be edited, checked and compiled in precisely
the same way that programs can be manipulated
in a generated environment, i.e., an environment
obtained by compiling a language definition; ob-
serve that ‘compiling a language definition” and



‘generaling an environment’ are synonymaous in
our terminology. Both the generator itself and the
Meta-environment have been implemented on top
of the CENTAUR system.

Figure | shows the overall organization of our
system. First ol all, we make a distinction be-
tween the Meta-enviromment and a generated
environment. In the Meta-environment we distin-
guish:

- A language definition (in ASF+SDF) consisting
of aset of modules My, ... M,.

- The environment generator itself, which con-
sists of three components: a Module Manager
(MM) controlling the overall processing of the
modules in the language definition, the Syntax
Manager (SM) controlling all syntactic aspects,
and the Equation Manager (EQM), taking care of
all sermantic aspects

The output of the environment generator is used
in conjunction with GSE (Generic Syntax-directed
Editor), a generic building block which we use in
generated environments. GSE not only supports
text-oriented and syntax-oriented editing oper-
ations on programs but can also be extended by
allaching ‘external tools” which perform opera-
tions on the edited program, including checking
and evaluation. The main inputs to the Generic
Syntax-directed Editor are:

- A program text I?

- The modules defining the syntax of P

- Connections with external tools.

As both the syntax description of £ and the def-
inition of external tools may be distributed over
several modules, we are faced with the prob-
lem of managing several sets of syntax rules and
equations simultancously. One of the major con-
tributions of the ASF+SDF Meta-environment is
that the system is so interactive and responsive
that users are completely unaware of the fact that
each modification they make to their language
definition has major impacts on the generated
environment. So, for instance, the presence of
aparser generator is completely invisible to the
ser. As aresult, the system is also accessible o
‘naive’ users, who have no previous experience
of using tools like scanner and parser generators.
Important factors are: (1) an internal syntax tree
representation (‘term’, see next section) and a
prettyprinter for the language are derived auto-
matically from the language definition; (2) after
parsing. syntax trees are built automatically: (3)
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the generated scanner, parser, tree constructor and
rewrite system are interfaced automatically. To
summarize, several parts of the generated imple-
mentation are derived from the language defini-
tion, and the system takes care of the interfacing
of all components of the generated environment.

Current research

Central to our approach is that we represent ev-
erything (i.e., programs and specifications being
edited) as uniform tree structures which we call
rerms. All operations on programs - like check-
ing and compiling - are expressed as operations
on their underlying term representation. These
operations have to be defined in the language
definition and their execution is based on rerm
rewriting, Given some initial term #g, an attempt
is made to apply a rule in the specification and
transform the initial term into a new term £, This
process is repeated until a term ¢, is obtained,

to which no further rule is applicable. This is the
normal form that corresponds to the initial term
ty. Clearly, efficient term rewriting is essential to
us; hence, we approach this problem from several
angles. Firstly, by investigating how rewrite rules
can be translated directly to C programs; this
would enable elimination of much of the over-
head of term rewriting (in particular the search
for matching rules) by performing an extensive
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static analysis of the given set of rules. An ini-
tial prototype of this approach. the AsF2C com-
piler, has been completed and exhibits a speed
improvement of a factor 50-100 over our current,
more interpretative, approach. Secondly, by in-
vestigating incremental rewriring, a technique
whereby previous runs of the rewriting engine on
the same, or a slightly modified term are reused
to avoid rewriting steps. This method is important
for speeding up interactive tools which operate on
terms. A typical example is an interactive type-
checker operating on a program which is being
edited by a user. Finally, we have investigated
further potential to exploit the fact that we base
our computations on term rewriting. An example
is the work on origin tracking, where we try to
establish reverse links between the normal form
f, and the initial term #;. It transpires that this is
vital information for interactive tools like error
reporters (associate an error message with a part
of the source program) and animators (visualize
the statement we are currently executing).

Other work underway involves extending
the ASF+5DF formalism (higher-order alge-
braic specifications, parameterized sorts) and
re-engineering the current implementation of the
Meta-environment (connection with Emacs, re-
implementation of the user-interface manager).

Applications

Although originally designed as a generator for
programming environments, it transpires that
there are many other areas where our Meta-
environment can be applied with success. These
range from general system design and the specifi-
cation of environments for various languages, to
specific areas like query optimization, hydraulic
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simulation, and application generators, We sketch

four applications in some detail:

- We participate in the ESPRIT project COM-
PARE which aims at the construction of opti-
mizing compilers for parallel architectures. In
this context, we have designed a specification
formalism fSDL to define the intermediate data
representations in compilers. We have also con-
structed (using ASF+SDF) a generator which
compiles these specifications into C.

- In cooperation with a Dutch bank, we designed
a specification language for financial products.
Given such a product definition, appropriate
(Cobol) code can be generated to include the
information related to the product instance in
the company’s information system. This enables
the time needed to construct software for new
products to be reduced from several months to
several days.

- In cooperation with IBM ( Yorktown Heights)
work is underway on highly optimizing compil-
ers. The essential idea is to translate the source
language, ¢.g. C, into a high-level, intermediate
level called PIM. All further optimizations can
be expressed as symbolic manipulations on the
intermediate PIM representation of the program,
All these manipulations have been defined using
ASF+SDF.

- In close cooperation with Peter Mosses (Aarhus,
Denmark), we have constructed an interactive
system to support development of specifications
written in Action Semantics, a formalism for
defining the semantics of (programming) lan-
guages, Itis currently used for defining the se-
mantics of ANDF (Architecture Neutral Defini-
tion Format), an exchange format for compiled
programs.
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Introduction

Performance evaluation is an art in which right
tools are indispensable. Could Rembrandt ever
have created his ‘Nightwatch” without good
brushes and an easel? By the same token, many
of today's computer system users are involved

in the art of performance evaluation and thus re-
quire tools to support assessment and analysis

of measurements taken. Here we discuss a sys-
tem which greatly simplifies performance assess-
ment of advanced database management systems
(DBEMSs).

Database technology for single processor ar-
chitectures has matured from file processing by
a large number of individual programs to sound
data models and data manipulation schemes ap-
plicable in many environments. The DBMSs are
delivered as portable, single processor implemen-
tations with many techniques to obtain good per-
formance. However, new (prototype) systems of -
ten exhibit low quality and low performance due
to lack of extensive field tests in the application
areas they intend to support. Inclusion of new
techniques into existing architectures also suffers
from unpredictable side effects on system perfor-
mance and stability. Yet, from an economic angle
it is essential to predict their performance and to
assess their stability, long before installation of
the hardware and software. This was the under-
lying reason for setting up the ESPRIT project
Pythagoras.

The project’s objectives are to develop the
means of predicting, assessing and tuning the
performance of Advanced Information Servers
(AIS). To achieve this, the project seeks to de-
velop a tool-kif and methodology for perfor-
mance quality evaluation and prediction of the
parallel database servers which are intended to

support an AlS. Furthermore, the Pythagoras
project targets buyers and designers alike. It has
three principal facets:
o The project delivers a performance suite aimed
at quantifying the effectiveness of AIS in geo-
graphic, case, and business applications.
These exemplars are complemented by in-depth
studies to improve the knowledge of the key
software technology required, and to assess the
impact ol hardware technology on the software
choices, e.g.. its architecture, logical query opti-
mization and data placement.

The Pythagoras project delivers several engi-

neering tools for designers and users of a paral-

lel database server:

- The Adaptive Performance Evaluator pro-
vides the compiler designers with detailed
application behaviour when designing query
optimizers;

- The SMART performance predictor provides
users with a means to analyze application spe-
cific performance:

- A prototype generalized DBMS simulator
provides system designers with a means to as-
sess the performance impact of new hardware
architectures;

- The SOFTWARE TESTPILOT developed at
CW1 assists both database designers and users
to assess the robustness and the performance
of applications running on a prototype system.

An overview of the development of the SOFT-

WARE TESTPILOT provides the main topic in

the rest of this contribution.

DBMS benchmarking

The common approach to obtaining performance
characteristics of a DBMS is to run a set of care-
fully chosen queries and then to observe its be-
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Geographical
information, stored
in a database, is
used, e.g., to
model terrain ero-
sion and sedimen-
tation. Here effi-
ciency and refiabi-
lity of the database
management sys-
tem are of crucial
importance. CWI
coordinates the
ESPRIT project
PYTHAGORAS,
which is developing
a Software Test
Pilot to assess the
quality of new data-
base management
systems.

Erosion/Sedimentation Modeling

haviour, Database benchmarks like Wisconsin
and AS3AP are primarily designed as tools for
DBMS developers. Their aim is to expose the
internal strengths and weaknesses of a system im-
plementation. A recent developers-benchmark
for Object Oriented DBEMS is the OO7 bench-
mark; this is designed to provide a useful work-
load for evaluating new technigues and algo-
rithms for OODBMS implementation, The TPC-
A and TPC-B benchmarks have the advantage off
being based on a real application (a bank teller
network), but have become divorced from the
real applications requirements. They can only be
used to provide a simple comparative measure of
a small part of the system being tested. Current
TPC work is directed towards providing bench-
marks for more complex traditional application
domains (e.g., Order-Entry, Decision Support)
with an emphasis towards conventional systems.
The role of benchmarking is primarily to com-
pare performance of two or more systems. In-
deed, it is of limited value as a means to improve
software quality. Moreover, the known bench-
marks do not directly aid users in determining
the DBMS effectiveness for a particular domain.
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-specific benchmarks are a response 1o
this diversity of computer system use. They
specify a synthetic workload characterizing a
typical application problem domain. The Q01
benchmark is a step in this direction, which ad-
dresses the perceived performance critical aspects
of a Computer-Aided Design (CAD) application.

The benchmarks are complemented by test-
suites geared al exposure of weaknesses in spe-
cific system implementations. Together they pro-
vide the basis for technical quality assessment.
Extension with software quality assessment tech-
niques, like 1SO-9000, further improve the or-
ganization of software production. Finally, the
alpha- and beta- test sites represent the last barrier
before systems reach the market.

A major drawback of the benchmarks and test-
suites, addressed in the SOFTWARE TESTPI-
LOT project, is that they only represent a few
points in the workload search space. Hence, a
DBMS engineer or user with a workload charae-
teristic which is slightly off those measured, may
find his system performing badly. Moreover, sys-
tem implementors may be inclined to provide
good performance on the published benchmarks.




In particular, attaining good performance on the
notorious complex operations may ignore the
workload characteristics of the application do-
main. Likewise, test-suites may be biased by
isolated implementation challenges, e.g., novel
data structures or query optimization techniques,
and neglect possible side-effects.

From these observations we conclude that
DBMS engineers and users require a performance
assessment method which goes beyond bench-
marking. What they need are intelligent tools to
explore a large workload search space, quickly
seeking out the slope, top, and knees of perfor-
mance figures.

Automation of the performance assess-
ment process

The predominant pragmatic approach in explor-
ing a workload search space is to use shell scripts
lo capture the repetitive nature of the test runs or
torely on a small test space explored manually.
The major drawback here is that this often results
in a brute force approach, running the script over
night to obtain a few points of the performance
function without intermittent adjustment or error
recovery. Another drawback is that shell scripts
are difficult to port and maintain due to their op-
erating system dependent nature,

Using our approach the performance assess-
ment support system (PASS) experimenter spec-
ifies an abstract workload search space, a small
interface library with the target system, and a de-
scription of the expected behaviour in a test-suite.
Thereafier, it is up to the PASS to select the ac-
tal workload parameter values and to execute the
corresponding target system transactions, such
that the performance characteristics and qual-
ity weaknesses are determined at minimal cost
(=time). A novel aspect of this approach lics in
using a behavioral model of the target system to
drive the process. The experiments selected by
the SOFTWARE TESTPILOT are based on the
incremental list of results (i.e. the experimenta-
tion history) and the mathematical properties of
the hypothesis function constituting the behav-
ioral model. The requirements on a PASS are
derived using the user’s interaction and the tar-
set system demands shown in Figure 1. A user
describes an abstract experimental space using
alest-suite specification language. This search
space encompasses all legal parameter values for
experimental control and results. Thereafter, the
user interacts with a PASS 1o guide the execu-
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tion of the experiments. Using visualization and
summarization of the measurements, the user is
informed about the performance behaviour of the
system under test.

We derived the following list of requirements
for a PASS system from the perspective of user
interaction. A PASS system should provide:

- a flexible language for experimental space spec-
ification, including test space definitions in
terms of factor- and response variables, a tar-
get system interface description with re-usable
components, and a mechanism for hypothesis
specification to guide the exploration of the test
space;
an extendible module to encapsulate algorithms
to explore a large workload search space and
quickly find the slope, top, and knees of perfor-
mance figures of the target system;
a graphical user interface enabling the user to
control and direct execution of the experiments.
Furthermore, measurement, summary and hy-
pothesis visualization by means of a hybrid
graphical monitor:
statistical validation and fitting of user supplied
and system generated hypotheses o adapt the
behavioral model to the target system:
persistent storage of measurement data for post-
session analysis by domain specific tools (e.g.
statistical packages and Al machine learning
applications);
- documentation of experiments. Performance
results are non-interpretable without exact in-
formation on the experimental environment, e.g.
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Figure 1.
The PASS
environment.



Figure 2.
The software
testpilot
architecture.
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its design assumptions. A short narrative de-

scription of the objectives and boundary condi-

tions of the experiment helps to interpret results,

The following requirements apply to the target
system under test:

- Isolation of the target system from its environ-
ment should be possible in order to provide [ull
control over the system by PASS. The target
system state should be deterministic.

- Target system crash recovery and state inspec-
tion. A PASS may stretch the target system to
and across its limits. This can resultin a sys-
tem crash. Hence, the target system should be
crash recoverable. Target system stale inspec-
tion is required to assess the system state after
a crash and to verify assumptions implied in a
performance test-suite.

- The target system should be machine control-
lable; i.e., the target should provide an interface
enabling a separate application (e.g. a PASS) to
control the system’s actions and assess perfor-
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mance results, for example an SQL interface for
DBMSs with additional commands to retrieve
performance figures.

Although testing and benchmarking have been
the subject of considerable attention over the past
ten years, we are not aware of similar attempts to
automate performance quality assessment at this
level.

Test environments mostly focus on test-data
generation and path coverage testing, or they ex-
plore the programming language properties (o
proof (type) assertions. Performance monitors,
built into the DBMS or operating system environ-
ment, are passive. They merely provide measure-
ment data, statistical analysis, and visualization
tools. Instead, the SOFTWARE TESTPILOT
provides a mechanism for partial automation of
the interpretation of the results to prepare for and
to perform the next test-run.

Conclusions

We have described the requirements for a perfor-
mance assessment support system and a novel en-
vironment, the SOFTWARE TESTPILOT, which
implements them, The tool is being used ona
daily basis both to assess performance of parallel
DBMS and to tune database cost models. The
approach taken is to provide a declarative lan-
guage, called TSL, to specify a large performance
test space. Finding an efficient exploration is left
to the SOFTWARE TESTPILOT. The resultisa
highly flexible language where the user's prime
responsibility is to define actions abjects, their
relationships, and their interface with the DBMS.
A clear separation between test space exploration
and target system interaction ensures a highly
generalizable tool applicable to a broad applica-
tion domain.
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Introduction (Valkieser BV) by April '94. Possible lurther

Procedures to create lip-synchronous facial an-
imations have been time consuming, costly and
non-automatic. The central goal of the FERSA
project (Facial Expression Recognition as a driver
for real-time lip-synchronous Speech Animation)
is to develop a means to automate this procedure
for use in a television post-production environ-
ment. The FERSA project is partially funded by
aPBTS grant from the Dutch Ministry of Eco-
nomic Affairs. We are faced with two problems:
(1) automatically determining the correct se-
quence of mouth shapes needed for animating a
given text, and (2) synthesis or reconstruction of a
talking face (or object) using a small set of mouth
shapes (on the order of 25 shapes). Much work

is being done in the area of facial animation, i.e.,
creating synthetic actors. We do not investigate
the area of synthesis. Our main concern is with
area number one. We would like to “drive” or
‘puppeteer’ synthetic talking faces and use simple
forms of reconstruction, i.¢., 2D flipbook and 3D
computer generated animation, mainly to demon-
strate the power of our approach. We employ
Computer Vision technigues to automatically
process and analyze video images of a narrator
and to identify the necessary mouth positions
needed to reconstruct a lip synchronous anima-
tion using the narrator’s original sound track. The
project as a whole has links with the topics of
Intelligent User Interfaces, Computer Graphics,
Image Analysis and Multimedia, all of which are
studied at CWL. After a period of experimentation
and software prototyping, and the production

of our first animations we are now in the pro-

cess of completing a first production version of
the system for delivery to our industrial partner

developments and applications of the system will
be discussed at the end of this contribution,

Background

To place this project into a context let us examine
some approaches to the problem of speech anima-
tion.

Svnthetic speech-to-image or text-to-visual speech

A phonetie score is generated from a text script

and a mapping between phoneme and corre-

sponding facial movement generates the anima-

tion. The problems associated with this approach

include:

- the mapping used in the construction is lan-
guage dependent;

- the set ol synthetic sounds does not span that of
human speech leading o a lack of ‘naturalness’;

- absence of thythm and voice inflection.

Audio speech recognition to image

With an eye to remedying some of the problems
associated with Synthetic Speech to Image, ef-
forts are underway in the scientific community
to perform speech recognition via analysis of the
human voice. Among the problems encountered
with this approach are that, given its inherent
complexity, it is difficult to realize speech recog-
nition for a large range of speakers/voices, and
that one cannot detect non-audible mouth move-
ments or gestures.

Visual speech recognition 1o image

An alternative approach uses Computer Vision/
Image Processing techniques and anatomical
analysis for purposes of full speech recognition.
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Problems associated with this approach include:

- user independence is difficult for a large vocab-
ulary;

- the processing requirements hinder real-time
implementation.

Our approach has affinity with this last strategy.
Because we neither attempt nor need to perform
full speech recognition, we can avoid its main
problems. However, we draw from this work
along with fundamental work in speech analysis,
which provides us with knowledge about mouth
shape/movement during speech production. We
have relied on this body of research o guide us in
choosing relevant mouth shape features, texts for
system training, and in determining an adequate
set ol visual speech elements.

The FERSA system
FERSA 15 composed of two main modules (see
Figure 1):

(1) a training/classification module which has to
recognize the mouth shapes exhibited by a narra-
tor who uses the system. In order to do its work,
this module processes video (recorded or real-
time) of the narrator speaking;

(2) a reconstruction module which produces the
animation, using the recognition results.

Trained classification/recognition

Since our goal is to drive a lip-synchronous facial
speech animation, we do not intend o recognize
speech but rather the mouth gestures and mouth
shapes of the speaker during speech production.
Thus, our limited recognition task is simpler than
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that of Visual Speech Recognition. Our recogni-
tion module (Module 1) will simultaneously ana-
lyze video frames and classify the mouth shapes
per frame (see Figure 1), The output of this clas-
sifier is a string of identifiers that serve as input to
a Module 11 for the creation of the animation.

Maodule 11s trained by having the narrator read
a phonetically rich text in front of the camera.
The images are analyzed and the narrator’s char-
acteristics are extracted for later classification
of any general text input. If the training script is
chosen correctly the system can be used [or dil-
ferent languages.

Previous research suggests that a small set of
some twenty mouth shapes suffices to represent
the basic set of mouth shapes necessary to recon-
struct a convincing speech animation (French and

English). However, this holds for reconstruction
at unequal intervals. We will be sampling at an
equal interval rate of 25/sec. Thus, we may need
additional mouth shapes in the reconstruction to
accommodate for in-between mouth positions.
Al present, our recognition module operates off-
line on recorded video. The software involved can
perform its task real-time however.

Reconsiruction

As stated, the reconstruction module is presented
with a string of identifiers, analogous 1o a musi-
cal score, each identifier specifying a recognized
mouth shape, one for every analyzed video frame.
These identifiers are used by the reconstruction
madule in basically one out of two ways: the flip-
book approach and the facial model approach. In
the flipbook approach, images (animation frames)
are flipped to screen to form an animation, These
animation frames are selected from a prestored
set of images of the mouth shapes to be used in
the animation. The selection is determined by

a mapping from the set of recognizable mouth
classes to the set of animation mouth shapes. De-
pending on the type of realization, e.g., 3D wire
frame, 2D claymation, line drawing or photo stills
(see Figure 4, left), the mapping of mouth class
to animation mouth shape is one-to-one or many-
to-one (see Figure 2). The number of animation
mouth shapes is maximal, i.e., equal to the num-
ber of mouth shape classes, for purposes of full
realism, although in a simple line drawing or a
3D implementation using an off-line keyframe
method, it may only be necessary to animate with
a small number of shapes, For the flipbook ani-
mation one only has to fetch images from some



storage medium and to display them, which can
be done real-time.

In the facial model approach a parametrized
model of some speaking entity (maybe a human
face, maybe a dinosaur) is used. In this case, ev-
ery recognized mouth shape is mapped lo para-
meter settings for the facial model which then
uses them to produce an image corresponding to
the mouth shape. For simple models, this process
can run real-time, the use of complicated models
and/or complicated rendering (e.g. texture map-
ping) of the images generated by them will be
off-line. It should be noted that the facial model
easily adapts itself to synthetic ‘talking heads’.

Initial experiments and software
prototypes

Image acquisition

Qur first investigation was 1o compare two very
different approaches to the acquisition of the nar-
rator’s facial features. In the first approach, the
narrator is marked up with reflective dots, in the
second approach a B/W video recording is used.
To explore the reflective dots approach we were
allowed to use the PRIMAS motion analysis sys-
tem developed at Delft University of Technology.
For the exploration of the second approach, we
made recordings in our own office environment,
where one of us assumed the role of narrator,
with make-up applied to enhance the facial fea-
tures. The recorded video approach turned out to
be well suited to image analysis techniques and
was relatively easy to apply as far as recording is
concerned. We chose for the latter approach.

Analysis, training and recognition

In order to facilitate our analysis of training- and
test-data and to prototype our software, we first
used the general purpose image processing pack-

age SCILIMAGE, developed by the University of

Amsterdam and TNO. During the analysis of the
training data, our first test system performed four
simple measurements on each mouth image. Af-
ler normalization and scaling, the ratios of these
measuremenis gave us points in a 2D feature
space. Scatterplots convinced us that these two
numbers were fairly independent. In this space.
we performed a straightforward cluster analys
using a hierarchical clustering procedure, with
the number of clusters to be generated limited to
thirty. As a final step, in each of these clusters a
central point was chosen, figuring as the mouth
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Figure 4.

Left:; whitened face
and blackened lips
for recording.
Right: line drawing
as a keyframe for
reconstruction.

Figure 5.
Animation frame
using clay model of
pear {claymation).

shape characteristic of that cluster, This way, the
set of mouth shape classes was formed.
Recognition proceeded as follows. The same
four measurements were made on every image
as had been made during analysis of the training
set, These measurements defined a point in fea-
ture space. Next, the cluster centre nearest o this
point (using Euclidean distance) was selected and
so the repres tional mouth shape for that im-
age was determined.

Reconstriction

For the display of flipbook animations we wrote

a program running on Silicon Graphics work-
stations using SGI's graphics library and audio
tools to display reconstructed animations in real-
time. Real-time performance can be achieved
with this setup because of the small number of
images to be flipped (at most it equals the number
of mouth shapes), so they can be loaded into main
memory before the animation starts. All there

is to do is to move them to screen at the rate of

25 per second. In the facial model approach, we
adapted a version of Parke’s facial model avail-
able in the public domain. For every animation
mouth shape, a set of model parameters giving
the desired shape was determined beforchand. So,
showing an animation is done by selecting one of
these parameter sets and having the model gen-
erate the corresponding image 25 times a second.
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With this facial model (and without texture map-
ping) this was just possible real-time on an IRIS
Indigo.

Some animations

With the test system we constructed some

very short animations using the audio tracks
‘Casablanca’, ‘Smakelijk elen’, *My name is Pat’
and *Good morning ladies and gentlemen’, These
were reconstructed using line drawings (Figure
4, lef), photo stills from a clay model ol a pear
(Figure 5) and Parke's facial model. In collabora-
tion with our industrial partner, Valkieser BV, we
constructed some more professional animations,
using about two minutes of text and featuring
items including speaking bottles (Figure 3).

A production system

Our first system actually destined for production
purposes will be delivered to Valkieser before
April "94. Tt consists of C'F software, running
under UNIX on SGI workstations, using SGI's
eraphics library. Broadly speaking the central
element of ihis software, the recognition sys-
tem, consists of five parts: initialization, nostril
tracking, image processing, feature extraction and
classification.

Because lighting conditions and anatomical
details (c.g. mouth position, contrasis) may vary
from registration to registration, operation of the
system begins by interactively indicating posi-
tions (nostrils and mouth corners) and threshold
levels through mouse-clicks on pixels of station-
ary images. The parameters thus set determine
which grey values within which image area are
taken to denote the narrator’s lips, as well as the
site of the nostrils, When looking more or less
straight into the camera, most people’s nostrils
show up as two distinct grey spots in the image.
Moreover, nostrils are the only facial features
whose position is almost fixed with respect to
the underlying bone structure, To compensate for
(not too violent) head movement during image
registration, the nostrils are tracked from image tc
image. In every image, the mouth region is then
found in a window located at a fixed offset below
the nostrils.

In spite of the use of make-up on the narrator’s
face, segmenting out the lips from the mouth re-
gion is still a complicated matter due to noise,
light reflections (on moist lips) and the fact that
the oral cavity can look both darker or lighter
than the surrounding lips and even partly lighter




and partly darker in one and the same image: this
last effect is due to the tongue and teeth, We per-
form a number of problem specific preprocessing
steps: these have in common that they exploit the
fact that we are looking for a closed ring (open
mouth) or a disc (closed mouth). A few stages are
shown in Figure 6. Once the lips have been lo-
cated, measurements are performed, ¢.g., mouth
height, mouth width, outer perimeter, total area,
perimeter of cavity and cavity area, position of
highest and lowest point, of mouth comers and of
centre of mass, Ratios of quantities of the same
dimension formed from these measurements then
serve as features. (One of the advantages of ratios
is that they are independent of camera distance.)

The classification part of the software is still
the least crystallized. As said, during our initial
experiments, we used clustering to separate the
feature space. In the current software we are ex-
perimenting with dividing the feature space in a
fixed number of rectangular cells. Although this
approach is easier to implement and far more
robust, it still remains to be seen whether it can
sufficiently cope with differences between speak-
ers and language.

Future developments and conclusions

To date the project has resulted in a tool which
can greatly simplify the production of lip-
synchronous animations. Possible further exten-
sions are feature detection under varying lighting
conditions without using make-up, and recogni-
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tion of basic facial emotion expressions. These

tasks will demand further rescarch into the ap-

plicability of aspects including active contours,
neural nets and optical Alow analysis. This could
lead to the construction of a ool for ‘performer
driven” animations, or a ool for leleconferencing
on relatively cheap systems with low-bandwidth
communication channels through image analysis
at the sending side and image reconstruction at
the receiving side.
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Figure 6.

Some stages in
image segmenta-
tion and preproces-
sing.



COMPUTING EQUIPMENT RESOURCES

Current image analysis research at CWl involves the
application of a higrarchy of graphs. This special data
structure represents a stack of image segmentations,
from a coarse segmentation at the top, to fine
segmentations at the bottom. Each segmentation is
represented by a region adjacency graph, in which
each region is represented by a vertex, and vertices
representing adjacent regions are connected by an
edge. The figure shows (to the left] a representation of
the data structure and (middle and right) its application
to the detection of muscle fibre boundaries. An initial
coarse guess is produced in the top level of the
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hierarchy, and is subsequently refined in the lower
levels. CWI's CH+ GRAPHLIB package enables fast
development of several methods using hierarchies of
graphs. The data structure can include a large number
of vertices, even in excess of 100,000, Other features
to be represented include edges in the region
adjacency graphs and links between vertices at
differing levels, as well as additional information on
image grey levels. Although application of these data
structures reguires large amounts of memary, they can
be run conveniently on CWI's Silicon Graphics Indigo
machines,



COMPUTING EQUIPMENT R:E:S O:-U-RCE’S

Workstations

CWI Computing Equiy R & Network Infra-
structure as of December 31, 1993

Ktm=1000 wriangular meshes

Sm92=8PECmark92 integer&floating point performance
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[ O OO E— In 1993, SMC spent DI 26,41 million, of which income CWI

FINANCIAL AND OTHER DATA

FINANCES 1993

about D1, 2,94 million was allocated to university
based research and DA 23.47 million to CWL
The expenses were covered by a subsidy from
NWO (Df. 21.42 million), other subsidies and
grants (DM, 0,22 million), and from the inter-
national programmes (mainly EC programmes,
e.g. BRITE, ESPRIT, SCIENCE and RACE)
(DA, 3.04 million). Finally, an amount of

DAl 2.48 million was obtained as revenues out of
third-party-services and other sources.

During 1993 CWI also hosted over sixty re-
searchers in externally financed positions. These
are not included in the adjacent financial sum-
mary.

— special programmes

other

expenses CWI|

transfer to third parties
+ miscellaneous

university
based

computer investm
subsidy and grants )
-NWO 3134 | 18281 || 21415 terial
- other -| z6|[ 216 maena
and
national programmes - - - Sveaad
international programmes - | 3037 || 3037

EXPENSES = T

labour costs 2423 | 16513 || 18936
materials and overhead 27 | 2742 || 2769
computer investments 200 | 2004 || 2204
transfer to third parties 201 | 1991 || 2282

miscellaneou - 219 219
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FINANCIAL AND OTHER DATA

FINANCES 1990 -1993

| o5 wn CWI Income | -

- Other Income

© qoo0 1991 1992 1993

Breakdown of - National programmes

non-NWO Income
El EC programmes

- Other

ol 1990 1981 1992 1993

g Mil CwI Budget
R Computer Equipment

1990 1991 1982 1993
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CWIPhL.D. THESES

Author

A.B. Olde Daalhuis

M.C.J. van Pul

H.T.M. van der Maarel

1T, Jeuring

B. Veltman

P. Wartenhorst

ALS. Klusener

J1.T. Tromp

Title

Uniform, Hyper- and g-Asymptotics
Statistical Analysis of Software
Reliability Methods

A Local Grid Refinement Method for the
Euler Equations

Theories for Algorithm Calculation

Multiprocessor Scheduling with
Communication Delays

Performance Analysis of Repairable Systems

Models and Axioms for a Fragment of
Real Time Process Algebra

Aspects of Algorithms and Complexity

Thesis advisor(s) */
T.H. Koomwinder (UvA)
EW.1. Olver (UMa)
R.D. Gill (RUU)

P.W. Hemker

L.G.L.T. Meertens

J.K. Lenstra (TUE)
E.H.L. Aarts (TUE)

FE.A. van der Duyn Schouten
(KUB)

1A, Bergstra (RUU)
J.C.M. Baeten (TUE)

PM.B. Vitinyi

+) For external advisors the university’s acronym is added:

UvA = University of Amsterdam

UMa = University of Maryland (USA)

RUU = State University of Utrecht

TUE = Technical University Eindhoven

KUB = Catholic University Brabant
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CWI RESEARCH PROGRAMMES

Algebra, Analysis & Geometry

Algebra, discrete mathematical structures and
computer algebra

Research in and implementation of algorithms
in algebra and combinatorics; making such al-
gorithms and other mathematical knowledge
available through integrated coherent comput-
ing systems. Symbolic manipulation packages
(computer algebra) are an essential part here,
Subjects:

- Algorithmic algebra and discrete mathematics
- Computer assisted mathematics

- Quantum groups and ¢-special functions
Programme leader: M, Hazewinkel

Modelling and analysis

Study of the dynamics of biological populations
with an internal, physiological, structure through
halance laws relating the life history of individ-
uals to the development of the population as a
whole. Construction of an infinite dimensional
dynamical system from the model specification;
theory of functional differential equations; sta-
bility analysis: ergodic theory; development of a
Dynamical Systems Laboratory. Research into
uniform asymptotic expansions and their numeri-
cal implementation.

Subjects:

- Population dynamics and epidemiology

- Dynamical systems

- Asymplotics

Programme leader: O, Diekmann

Operations Research, Statistics & Sys-
tem Theory

Combinatorial optimization and algorithmics
Fundamental and applied research, with an orien-
tation towards mathematics {discrete mathemat-
ics, geometry, number theory, probability theory),
operations research (lincar and integer program-
ming, optimization, sequencing, scheduling),
computer science (complexity theory, computa-

tional geometry) and applications (VLSI-layout,

robotics, pattern recognition, railway and airplane

routing, scheduling, and time-tabling).

Subjects:

- Design and analysis ol algorithms

- Polyhedral methods and polynomial-time algo-
rithms

- Multicommodity Mlows and VSLI-layout

- Discrete mathematics and geometry

- Applications {routing, scheduling, time-tabling)

Programme leader: A. Schrijver

Analysis and control of information flows in

networks

Fundamental and application-oriented research

concerning the behaviour of stochastic systems:

mathematical analysis of queueing models: per-

formance analysis of computer and communica-

tion networks; integration of queueing and reli-

ability theory in order to assess the behaviour of

systems subject to breakdown, replacement and

repair; stochastic phenomena in lattice-type net-

works, including applications in mathematical

physics and communications.

Subjects:

- Analysis of mathematical queueing models

- Stochastic processes on networks

- Reliability and availability of networks

- Performance analysis and control of computer
and communication

Programme leader: O.J. Boxma

System and control theory

Formulation and analysis of dynamical systems
as models for phenomena which evolve in space
and time, and the solution of control and predic-
tion problems.

Subjects:

- Deterministic system theory

- Stochastic system theory

- Control of discrete-event systems

- System identification for compartmental models
- Control computations for element models

- Control of distributed computer systems
Programme leader: J.H. van Schuppen
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Image analysis

Research on the analysis of digital images and

spatial data: fundamental study of stochastic

maodels, statistical procedures, and stochastic and

geometric algorithms: applications to consulting

problems in spatial statistics and image analysis:

software implementation.

Subjects:

- Stochastic geometry

- Applied spatial statistics and stereology

- Bayesian and likelihood-based image analysis

- Mathematical morphology and discrete image
transforms

- Software development

Programme leader: A.J. Baddeley

Numerical Mathematics

Discretization of evolution problems
Fundamental and applied research into numerical
methods for evolutionary differential equations.
Both ordinary and partial differential equations
are covered. In many cases of practical interest,
these two problem classes can be linked numeri-
cally via the Method of Lines. Attention is given
to theoretical analysis on stability and conver-
gence issues and to applying specific algorithms
to important problems from actual practice.
Subjects:

- Adaptive grid methods

- Three-dimensional transport problems

- Parallel initial-value-problem algorithms

- Algorithms for atmospheric low problems
Programme leaders: P.J. van der Houwen, J.G.
Verwer

Boundary-value problems, multigrid and de-

fect correction

The design, analysis and implementation of

methods for the numerical approximation of solu-

tions of problems described by ordinary or (ellip-

tic and hyperbolic) partial differential equations,

as arise in, e.g., structural mechanics, Quid dy-

namics and chemistry. The research focuses on

defect correction and multigrid techniques. Ap-

plications include: optimization problems; and

the compressible Navier-Stokes equations, in par-

ticular in relation with aerodynamics.

Subjects:

- The analysis ol defect correction and adaptive
techniques for convection-diffusion problems

- Application of multigrid techniques to fluid dy-
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namics problems

- Singular perturbatian problems

- Parameter identification in ordinary differential
equations

Programme leader: P.W. Hemker

Large-scale computing

Research into general aspects of implementa-

tion of mathematical and numerical algorithms

for modern (massively) parallel architectures. In

particular, iterative methods for extremal cigen-

values of large sparse matrices (with applications

in magnetohydrodynamics) and algorithms for

number-theoretical problems with a numerical

component (with applications in data protection)

are investigated.

Subjects:

- Parallel numerical algorithms and tools for their
implementation on parallel systems

- Computational number theory

Programme leader: H.J.J. te Riele

Software Technology

Semantics

Investigation of theory and applications of pro-

gramming language semantics, in particular:

the study of a category-theoretic perspective on

the various domains employed in semantic mod-

clling, with extensions of the metric methodology

as developed by the Amsterdam Concurrency

Group over the past decade; applications to con-

current programming, emphasizing imperative,

logic and object-oriented programming; program

refinement, state and predicate transformer se-

mantics,

Subjects:

- Research and Education in Concurrent Systems
(REX)

- Non-well-founded sets and semantics of pro-
gramming languages

- Mathematical structures in concurrency seman-
tics (Science-MASK)

- Foundations and applications of semantics

- Program refinement, predicate transformer and
state transformer semantics

Programme leader: J.W. de Bakker

Concurrency and real-time systems
Research into software engineering, in partic-
ular the discovery of technically sound meth-
ods of specification , design and verification of



distributed and concurrent computer systems,

The emphasis is on the theory of concurrent pro-

cesses, process algebras, structural operational

semantics, temporal and modal logics, and cor-
rectness of real-time and distributed systems.

Subjeets:

- Specification and Programming Environment
for Communications Software (RACE-SPECS)

- Broadband Object-Oriented Service Technology
(RACE-BOOST)

- Calculi and Algebras of Concurrency: Exten-
sions, Tools and Applications (ESPRIT BRA-
CONCUR II)

- Real-time specification and programming

Programme leader: FW. Vaandrager

Extensible programming environments

Incremental generation of type checkers and eval-

uators from formal static and dynamic semantics

definitions. Generation of incremental program-

ming environments from formal language def-

initions. Generation of compilers for parallel

computers.

Subjects:

- Incremental program generation

- Generation of interactive programming environ-
ments

- Compiler generation for parallel machines
(ESPRIT-COMPARE)

Programme leader: P. Klint

Algebraic and syntactic methods

Foundational research directed primarily, but

not exclusively to term rewriting systems. The

emphasis is on the study of oriented equational

axiom systems, enabling rigorous consistency

proofs and - in principle - executability of concur-

rent caleuli, and on term graph rewriting.

Subjects:

- CONcurrency and Functions: Evaluation and
Reduction (ESPRIT BRA-CONFER)

- Extensions of orthogonal rewrile systems — syn-
tactic properties

- SEMAntics and pragmatics of generalised
GRAPH rewriting (ESPRIT BRA working
group SEMAGRAPH)

Programme leader: 1.W. Klop

Logic and language

The study of various correctness properties of
logic programming and PROLOG, and the re-
lation between logic programming and non-
monotonic reasoning, addressing both proof the-

CWIl RESEARCH PROGRAMMES

oretical and semantic issues. Furthermore, the

study of topics in natural language analysis from

a formal point of view, inspired by the analysis of

programming languages.

Subjects:

- Logic programming and non-monotonic reason-
ing

- Formal aspects of PROLOG and logic program-
ming (ESPRIT BRA-COMPULOG 1)

- Structural and semantic parallels in natural lan-
guages and programming languages

- Non-monotonic reasoning and semantics of nat-
ural language

Programme leader: K.R. Apt

Algorithmics & Architecture

Algorithms and complexity

Study and design of algorithms for non-
conventional computer networks and distributed
information systems, covering the design, con-
struction and use of hardware, as well as appli-
cations. In particular, realistic models for multi-
computers, design and analysis of algorithms
suitable for distributed computations, and funda-
mental research in computational complexity the-
ory and Kolmogorov complexity. Computational
Learning theory and applications to artificial neu-
ral networks and genetic algorithms — Computing
by Multiple Agents.

Subjects:

- Distributed algorithms

- Machine learning

Programme leader: PM.B. Vitdnyi

Cryptography

The research concerns all aspects of cryptology

related to information security. This involves the

construction and analysis of eryptographic pro-

tocols and their underlying algorithms, and the

mathematical proofs of their soundness and reli-

ability. Emphasis is placed on protection of indi-

vidual privacy in protocols for the transmission of

messages, payment systems, and their treatment

of personal data by various organizations.

Subjects:

- Public-key cryptography

- Specification of eryptographic protocols

- Conditional Access For Europe (ESPRIT-
CAFE)

Programme leader: R.A. Hirschfeld
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Constructive algorithmics

Development of concepts, notations, formalisms

and methods for deriving algorithms from a spec-

ification. The issues investigated include the

unification of specification formalisms and for-

malisms for denoting algorithms, and the devel-

opment of specialized theories for aspects of in-

teroperable systems.

Subjects:

- A generie editor based on the TAXATA user
model

- Interoperable systems

Programme leader: L.G.L.T. Meertens

Databases

Research on database design theory and effective

architectures for advanced database management

systems. In particular, those issues stemming

from requirements posed by information systems

- found in, ¢.g., office, (financial) trading and sci-

entific environments - which are distributed over

time and location, where the data organization

and the applications change frequently, and where

the content of the database is only guaranteed to

be locally consistent. The focus is on novel ar-

chitectures to exploit the potential parallelism of

database management in large-scale processor

systems and the theory for active database sys-

tems.

Subjects:

- Object-oriented database platforms

- Design theory for active databases

- A performance assessment toolkit (ESPRIT-
Pythagoras)

Programme leader: M.L. Kersien

Interactive Systems

Computer graphics

Research on computer graphics, visualization and
image processing with a strong commitment o
approaching these areas from a Human-Compuler
Interaction point of view. The research covers
application-driven exploitation of fundamental
techniques. Solutions range from developing
new algorithms to specifying new architectures
including custom VLSI systems. The research
on visualization involves a study of novel tech-
niques, by means of which an end user can incre-
mentally build a graphical interface to an ongoing
simulation for interactive control of numerical
simulations.
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Subjects:

- Scene analysis (priorities, quality factors and
collision detection)

- Adaptive image synthesis (quality-speed trade-
off)

- Multi-resolution image coding based on
wavelels

- Computational Steering (navigation, logging,
monitoring, presentation and constraint specifi-
cation)

Programme leader: A.A.M. Kuijk

Interaction and parallelism

On the basis of a previously developed powerful
parallel programming facihity (MANIFOLD),
various experiments are underway, including
visual programming, complex user interfaces,
parallel control structures and parallel object
bases. Further points of attention include the
maintainance, extension and distribution of the
experimental bases, and the development of soft-
ware engineering methods for parallel software.
Subjects:

- MANIFOLD - language and systems

- MANIFOLD - cases

Programme leader: F Arbab

Interaction and multimedia

Development of the object-oriented bases for

multimedia software engineering methods, with

inclusion of object parallelism, constraints and a

time dimension. Further rescarch topics concern

interaction handling, time-based constraints, uni-

form image manipulation and multimedia com-

pound composition.

Subjects:

- Multimedia fundamentals (ESPRIT-MADE)

- Multimedia systems (ESPRIT-MADE)

- FERSA (Facial Expression Recognition as a
driver for ip-Synchronous Animation)

Programme leaders: PJ.W. ten Hagen, 1. Her-

man, P.A. Griffin

Computer Systems & Telematics

Multimedia kernel systems

Study of a small number of fundamental prob-
lems associated with the systems-level support
for multimedia data manipulation, viz. dis-
tributed multimedia. It concerns the definition,
manipulation and support of multimedia data
across collections of computers in a cooperative



manner. Research issues include: the specifi-

cation of multimedia presentations in a trans-

portable, multi-machine environment; the defini-

tion of hyper-information links into data; proto-

col rules for machine-machine and interpersonal

multimedia communication; distributed resource

allocation algorithms,

Subjects:

- Transportable multimedia document specifica-
tions

- CWI1 Multimedia Interchange Format (CMIF)

- Dynamic, hyper-structured multimedia docu-
ment generation

- MAnagement Games Utilities Support (MA-
GUS)

- Multimedia distributed operating systems

- Multimedia CoProcessor (MmCP)

Programme leader: D.C.A. Bulterman

Multidisciplinary Programmes

Mathematics & the Environment

This programme combines all CWTI research

groups with applications to the environmental

sciences.

Subjects:

- Mathematical techniques for the study of the
population biology of infections

- System identification of compartmental sys-
tems - a mathematical tool in public health and

CWIl RESEARCH PROGRAMMES

environmental protection

- Analysis of bootstrap resampling schemes, with
applications to environmental data sets

- Statistics and oil pollution in the North Sea

- Mathematical modelling of global transport
and chemistry of trace constituents in the tropo-
sphere

- Algorithms for air pollution models used in
smog-prediction

- Parallel solution techniques for a 31 coupled
shallow-water/transport model

Programme leader: J.G. Verwer

Multimedia

Study of the coordinated use of various informa-
tion streams within a computing system, seeking
ways to support the capture, transfer and stor-
age of potentially vast amounts of information
across appropriate user, system and device inter-
faces. The goal is to share results obtained from
complementary research activities, which span a
wide range of interests from user interface sys-
lems Lo operating system support, from database
maodels to network protocols, and from data mod-
els for images to data models for sound.
Subjects:

- Aspects of the definition

- Manipulation

- Presentation of multimedia data

Programme leader: D.C.A. Bulterman

49



INTERNATIONAL AND NATIONAL

PROGRAMMES

This chapter summarizes the major national and
international projects in which CWT participates.
While participation in European research projects
(e.g. ESPRIT) remained on the same level in
1993, participation in European research net-
works and national projects increased substan-
tally.

The following data are given for cach project:
- title,

- period,

- cooperation with other institutes,

- special role of CWT (if any),

- CWI project leader(s).

European Programmes
ESPRIT

GIPETI (2177): Generation of Interactive
Programming Environments

January 1989 - January 1994

SEMA METRA Group SA, Bull SA, INRIA,
Technische Hochschule Darmstadt, PTT Re-
search, Planet SA, GIPSI SA, Univ. Amsterdam,
PELAB

P. Klint

COMPARE (5399): Compiler Generation for
Parallel Machines

January 1991 - January 1995

Ace BV, STERTA, GMD, INRIA, Harlequin Ltd,
Univ. Saarland

P. Klint

MADE (6307): Multimedia Application De-
velopment Environment

May 1992 - June 1995

Bull SA, SNI, Iselqui, British Aerospace, INESC,
Gipsi SA, ESI, Barclays Bank. NR, FhG-1A0,
INRIA

P.J.W.ten Hagen

PEPS (6942): Performance Evaluation of Par-
allel Systems
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July 1992 - July 1995

Thomson Sintra, Intecs Sistemi, Simulog, Univ,
of Warwick, NPL (UK), AFNOR (France), CNR
(Italy), PTB (Germany)

1. Kok

CAFE (7023): Conditional Access for Europe
December 1992 - December 1995

Digicash, PTT, Cardware, Gemplus, SEPT,
Ingenico, SINTEF-Delab, Institut fiir Sozial-
forschung Frankfurt, Institut fiir Informatik
Hildesheim, Siemens, Universities of Leuven and
Aarhus

Coordinator

R.A. Hirschfeld

PYTHAGORAS (7091): Performance Qual-
ity Assessment of Advanced Database Systems
May 1992 - May 1995

ICL, Bull SA, Heriot-Watt Univ., CCIP, Infosys,
IFATEC

Coordinator

M.L. Kersten

ESPRIT Basic Research

SEMAGRAPH II (6345)

October 1992 - October 1995

Univ. East Anglia, ECRC GmbH, Univ. Rennes,
Univ. Nijmegen, Impenal College

LW, Klop

CONFER (6454): Concurrency and Func-
tions: Evaluation and Reduction

September 1992 - September 1995

INRIA Rocquencourt, ECRC GmbH, Univ.
Edinburgh, CNRS-ENS, Imperial College,
INRIA Sophia Antipolis, Univ. Pisa, SICS
JW. Klop

COMPULOG II (6810): Formal Aspects of
Prolog and Logic Programming

August 1992 - August 1995

Univ. Leuven, ECRC GmbH, RWTH Aachen,



INTERNATIONAL AND NATIONAL

Univ. Saarland, Univ. Pisa, Univ. Rome (La
Sapienza), Univ. Rome (Tor Vergata), UNINOVA
Lisbon, Univ. Uppsala, Imperial College, Univer-
sities of Bristol, Edinburgh and Aix-Marscille 11
Coordinator

K.R. Apt

CONCUR 2 (7T166): Calculi and Algebras of
Concurrency: Extensions, Tools and Applica-
tions

September 1992 - September 1995

Universities of Eindhoven, Aalborg, Edinburgh,
Sussex and Oxford, INRIA, SICS, INPG, Sharp,
Chalmers Univ., ECRC

E'W. Vaandrager

QMIPS (7269): Quantitative Modelling In
Parallel Systems

October 1992 - October 1995

Univ. René Descartes LAA, Univ. Erlangen-
Niirnberg, Univ. Torino, Imperial College, Univ.
Newcastle, INRIA Sophia Antipolis

0.J. Boxma

NeuroCOLT (8556): Neural and Computa-
tional Learning

Royal Holloway and Bedford New College,
Univ. Mons, Rheinisch-Westfilische Tech.
Hochschule, Univ. Pompeu Fabra, Techn, Univ.
Graz, London School of Economics, Helsingin
Yuopisto, Lab. de I'Informatique du Paral-
lelisme, Univ. Milan

PM.B. Vitinyi

BRITE/EURAM

AERO II (AER2-CT92-0040): Solution
adaptive Navier-Stokes solvers using multidimen-
sional upwind schemes and multigrid accelera-
tion

January 1993 - January 1996

Von Karman Institute for Fluid Dynamics, Free
Univ. Brussels, Politecnico di Bari, Technical
Univ. Denmark, Royal Institute of Technology,
Dornier Deutsche Aerospace, Fokker

Aircraft B.V., Aerospatiale, British Aerospace,
Dassault Aviation

P.W. Hemker

PROGRAM MES

DRIVE

DYNA (V2036): A Dynamic traffic model for
real-time applications

January 1992 - January 1995

Hague Consulting Group, CSST, Univ. Naples,
Elasis, RWS, Univ. Lancaster, Univ. Libre Brux-
elles, Univ. Delft

J.H. van Schuppen

MAST Marine Science and Technology

NOWESP: North-West European Shelf Pro-
STAMIMEe

September 1993 - September 1996

RWS, Institut fiir Meereskunde, Univ. Leuven,
NIOZ, Proudman Oceanographic Laboratory
Bridston, Sir Allister Hardy Foundation for
Ocean Science, Institute of Marine Research,
Inst. fiir Ostseeforschung, Delft Hydraulics,
BSH, IfBM, IFREMER, MUMM, Univ, Delft,
Trinity College, Universitics of Bordeaux and
Liverpool

P.J. van der Houwen

RACE

BOOST (2076): Broadband Object-Oriented
Service Technology

January 1992 - January 1995

MARI Computer Systems Lid, [PSYS Software
Ple, Bull S.A., Société Francais de Genie Logiciel
S.A., GIE Emeraude, Detecon Technisches Zen-
trum, Intrasoft 5.A., Telefonica. Intecs Sistemi
Spa, Standard Elektrik Lorenz AG, Alcatel SEL,
Centro de Estudos de Telecomunicagoes, Univ.
College of Wales, Universities ol Athens and
Aveiro

F.W. Vaandrager

Libraries Programme

RIDDLE(1038): Rapid Information Display
and Dissemination in a Library Environment
February 1993 - October 1994

Longman Cartermill Ltd, Rutherford Appleton
Laboratory

F.A. Roos
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SCIENCE

Evolutionary Systems: Deterministic and
Stochastic Evolution Equations, Control Theory,
and Mathematical Biology (CT90-0464)

March 1990 - March 1993

Universities of Tiibingen, Besancon, Graz, Mons
and Zurich, Scuola Normale Superiore Pisa

O. Diekmann

Algorithmic Approaches to Large and Complex
Combinatorial Optimization Problems (CT91-
0620)

October 1990 - October 1993

Universities of Leuven, Augsburg, Grenoble
(Univ. Joseph Fourier) and Valencia, CNR Rome
AL Schrijver

MASK: Mathematical Structures in Semantics
for Concurrency (CT92-0776)

September 1, 1992 - September 1, 1995

Univ. Pisa, CNRS/INRIA, Universities of Udine,
Mannheim and Koblenz

Coordinator

LJMM. Rutten/].W. de Bakker

System Identification: Modeling, Realization
and Parameter Estimation for Problems ol Engi-
neering, Economics and Environmental Science
July 1992 - June 1995

Univ. Groningen, Technical Univ. Wien, Univ.
Leuven, INRIA, Univ. Rennes I, Univ. Cam-
bridge. LADSEB-CNR, Linkoping Univ.

CWI participates through the Systems & Control
Theory Network of Univ. Groningen, seat of the
coordinator

J.H. van Schuppen

Human Capital and Mobility Networks

EXPRESS: Expressivenes of languages for
concurrency (CTY3-0406)

1994-1997

Free Univ. Amsterdam, SICS, Univ. Genova,
Univ. Rome (La Sapienza), Univ. Hildesheim,
Univ. Amsterdam, INRIA, GMD, Univ. Sussex
Coordinator

F.W. Vaandrager

Statistical inference for stochastic processes

(CT92-0078)
1993 - 1996
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Universities of Paris V1, Berlin, Aarhus and
Freiburg, INRIA
K.O. Dzhaparidze

EUROFOCS: European institute in the logical
foundations of computer science (CT93-0081)
1994-1996

Univ. Edinburgh, INRIA, Universities of Pisa
and Cambridge, ENS

1.W. de Bakker

The equations of fluid mechanics and related top-
ics (CTY3-0407) |
1994-1996

CMAP, Univ. Paris VI, IX, XIII, Univ. Pisa, |
Univ. Ferrara, Univ. Nantes, IST (Lisbon), Uni-
versities of Trento, Pavia, Grenoble, Coimbra,
London and Valladolid

1.G. Verwer

Algebraic combinatorics (CT93-0400)
1993-1996

Univ. Magdeburg, KTH Stockholm, Univ. Pe-
rugia, Univ. Cagliari, Univ. Bielefeld, Univ.
Strashourg, Univ. Bayreuth, Univ. Vienna, Univ.
Paris VI, Univ. College of Wales, Universities of
Copenhagen, Erlangen and Bordeaux I, Konrad
Zuse Inst.

M.AA. van Leeuwen

DONET: Discrete optimization and applications
(CT93-0090) |
1993-1996

Univ. Joseph Fourier, ZOR Bonn, Univ. Oxford
A. Schrijver

ERCIM computer graphics network (CT93-0085)
1993-1996
P.J.W. ten Hagen

ERCIM advanced databases technology network

1994-1997
M.L. Kersten

Luropean Science Foundation Networks

Dynamics of complex systems in biosciences
0. Dickmann

Highly structured stochastic systems
Al Baddeley



INTERNATIONAL AND MNMATIONAL PROGRAM MES

National Programmes

SION (Netherlands Foundation for Compuier
Setence)

Incremental program generators
1990-1995
P. Klint

Mathematical morphology in hierarchical graph
representations of images

1990-1994

Inst. voor Zinwigfysiologie TNO, Univ. Am-
sterdam

H.JLAM. Heijmans

Design implementation and application of a
transparant distributed computing system
1990-1994

Univ. Twente

M.L. Kersten

Nonwellfounded sets and semantics of program-
ming languages

1991-1995

JJL.M.M. Rutten

Extensions of orthogonal rewrite systems - syn-
lactic propertics

1992-1995

LW. Klop

Computational Learning Theory
1992-1996
EM.B. Vitinyi

MathViews - Functional and architectural aspects
of mathematical objects in an Integrated System
1992-1996

AM. Cohen

Logic programming and non-monotonic reason-
ing

1992-1996

K.R. Apt

Specification of cryptographic protocols
1993-1997
R.A. Hirschfeld

Themes for collaboration in mathematics and
compuler science

1993-1997

Universities of Nijmegen and Eindhoven
H.P. Barendregt, J.W. Klop. M. Hazewinkel,
A.M. Cohen

Design theory for autonomous databases
1993-1997
A.PIM. Siches

Incremental parser generation and disambigua-
tion in context

1993-1997

Univ. Amsterdam

DN, van Eijck

MDL Neurocomputing
1993-1998
P.ML.B. Vitinyi

Equational term graph rewriting
1994-1996
1.W. Klop

Generic tools for program analysis and optimiza-
tion

1994-1998

P. Klint

Checking verification of concurrent systems with
type theory tools

1994-1996

Univ. Utrecht

F.W. Vaandrager

Constraints in object-oriented interactive graphics
1994-1998

Univ. Eindhoven

P.J.W. ten Hagen

Higher-order and object-oriented processes
(HOOP)

1994-1999

Universities of Eindhoven and Leiden

J.W. de Bakker

MAGNUM, Database technology for multimedia
information systems

1994-1998

Universities of Twente and Amsterdam

M.L. Kersten
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INTERNATIONAL

1993-1996
Univ. Eindhoven
AM. Cohen, L.G.L.T. Mcertens

PBTS ( Programmatische Bedrijfsgerichte Tech-
nologie Stimulering)

MAGUS: Management Games Utilities Support
January 1992 - December 1993

Lasermedia B.V., Open Univ.

[D.C.A. Bulterman

FERSA: Facial Expression Recognition as a
driver for lip-Synchronous Animation
January 1992 - December 1993

AND NATIONAL PROGRAM MES

Valkieser Groep
P.J.W. ten Hagen

Cray Research Granis

Cray Y-MP4 software for a three dimensional
transport model for shallow seas

February 1993 - February 1994

P.J. van der Houwen

MNumerical simulation of brine flow lor predicting
the potential transport of radioactive pollutants.
The 3D case

February 1993 - February 1994

1.G. Verwer
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INTERNATIONAL

1993-1996
Univ. Eindhoven
AM. Cohen, L.G.L.T. Meertens

PRTS ( Programmatische Bedrijfsgerichie Tech-
nologie Stimulering)

MAGUS: Management Games Utilities Support
January 1992 - December 1993

Lasermedia B.V., Open Univ.

D.C.A. Bulterman

FERSA: Facial Expression Recognition as a
driver for lip-Synchronous Animation
January 1992 - December 1993

AND NATIONAL PROGRAMMES

Valkieser Groep
P.J.W. ten Hagen

Cray Research Grants

Cray Y-MP4 software for a three dimensional
transport model for shallow seas

February 1993 - February 1994

P.J. van der Houwen

MNumerical simulation of brine low [or predicting
the potential transport of radioactive pollutants.
The 3D case

February 1993 - February 1994

1.G. Verwer
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RESEARCH STAFF

Analysis, Algebra & Geometry

M. Hazewinkel (head of department)

M. van Biemond

A.E. Brouwer

AM. Cohen

Q. Dieckmann

M.S. Dijkhuizen

N. Elhoussif

F.C.A. Groen (advisor)
T.W. Hantke

N. van den Hijligenberg
R.A. Hirschfeld

R. Hoksbergen

W. Huyer

Operations Research, Statistics & System Theory

0.1, Boxma (head of department)

Al Baddeley

J. van den Berg

5.C. Borst

R.J. Boucherie

ALl Cabo

J. Coelho de Pina
J.W. Cohen (advisor)
M.B. Combé

J. de Does

F.A. van der Duyn Schouten
K.O. Dzhaparidze
AM.H. Gerards
E.D. Gill (advisor)
A. Gombani

Numerical Mathematics

ALA, de Koeijer

T.H. Koornwinder
Yu.A. Kuznetsov
AM.A. van Lecuwen
M.A.A. van Lecuwen
J. van de Lune

L.AJ Metz (advisor)
A.B. Olde Daalhuis
M. Roelofs

A.M. de Roos

LA Sanders

R. Sommeling

H.J.A M. Heijmans
R. Helmers

J.M. van den Hof

H. van der Holst
R.H.P. Janssen

G.M. Koole

M. Laurent

J.K. Lenstra {advisor)
M.N.M. van Lieshout
P. Nacken

AALE Overkamp
M.C.J. van Pul

A. Schrijver

LM, Schumacher

P.J. van der Houwen (head of department)

H. Boender

A. Boolen

P.W. Hemker
K.J.in "t Hout
R.-M. Huizing
W.H. Hundsdorfer
J. Kok

B. Koren

C.-H. Lai

M. van Loon

P.L. Montgomery
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Nguyen huu Cong
H.1.1. te Riele

B.P. Sommeijer
A. Stewart

W.J.H. Stortelder
1.J.B. de Swart
R.A. Trompert

A. Ualit

P. Wesseling (advisor)
W.A. van der Veen
J.G. Verwer

M. Temme

M. Verduyn Lunel
de Vries

0.J.M. Weber

N
S.
1.

programmers:
1. Faux
B. Lisser

J.H. van Schuppen
A.A. Stoorvogel
P.R. de Waal

P. Wartenhorst

programmers:
A.G. Steenbeek
R.. van der Horst

frainees:
FM. Kouwenhoven
R. van der Geest

Ch. Jonker

H.A. van der Vorst (advisor)

programmers:
J.G. Blom
C.T.H. Everaars
W.M. Lioen

M. Louter-Nool
D.T. Winter
PM. de Zecuw



Software Technology

1.W. de Bakker (head of department)

K.R. Apt
H.C.M. Bakker
H.P. Barendregt
D. Ben-Shalom
L.A. Bergstra (advisor)
M. Bonsangue
D. Bosscher

F. van Breugel
A. Bouali

C. Brovedani

G. Cepparello
A, van Deursen
T.B. Dinesh

5. Etalle

DN, van Eijck

Algorithmics & Architecture

T. Fernando

W.J. Fokkink

M. Gabbrielli

1. Ganzevoort
AV, Groenink

J. Heering

J.LET. Kamperman
P. Klint

JW. Klop

H.P. Korver

AS. Klusener

E. Marchiori

M. Marchiori
E.A. van der Meulen
W. Meyer Viol

M.L. Kersten (head of department)

J.EP. van den Akker
C.A. van den Berg
E.D.G. Boeve

5.A. Brands

D. Chaum

R.J.F. Cramer

N.T. Ferguson

R.A. Hirschfeld
J.-H. Hoepman

M. Holsheimer

J. Keller

F. Kwakkel

H.AN. van Maanen

Interactive Systems

L.G.L.T. Meertens
S.J. Mullender (advisor)
1. Pellenkoft

5. Pemberton

L.AM. Schoenmakers
A P.JM. Siebes

A, Takano

C.LE. Thieme

LT, Tromp

PM.B. Vitdnyi

M.H. van der Voort
0.J.M. Weber

PJ.W. ten Hagen (head of department)

F. Arbab

P.A. Griffin

M. Haindl

F.C. Heeman

I. Herman

JL.E.A. van Hintum
AAM. Kuijk

R. van Liere

1.D. Mulder

G.J. Reynolds

T. van Rij
J.C.A. Smit
D. Soede

P. Spilling
R.C. Veltkamp
J.J. van Wijk

programmers:
C.L. Blom
F.J. Burger

Computer Systems & Telematics

D.C.A. Bulterman (head of department)

L. Hardman
G. van Rossum

Progranmers:
A.J. Jansen

RESEARCH

. van Raamsdonk
J.LM.M. Rutlen
V. Stebletsova

F. Teusink

F. Tip

D. Turi

F.W. Vaandrager
F.-J. de Vries
H.R. Walters

H. Wiklicky

trainee:
L.M.F. Moonen

programmer;
E. van Dijk

frainees:

H.H. Ehrenburg
P.D. Griinwald

H. Jonker

J.H.W. Oudejans
R. Ronteltap

F.J. van Wingerde

M.A. Guravage
H. Noot
M.M. de Ruiter

trainees:

N.A. Aguirre
V. van Dijk

1. Diaz de Etura
JM.in "t Veld

K.5. Mullender
D.T. Winter

STAFF
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ADVISORY COMMITTEES CWI

Analysis, Algebra and Geometry Interactive Systems

G. van Dijk (RUL) F.W. Jansen (TUD)

M.A. Kaashoek (VUA) G.R. Joubert (TU, Clausthal,

E.J.N. Looijenga (UvA) Germany)

L.A. Peletier (RUL) F. Klok (Philips)

M. van der Put (RUG) W. Loeve (NLR)

E.G.F. Thomas (RUG) C.W.AM. Overveld (TUE)
H.I. Sips (TUD)

Operations Research, Statistics and

System Theory

R.D.Gill (RUUY

P. Groeneboom (TUD)

H.C. Tijms (VUA)

H.L. Trentelman (RUG)H

W.H.M. Zijm (um)

Numerical Mathematics

A.O.H. Axelsson (KUN)

M.N. Spijker (RUL)

H.A. van der Vorst (RUL

G.K. Verboom (WL, Delft)
T.M.M. Verheggen (KSLA)
Software Technology

J.J. van Amstel (Philips Natlab)
C. Hemerik (TUE)

H. Brinksma (UT)

H.J. van den Herik (RL)

J. Landsbergen [1X8)]

A. Ollongren (RUL)

W.P. Weijland (PTT, Groningen)

Algorithmics and Architecture

H. Brinksma (uT)

H.H. Eggenhuisen (Philips Natlab)
5.D. Swierstra (RUU)

L. Torenvliet (UvA)
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FOREIGN VISITORS

Analysis, Algebra and Geometry

W. Arendt (France)

R. Askey (USA)

W. van Assche (Belgium)
F. Buekenhout (Belgium)
C. Castillo Chavez (USA)
A, Champneys (UK)

E. Doedel (Canada)

A, Elashvili (Georgia)

B. Fiedler (Germany)

W. Govaerts (Belgium)

D. Greenhalgh (UK)

M. Gyllenberg (Sweden)
H. Hbid (Morocca)

Y. Iwasa (Japan)

D.S. Jones (UK)

V.N. Kalashnikov (Russia)
1. Knobloch (Germany)
H.P. Kraft (Switzerland)
S.A. Levitin (USA)

EW.J. Olver (USA)

R.B. Paris (UK)

P. Plechac (UK)

M.G. Roberts (New Zealand)
B. Sandstede (Germany)
A_ Strassherger (Poland)
1.-C. Tatjer (Spain)

H.R. Thieme (USA)

A. Vanderbauwhede (Belgium)
AA. Zhigljavsky (Russia)

Operations Research, Statistics, and

System Theory

V. Anantharam (USA)

G. Ayala (Spain)

A. Banaszuk (USA)

J.E. Besag (USA)

A. Bjorner (Sweden)

V. Blondel (Belgium)
M.L. Chaudhry (Canada)
Chen Han-Fu (P.R. China)
I. Ferréindiz (Spain)

S. Foss (Russia)

E. Jaeger (France)

L. Gerenesér (Hungary)

M. Jalobeanu (Romania)
V.N. Kalashnikov (Russia)
H. Kesten (USA)

A. Lawson (UK)

L. Lovisz (USA)

1. Lunze (Germany)

C. Maes (Belgium)

P. Malyshev (Ukraine)
5.1 Marcus (USA)

M. Miyazawa (Japan)
1.S. Molchanov (Ukraine)
R. Ober (USA)

E. Pemantle (USA)

J. Rosenthal (USA)

K. Rudie (USA)

A. Sebo (France)

E.D. Sontag (USA)

Y. Suhov (UK)

D. Towsley (USA)

Z.P. Tsigroshvili (Georgia)
W. Vervaat (France)

R.J. Williams (USA)
AM. Yaglom (USA)

Y. Yamamoto (Japan)

G. Yamazaki (Japan)

S. Yashkov (Russia)

Numerical Mathematics

G. Abdoulaev (Russia)
P. Albrecht (Germany)
N.S. Bakhvalov (Russia)
I. Buchmann (Germany)
M. Bull (UK)

G. Fairweather (USA)
B. van Leer (USA)

R. Lercier (France)

F. Morain (France)

0. Nevanlinna (Finland)
M. O’Neill (UK)

1.1 Quisquater (Belgium)
ALAL Samarskii (Russia)
G.1. Shishkin (Russia)

1. Sorenson (USA)

5. Vandewalle (Belgium)
L.N. Vaserstein (LJSA)
7. Zlatev (Denmark)
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Software Technology

H. Ait-Kaci (France)

F. Alessi (Ttaly)

Z. Ariola (USA)

E. Badouel (France)

C. Baier (Germany)

0. Bouchez (Belgium)
W. Buszkowski (Poland)
A. Corradini (Italy)

P. Darondeau (France)
M. Dezani (Italy)

A. Edalat (UK)

M. Fernandez (France)
J. Field (USA)

M. Forti {Italy)

L.A. Fredlund (Sweden)
P. Gastin (France)

P. Di Gianantonio (Italv)
M. Grosse-Rhode (Germany)
F. Honsell (ltaly)

N. Immerman (USA)

P Inverardi (Italy)

0. Istace (Belgium)
ASAL Jeffrey (UK)

A Joshi (USA)

G. Kahn (France)

M. Kanazawa (USA)
JL.R. Kennaway (UK)

7. Khasidashvili (Georgia)
M.7Z. Kwiatkowska (UK)
C. Laneve (France)

P Ladkin (USA)

A. Lecomte (France)

J. Lloyd (UK)

N.A. Lynch (USA)

M. Majster-Cederbaum (Germany)

5. Matthews (UK)

K. Meinke (UK)

M. Mislove (USA)

A Middeldorp (Japan)
P Mosses (Denmark)
M. Nivat (France)

D Nolte (Germany)

D. Pedreschi (ltaly)

M. Pentus (Russia)

W. Phoa (Australia)
K.V.S. Prasad (Sweden)
L. Priese {Germany)

E. Ristad (USA)

D. Sangiorgi (UK)

V. Sassone (Italy)

R. Sleep (UK)

M. Smyth (UK)

R. Statman (USA)

P. Suenderhauf (Germany)
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Z. Suraj (Poland)
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