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INTRODUCTION 

Strategy 
CWI \core '1ra1cgic ac11v11y in the rcpon year 

"a' 10 act on and rcali..c the principle' ..et do"'n 
in thr 19Q2 pnlit") tlocun\l•nl Ttm·nnl~ Nrw J.:11ui. 

libria: MOBIL/:.'. Thh document deals with 

CW I's position and pol1cie; vis-a-vis both na
tional and international dc•clopmems. Given the 

1x1>itionin g of CWI a' a fundamental rc,carch 

institute w ith a high public profile. applicabil-

ity of research and knowledge transfer is central 

10 CWI's strategic thin~ing. I lence. we increa,. 

1ngly ;eek 10 conduct our re..carch and related 

;.1ctivitie~ in coopcr.mon "11h other ac10~ in the 

rco;carch and dc\'elopment proce''· e.g .. applied 

rc..carch im titutc\. In the domc:.tic marketplace 

we arc inten,ifying acqui,ition of contract re
'carch project\. llere the large technological 
in>titute; can play an i mpor1:1111 role as imerfocc 

between fundamcnlal rc,carch nnd concrclc ap· 
plicmions. In the wider arena. back in 1988 CWI 

co-founded the European Rc\earch Consonium 

for lnfonnatic\ and M:nhcmatic; (ERCIM). No". 

hRCIM membc'"'h1p i' Jn mcrea.-;inj!ly \'aluahlc 

means to benefit from international programme' 

\uch as Human Capnal and Mobility (EU). the 

JNTAS suppon progr:1111me' for the fom1cr Soviet 

Republics. and . in the near future - Real World 
Cumputing (J:1pan) and ERCJM's own initiative. 

EDGE (European J)i,trihuted Generic Environ

ment). When defining the thru\I ofCWJ rc'earch 
\\.C ~lw ~111icip~Hc the European Union·\, Fourth 

l'mmework Progmmrnc. "hich ;, due to 'tan in 

I 99~. with a 'po..-cial C)C m "' topic' of infom1a-
1ion technolog) and ih gre•ller 'tre" on applica· 

11011' and clu,ter fomung. 

The objective; in MODI LE were funher de· 
tailed in SMC'>. plan for 1995-1999. which 

appeared in November 1993. Alongside its 
rci.earch institute CW I, SMC b also in charge 
of the Na1ional Acri' itic' in Mathematics pro

gramme (LAW) at Dutch univcr:.itie>. LAW i' 
financed by the l'<c1hcrl.111<h Organisation for 
Scientific Rc-carch ( ' WO). CW!'' research ac

'" 1ties are no" '>Cl out and fine-tuned in clo..c 
ha1>0n "ith LAW and. a' far a' the computer ,ci -
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cncc section is concerned. with the Netherland< 

Computer Science Rc..carch R>undation ISIO'>!. 

The decision to limit ;iod deepen CW I's strategi< 

tt~arch area ... , h;" led In conccn1ra11on on the 
following themes: 

· Computer a"htcd mathem:uic> 
• Biomathematic!-. and non·lincar dynamic~ 
• I IPCN (High Performance Computing & Net

work ing) 

- Rc>carch at the interface between optimal con-
trol and computer ..cicnce 

·Computer inten,hc mctho<h in stochastics 
- i\Jultiple comp1111ng agent\ 

• Fonnal method' in \Oft" are ll-chnolog) 
Data mining 
Multimedia 

Strategic joim-pmjcet alliance\ with counterpart 

rc>carch institute;, were among the vi;.ible indica· 

to,.,, of CWI', nc" couN! during the report year. 

Thew included the l111rnli•n11/i11ary Ce111re for 
Complex Comp111u Funhtie• . \mwenlam (IC3A J 

\\ nh Amsterdam Unl\cNI). and the Resean:/1 
111.Hlll//e for tire App/11·11111111• 1if Comp111er Al· 
11ebra (RIACA) with the Netherlands Computer 

Algcbm Foundation (CAN) and the Kurt Gtidcl 
School (formerl y RISC'-Li111. Austria). Simi l;ir 

link• were cstabli,hed with a number of national 

re'carch schoob. Uhtly. 1hc repon year ;aw the 

dc"clopmcnt of ,c,cr.al 1m1xlnant national ini1ia· 
ti•c~ in the field\ of llPC'N and \1PR (:vla"i'cly 

Parallel Computing)," uh CWI beinJ! a major 
contributor. \\c c<pcct that in 199-1 thco;c ini

tiathe:. will lead to concrete reM:arch project> 
in,oh ing CWI. 

National am! lutcrnatioual Prograu1111cs 

i\n imponanl pan ofC'W I re,carch is conducted 

wi1hin national and international programme,. 
More than 70 projcch were :l\•ardcd external fi. 
nancing in 1993. The mo't 'trik1ng dc\'elopmcni 

related to the SJO:-< founda11on. Reinforcement 

of link' \\;lh $ \JC \\ent bc)Ond the polic) lt"cl 
(SION already propo-e' three of the present I 2 



SMC Lrustet:s. and CW! computer science re
;earch policy is also discu,sed and agreed wilh 
S!ON); as from 1992. research financed by SJON 
has been open to proposals by CWI. This spcc
mcularly increased CWl"s p:trticipation in the 
foundation's projects. from 5 to 18 in 1993. Re
cent years have also seen NWO launch special 
programmes whereby research is organised on a 
larger scale th<ut in the pa~t: CWI is abn involved 
here. Alongside its significant par1icipaLion in 1he 
NWO programme Non-linear .S)".\'l(m1s, s1ar1ecl in 
1992, in 1993 CWI also commenced research 
as pan of two LAW programmes. Co111p111er
i111ensi"e Me1/wds in Swclws1ics and Alw>ri1/111tv 
in Algebra. There wm. t\ s1eady ri>e in CWI in
volvemcm in projecL~ of the Dutch Technical Sci
ences applicmions in 1992. Three STW project;; 
were awarded 10 CWI in 1992. namely Paramerer 
ldt•mificmion and Model Analysis for No11-/i11ear 
Dynamic Sys1en1s. Parallel Codes for Circuit 
Analysis a11d Cu111rol Engineering and ACELA 
(A lt'hitec//m' of" Cu111p111er Em'ironmelll for Lie 
Algebras). New appl ications were prepared in 
1993. 

Over 1he nex t several years. I IPCN/MPR will 
be an imporlant research area for CWl. This sub
ject melds pcrfcclly wi1 h cwr·s research pro· 
fi le; 1herc arc very many interesting fundamental 
problems here in both compu1er science and (nu
merical) ma1hcmatics. Fu11hennore. the muhi
disciplinary angle offers broad po1ential for coop
erative all iances. CWI complements its research 
activities by helping 10 build up a meaningful 
infrastruc1ure; the two aspects of thi s arc a net· 
work of researchers and a high-speed network for 
massive information exchange. Jn 1993 C Wl's 
active commitment was evidenced by panicipa
tion in a range of activi1ies such as preparations 
for the NWO Priority Programme, Massively Par
allel Co111p111i11g (due 10 starl in 1994). and the 
MPCN'93 European Conference, held in Am
sterdam in May. Another important milestone in 
spring 1993, was the set-up of IC3A. This joint 
initiat ive by CWI and Amsterdam University has 
since been formalised in a cooperative agrccmen1 
between lhc universi ty and NWO. In a further 
joinl activity, CWI and Ulrcchl University or
ganised a series of symposia entitled Mussiv<'iy 
Parallel Crm1p111i11g <~ Applicmin11s; the tirst three 
were held in lhe second half of 1993. CWl is also 
involved in worki ng out the nationa l HPCN pro
gramme. which the government is financing with 
revenues from Holland's natural gas fields. 

INTRODUCT I ON 

Fmther, CWI and a number of industrial part
ners submitted a research proposal to the Dutch 
Government, a.span of the Innovative Resca1·ch 
Programme (!OP) Di.Hrib111io11, Logistics and 
Transport. 

CW I's international acli vitics also progressed. 
The year under review was notable for successes 
in the fields of mobili1y and communica1ion. 
C W! - and in principle lhe entire Du1ch research 
communi1y • stands to benefit from ERCIM ini
tiatives; these include fellowships pan-funded by 
the European Un ion's Human Capital & Mobi li1y 
(HCM) programme. In add ition to being a di· 
rcct l'ccipienl of HCM grdnls for eight Science & 
Technology Networks, CWI also coord inates two 
SCIENCE progrnmmcs, namely System ldcnli
ficaLion and Mask (Ma1hcmatical Structures in 
Semantics for Concurrency). The year under re
view was also notable for the award of five PECO 
projecls. under the buropean Union's Cemral 
and bastem burope progranune. CWI has a long 
and broad track record in European research pro
grammes (see page 50). wilh ESPRIT featuring 
prominently. Jn 1992. the start of threc: new 
projects. Py1hagoras (databases). MADE (mul
timedia) and CAFE (electronic payment) sig
nificantly broadened C Wl's prcviou~ ESPRIT 
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S02 air pollution 
on the European 
scale, indicated in 
colour (h1gh~ow 
concentrations 
correspond to red· 
blue/. In a joint 
effort with RIVM, 
CWl's multi<liscipli· 
nary Mathematics & 
the Environment 
programme is 
developing new 
numerical algo
rithms for a Euro· 
pean smog.pred1C· 
lion model. 



rPnoto N3Uonal Solar 
Ob>etValOI)'. S.m .. 
rTlfnlO P•ak; CO(lffesy 

J P Goedbloed. FOM· 
rnst•Mc of Plasma
phy\ic:s. N1tu1\·egeinJ_ 

A flux loop m the solar 
corona, escaped from 
the photosphere. The 
study of macroscopic 
waves and mstab1/rt1es rn 
both tlrermo-nuclear 
conl1t1ement machmes 
(e.g. tokam.Jl<s! and ui 

astrophysical magnellC 
llux loops reQwres the 
large scale parallel com· 
pulat1on of internal 
eigenvalues of very 
large. sparse complex 
matnccs. In this 
research CW! 

partJcipales 111a101nt 
pro1ect of NWO's FOM 
Foundation and Utrecht 
University. The plot 
shows part of the inter· 
no/ Alfven spectrum of 
magnetohydrodynamic 
plasma waves. The 
arrows poont al fOUt 

eigenvalues computed 
with a new 1terat1ve shift 
method swtable for 
1mplementation on 
massively parallel 
computers. 

1c»carch focus on sof1warc technology. Ncu
roCOJ: r. a four1h new project added toward the 
end of 1993, involved an ESPRIT Basic Re
~carch working group for Neural and Compu
lational Leaming. ln,ohemcnt in programmes 
like RACE. BRITE and LIBRARIES also con
mbute' to CWI'> excellent po\ition in Europe. 

Knowledge transfer, central role 
Along;.idc pioneering re'eareh in mathematics 
and computer science. CWl's mi,~ion involves 

6 

elgenvaluo1 

the tr:m~fer of new kno" kdgc to the community 
at large and bu~ine,, and indl"t!) in particular. 
In recent yea"' CWI ha' \1Cad1ly reinforced the 
traditional knm' ledge 1rJ11'fer tool' like publi
cations. lectures and cour'c' hy m:iking contacts 
with polcnt ial stakeholde". nolahly in the busi
nc» community. Building on 1992'• ;ucccss. the 
'ccond CW/ i11 the Mar4et-plac<' pre,cntation day 
\\a' held m October. Par1icipanh heard and saw 
thi' year'> theme. Technology Tr:m,fer, elalx>
rntcd b) player; from the soft" are \CCtor. go,cm
mcnt. re,earch, and the Federation of Netherland> 
lndu,iry (respectively M.H. Slagmolcn of FENIT, 
P.A.J. Tindemans of the Science and Education 
mini~try, G. van Oortmcr"cn ofCWI, and 
A.H.G. Rinnooy Kan of VNOJ. CWI staff also 
gave paper> and dcmon,trntion' on their research 
"'or~. The •ucccss and statu\ of thi, CWI inilia
U\C i' e' idenced by lhe doubling of panicipams 
in 1993 to 120. Building on th" goo<hlart, we 
plan a \Cries of gathering' at which repre>cnta
llvc' of the , oft ware indu,try can pre;em their 
problems to the scientific team here at CWI. In 
addition, a special team ha' been tasked with 
knowledge transfer in the field of ,oft ware tech
nology: these activities further improved contact 
wilh potential users or research during 1993. 

The main ongoing contract project> in 1993 
concerned traffic and uan\port (mal'\halling 
rolling stock. queueing problems at intersections 
and cro"ings. and control problem\ on motor
ways). »Oflware verificmion for chip technology. 
advanced research into 3D 1ran>1>0rt models and 
co1l\Ltltution on miscellancou~ '1ali~rical subjects. 



Obviously. knowledge transfer via confer
ences. worksl1ops and courses cominued as major 
CWl activity. O ur researchers played a promi
nent role in four conference-type events during 
summer 1993. The first of these wa.~ a sympo
sium !O mark the end of 1he ICn year REX pro
grnmmc (Research and Education in Concurrent 
Systems). appropriately named REX - a Decade 
ufCmrcwnmcy (J.W. de Bakker). As with the 
previous six REX workshops, the proceedings 
were published in Springer Lecwrc Notes in 
Computer Science. TI1e other three summer 
conferences, respectively the 22nd, 4th and 5th 
editions. were SPA ·93 - Stochastic Processes and 
their Appliwtiom (A.J. Baddeley). EMG'93 -
European Multigrid Conference (P. W. I lemker) 
and Category 11zeory a11d Computer Scie11ce 
(F.-J. de Vries). All were held in Amsterdam. 
June 1993 was an undisputed peak period for 
CW!'s activities in stochas1ics. Hence. as pan 
of LAW's Stoch;1stics Theme Year. the SPA'93 
conference on stochastic processes was com
plememed by a series of l&tures on percolation 
theory at Utrecht University, Delft University of 
Technology and CW!. That same month. SMC 
started up special NWO-financed research into 
computer intensive methods in stochasties. CWI 
was also involved in the ERCIM course Partial 
Di}Jererrtial Equmio11s crnd Group Tlreo1y. and 
two more conferences. namely Typed Lombda 
Calculi and Applicminn<. and Tire Hi.<IDI)' of 
ALGOl68; the latter recalled CW!'s leading role 
in designing tl1is influential programmi11g lan
guage, a quarter century ago. One of the very 
First activities of SMC was the active transferred 
knowledge to secondary schools tl1roug.h a vaca
tion course for mathematics teachers. T he topic 
chosen for 1993 w<1s Tlie Real Number. 

Alongside many articles in periodicals and 
conference repons. CWI researchers also wrote 
or jointly produced several books, induding: 

- Co111p1tter Algebra in /11d11.<1ry - Prublem Solv
irrg ill Practice (A.M. Cohen, ed itor) 

- Wavelets - cm £/e111e111ary Treatme111 of1'11eol)• 
and Application.< (T.H. Koornwinder) 

-Arr /111ror/11c1io11 10 Kolmogorm· Comvlexity llnd 
its ApplicatiOIJS (P.M.B. Vitanyi & M_ Li) 

- Morplrological Image Operators (H.J .A.M. 
Heijmans, to be published in 1994) 

- Topological Dynllmic1 (J. de Vries). 

Another imponam aspect of our knowledge trans-

INT ROD U CT I ON 

fer work is the nunuring of a pool of .<cien1ific 
talem ror 1hc community al 1~1rgc. LAW projects 
are one aspect of SM Cs close li nks with the aca
demic community. Further evidence comes from 
the la rge numbers of CW! rc,e<1rchcrs with part
timc professorships. and the 2 1 Ph.D.s granted to 
younger SMC research staff in 1993. 8 at CWI. 
and 13 within the framework of LAW. 

Other resear ch 
Not all CW! research came under the umbrella of 
the programmes and topics outlined above. The 
select ion below gives a good idea of depth and 
breadth of our work. 

Symbt'1/ic ma11ipulatio11 
CWI has live research projects into various as
pects of symbolic manipulation: 

Mancl1c.<1cr coding of birnring I IOI 0011 

CO player 110010 11 

Cassette rt:corder 

Tuner 

Amplifier I IOHXl l l 
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fully fledged corn. 
puter networks are 
standard features in 
today's cons1H11er 
electronics, like this 
Philips 900 audio 
system. CWI has 
proved the correct· 
ness of part of the 
E:asylink real-bme 
protocol used for 
the system's inter
communication. 



• Uniform "''Y' of manipula1ion "i1h 1m11hemat· 
ical and non- mathematical expres-ions on a 
~-ompu1cr (SION project Ma1hVic'"); 

• An:hi1cclurc of a computer environment for Lie 
:ilgeb1w. <STW project ACEL,~); 

• lnle rface• and linkage between co111pu1cr alge· 
bru, a1110111a1ic proof 1hcory and 1e r111 rewri1c 
'Y'lcnh (S ION/SMC joinl projcc1 W INST); 

• A knowledge package for linl. an d knot invari
anh ba-cd on Hopf algebm" (SMC Special Al· 
1cn1ion Area AIDA -Algori1hm' in Algebra); 

• lnterac1i'e \Cr,ion, of large 111a1hematical 
l.nowlcdge package~. e.g .. the EnC)Clopaedia of 
Ma1hematics (KAP, 1988- 1994) and the I land
book of A lgebra (Elsevie r. 199-l- ... ) (Chai1 & 
Wch o f Ma1he mlllics). 

CWI i' al~o involved in the ac1ivi1ie, of CAN and 
RIACA 

Dy1wmir Sys1ems lAborawry 
CWI hrn.1s and runs the Dynamic SyMcnh Lab· 
onuory. This meld> knowledge and compu1er 
faci lities into an interdisci1>linury centre for ser
vices and research focused on non-linear systems. 
Activilic' in 1993 included lhc po~i 1ioningof 
worl.,1a1ion-. :11 a number of univer;itie\, provi
,ion of ~pecial >Of1"-.m: package' and the recep
tion of gue,1 researcher.. m CWI 

F.pidrmiolo1:y 
Modcb developed by CWI were used by the 
Ncthc l'lands Central Veterinary l1i.1i1u1c in 
Lclystad 10 deal w ith the s pread o f disease in 
pig,. Now 1hi> joint ctTon i!, to be f'ollowed up 
with simi lar re;,earch into epidemic~ among the 
>eal population around Holl<md'' Nonh Sea Is
land\. 

Opert11io11s research. sra1i.rtic•, <\'</em theory 
After a ;,ho11 lul l, contract and con~uhation ac
tivitic• grew apace in 1993. T he muin areas in 
volved were traffic & transportot ion and >latis
lic>. The effons devoted 10 the trnining o f young 
rc,earchcr' in the pa>t ;cvcrnl year' produced 
a crop of three Ph.D., in 1993 (M.C.J. van Pul: 
Statistical Analysis of Software Reliability Mod· 
eh; B. Veltman: Multiprocessor Scheduling with 
Communication Delay>: and P. Wancnhor;;t: Per
fonnancc Analysis of Repairable SY'lcms). A 
fu11hcr >ix arc expected next year. three in the lm
:igc A na lysis group. 
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Pcm 1::11rupet1n 1111merirnl relet1rrh 
CWI "acu'e m numencal ma1hema1ic;; re<oearch 
pro;ccl~ aero~;; a broad European front. The re
pon yc:ir 'a"' the >1an of rc'carch activilie;; as 
part of four different Euro1>ean programmes: 
PEPS Performance Evaluation of Paralle l Sys
tcon- (ESPRIT). AERO II - Solu1 io n ad:tptivc 
Navicr-Stokcs solver. u:.ing multidimens ional 
upwind 'chcmes and multigrid uccclcra1ion 
(l:lRITE/EURAM). NOWESP Nonh-Wcst Eu· 
ropcan Shelf Programme (MAST). and Equation> 
of Huid Mechanics and Related Topic;; (I ICM ). 

Ma1/1e111a1ics and the £1111i1Ym111e111 
Th i ~ mulii-disciplinary project got up full s team 
in 1993. CWl's involvement i' purlly o n a con
tr:1c1 basis. We work jointly with a number of 
leading Dutch hoclies: the ln,1i1u1c of Public 
Health and Environmental Pro1ec1ion. the Pub
hc Works depanment, the Ccn1ral Veterinary ln
s111ute, the Royal Meteorological Institute, Delft 
l lydr:1ulics, the lnformatic> Ccmre for Infras
tructure and the Environment. Utrecht Univer
sily and Delfi University of'li.:chnology. The 
rc>can:h covers a broad mnge of d isciplines in
cluding bio ma1hcma1ic>. syMcm 1hcory. statistics. 
numerical mathcmatic' and algori1hmics (high 
performance computing and computational fluid 
dynamic• in panicular). 

Pro1.:rw11mi11R e11viro11me11ts 
G IPE came 10 an end in 1993: the inilials stand 
for Generation of lntcracli\•e Programming En
viro11mcn1s. CWI and six Europenn partners had 
been involved in this ESPRIT project for a lmost 
1cn years. Work is prcscn1 ly undcrway on deiail
ing the meta·cnvironmcnl for interactive develop
ment of programming langm1gc> and application 
language' which aro:.c during the period of GIPE. 

na1aMi11i11g 
U'ing only the routine managcmc111 'Y>lcms. 
it cnn be d iffic ull to retrieve ..ira1egic infonna
tion he ld in modern dawbascs. To 1his e nd CWI 
has commenced research into d:11a mining tech
nique': thi> work combine' clcmclll'> of database 
theory. s1a1is1ics and learning machine-.. 

Soft11•t1re specijica1io11 and 1·ertj11·t11w11 
CWJ re'earchcrs actively ;eck meaningful tech
nique• 10 specify and 'crify prognum for dis
tributed and concurre nt co111pu1cr systems. Most 
of this work comes under the l~uropcan Union's 



ESPRIT and RACE programmes. The 1ech-
11iqucs arc based on process algebras (an area 
where CWI has made irnporwn1 theoretical con
iribULions), and also increasingly on program in
variants Uoin1ly wi1 h MTTJ. The expansion of 
these 1echniqucs in10 rea l-1ime systems is now 
bringing industrial :ipplicmi<>ns within rcuch {uu
dio equ ipment. proces, comrollers. e1c.). 

CAFE 
CWJ coordin;tlcs 1his ESPRIT projec1. The ob
jective of CAPE (Conditiom1l Access fo r Europe) 
is to give Europe an open and secure clcc1 ronic 
payment system, with potential for expansion 
including the use of personal attributes like pass
ports and house keys. The 'ystem will be based 
on publ ic-key cryptographic techniques. As 
planned, 1hc firs! year was main ly devoted to sys
tem design and consumer surveys. 

Fracas 
The EU', Li ngu istic Research and Engineering 
(LREJ programme contributes to the solution of 
language problems within the European Union 
via developmem of a b;isic language technology 
for computer t.lpplicati<Jnl), with natural language 
playing an essential role. S1ar1 ing in 1994. CWl's 
Logic and Language group will take part in 
LRE's FrnCaS project (a Framework for Com
putational Semanl ics). 

Multiple Comp11ti11g Age111s 
A priority area of CW! research is the study of 
cooperative paral lel processes to describe na1ural 

I N T RODUCTION 

Et·~H~!r·~CED 
i,;JAL.LE:T 

ITJB 
0 rn 0 
80 ~ 

~AF ~ 'Elifu:i•tdWalkt 

systems with an inherent paral lel character, like 
flow phenomena. Examrlc>. of such rrocc;.sc$ 
arc ce llular auLomat(.l , artificial neural network~, 

genet ic algorithms and autonomous databases. 
In 1993 this CWI research rc<.:civc<l a powerful 
boost wit h the award of no less than three SION 
projects, namely Computational Leaming The
ory. MOL Ncuro Computing and Dc$ign Theory 
for Autonomous Dat:ibases. 

Cm11p11tmional Steering 
Visualisation of doia is presently the subject of 
intensive development as an aid to scientific re
search. The focus at CWl is on 'computational 
steering' . a method which i111egrates input. simu
lation and vi,ualisation of output in a single sys-
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Two possible 
realisations of the 
electronic wallet 
under development 
in the ESPRIT pro· 
iect CAFE, coord~ 
nated byCWI. 

Data mining. 



tern; this makes for fast visibil ity of thccliccL on 
the outpul of changes in inpu1. A key concept 
here b ·navigation-. the planned r~alisation ofa 
go<1I. e.g. tinding a local maximum of a function. 
Thi• i' a joint project "ith the Dutch Energy Re· 
:-carch Jn;;iitutc ECN. 

MAD£ 
Euruix:an indust ry urgently nccth a uni form ap
proach to multimedia bn\i' >ul1ware. MADF. 
stand., for Muhirncdia Application Development 
Envil'(•nmcnt; re..earch in thl\ largc-,cak ESPRIT 
project i., directed toward> an object-oriented 
software basis for multimedia applications and 
the provision of programming tools for the users. 
MADE i' led by Grou1>e Dull of France. with 
CW! '" ih main partner. Bul l and CW! will 
joimly build the complete ;oftwarc basi> and 
provide the tools and technique.; for integrated 
multimedia objecl,. CWI i; al'o respon,ible for 
developing the basic object model and modelling 
the darnbasc inte1facc. 

MACUSIFERSA 
A pair of two-year project> financed by the Dutch 
Economics ministry as pan of it'> RTD pro
gr.mune PBTS were brought to a close in 1993. 
The.,c were MAGUS - Munngcment Games Uti l
ities Suwort Uointly with L$Crmedia 8 .V.). and 
FERSA Facial Expression Recognition as a 
driver for lip-Synchronou> Animation Uoimly 
with the Vall-ie>er Groep). FERSA is described 
in more detail in lhi> annual report. 

ERCIM 
In 1993 the European Re>earch Consortium fur 
lnfonm1tics anrl Math~mMir, (fiRCIM), could 
look bacl- with some satisfaction on its first live 
year> in operation. Set up in 1988 by GMO (Ger
many). INRIA (France) and CWI. membership 
of the co11'ortium rose to eleven with the admis
sion of AEDIMA (Spain ) and VTT (Fi nl&ncl) in 
1993. ERCIM prcsemly represents almost 5.000 
re,,earchers. making it " player to be reckoned 
with in the European research '>Cene. 

From it~ inception. ERCIM ha, promoted 
greater mobility for rc>curchers in Europe. 
ERCIM fellowship activitic,, b:tckcd by the Eu·,, 
Human Capital & Mobility (I ICM) programme. 
grow apace with new member>; eleven fellow
ship pluce' arc now available for the 1994/95 
round. In addition ECU 0.5 million in HCM 
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grams wem 10 a pair of ERCIM Networks on 
Computer Gruphics and Databases. ERCIM abo 
started up i" own internal mobi lity project. 

High Pcrfonnancc Computing & Network-
ing (HPCN)" a priority field for ERCIM. and 
in 1993 the con,onium responded 10 the Euro
pean Union\ Rubbia report on thi' Mtbject. Fur
chennorc. the Iii'> I of a series of an nual P.RCIM 
conferences dealt with the theme of Affordable 
Parallel Procc"ing (the next theme wil l he Elec
tronic Publbhing). This conli:rence led to the 
se1-up of an F.RCIM Parallel Prc>ec"ing Network, 
with panicipation of small and medium-si1cd 
cntcrpri;,es from across Europe. 

foin;dly, in 1993 ERCIM devoted consider
able time and effort to preparation for EDGE, a 
largc-~calc initiative co reali>e a diwibuted envi
ronment leading to Europe-wide availability of 
generic tcchnologic> in the fonn of IT tools for 
six sec1011>: the processing. foot\\car. electronic 
parts and automocive industries. and tourism and 
culture. 

Communication 
The burgeoning communication faccor in research 
and related activities is spurred by the faM pace 
of technical advances. CWI's early awareness i;, 
evidenced by a range of activitie' during 1993. 
Hence. the SMC library made good progress in 
electronic nccess. Three achievements by the li
brary were: realism ion of world-wide. on-line 
availability of a catalogue. and other information 
through Tel net. WWW and Gopher; the enabling 
of literature re>carch via CD-ROM (alongside 
the traditional 'earching of external databases); 
and use of ftp to obtain and 'upply i.cicntific re
pons In "' rlning th<.' library rc,pondcd 10 - and 
partly anticipated - recommendation\ by the gov
ernmental Ad\'i~ory Commiuee on Mathematics. 
The SMC hbral) also takes pan 111 the European 
Union·s RIDDLE project (Rapid ln fom1a1ion 
Display and Dissemination in a Library Environ
ment) and has nn ongoing involvement in dcvel
opmcnc of electronic periodicals. 

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



Whatever the con1rib111ions made by 1echnology. 
communic:1tion is still '' human activi1y. In a liv
ing. dynamic organisation like CWI this is somc
tl1ing none of us can afford 10 forge1. We are 

fortuna1c 10 have a Learn of· people here who are 

G. van Oortmerssen. Managing Director 

I NTRODUCTION 

aware of this and who make a deliberate shared 
contribution to the fine working atmosphere. In
deed. this is a prerequisite for excellen1 scien1i lic 
research. 

P.C. l3aayen. Scientific Director 
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ORGANIZATION 

CWI (Centre for Mathematic' and Computer Sci
ence) i' the rc,earch institute ot the 1-'oundation 
t>IJthcmatical Centre (SMC). \\hich \\3\ founded 
on I Ith 1-chruary 1946. SMC' opcr.1te\ within 
the :tu,pices of the Netherland' Org;mitation for 
Sc1en11fic Re\earch (NWO). the main \Ource of 
funding. 

The orgm1 i1at io nal stnicturc o r SMC and CWI 
is shown o n the opposite page. C'Wl"s mission is 
twofold: 

to pcrfonn frontier research in rnathcrnatic> and 
computer -.cicnce: 

- to tran\fcr new kno" ledge 111 thc,,c field, to so
ciety in general, and trade and industry in panic
ular. 
cwr, research is carried out in six scien-

tific dcpurtmcnls. There i' con, iclc111blc i111cr
depanrncmal collaboration. for ex:.unple in the 
ongoing multidisciplinary programmes Ma1he-
11w1in <~ 1he Em'iro11111e111 and M11//i111edia. Re
'earchel" at CWT are supponed by \tatc-of-thc-an 
computer facilitie" and a \\ell e<1uippcd library 
of nauonal imponance and. hcn<.-c. ideally pre
pMcd IO handle the dynamic and interdisciplinary 
demand'> of present day research. 

SMC' nbo fi nances Nationul Activities in 
Mmhcmaticl> at Dutch Universit ies. This re
'>carch i' organized in eight nationul working 
panic'> in the following field': 
- Numerical mathcmatic' 
- Stocha,tic mathematic> 
• Di\Cn:tc mathematic" 
- Opcr;.111on' research and 'Y'tcm theory 
-Analy,;i, 
· Algebra mid geometry 
• Logic and foundations of mathemat ics 
- Muthematical physics. 

In addition. SMC also supporh the national 
working pany on History and Social !'unction of 
Mathematic>. 

Anticipating Nwo·, policy of conccn1ra1ion 
of financial suppon on large-scale rei.carch pro
gr.1111111eo,, SMC introduced two new types of ac
tivity in 1992; these were dc,ignutcd a> Special 
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Attention Areas and Special Year-. Two m:w 
"Arca'' -Algori1hms i11 A/.~('brt/ und Compuw
/1011t1//\ ifll(•mfre Me1luxl1 111 S111d111.1m·s - were 
'tarted during the )Car under rc"cw. and a third. 
Al11ebraic C11n·es and Riema1111 S11ifaces. was 
upproved. This now give' SMC a IOtal of five 
Special Attention Areas. The 1993 Special Year 
Theme was devoted to Swclw.11ic.« All these 
activitie,. Nat ional Wo1·king Parties. Special Al· 
tention Areas and Speci:1I Year\. involve a total of 
almo't l>ixty projects. 

SMC 1s administered b) a Bo:m.I of Trustees. 
Acltlal management is delegat~-d to the Board 
ol Directors of SMC. which i' aho re,pon,ible 
for ('WI. The Nctherlund'> Computer Science 
Research Foundation (SION) h:h u twofold for
mal connection with SMC: SION 11roposes three 
members of the Board ofTru,tcc' and advises 
SMC about CWl"s research progr:unme in com
puter '>Cicncc. The Dutch mathematics commu· 
rnty i,, 'ince the end of 1993. structurally rcpre
>ented m the Board ofTnNccs b) three members 
:1ppointcd on the rccommcn<latmn of the section 
Mathematics of the Royal Netherlands Academy 
of Science. 

In 1hc year under review NWO implcmc111ed a 
change of policy wi1h respect lo the foundations 
under ii, umbrella. This related IO the founda
tion'· function> of finuncing projects. re\ ie"-
ing re~areh proposals and acung a.-. a platfom1. 
S~C rc,pondcd by creating a 'mall Science 
Council. io replace the Science Commincc. on 
"h1ch all National Worling P:1nie' had lx.-cn 
represented. The new Science Council could be 
much smaller as the National Working Pa11 ies are 
no longer involved in the reviewing process. The 
Science Council advises the Board of Trustees 
on matters of research policy and organi,ation 
involving both the National Re-.earch Activities 
in Mathematics and CWI. The Science Council 
consist\ of five researchel" from unhcrsities and 
('WI. A number of AdYi>ory Comminees make 
n:commcndations lo CWI scientific depanments 
on implementing research plans. 



ORGANIZATION 

l\OARll OF TRUST F.RS SM C - - - - [ Science Council ~- - - -1 NatioMI Activities Mathe1rn11ics 

BOARD OF DIRECTORS 

Advi;ory Con11niu~~• 1- SCIENTIFI C DEPARTMENTS SUPPORTING DEPART:'VIENTS 

Analysi>. Algebra & Goomeuy I Bureau SMC ~ 
Operations Research, St1t1istics & System Theory Library & lnfom1ation Services 

Numerical Mathematic' Computer Sy,tenb & Telenlalic' 

Software Technology Publications & General Services 

Algorilhmic> & Architm urc Personnel Dcpanmcnt 

I Interactive Sy>lcms I ( Vinancial Department 

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

Yang- Baxter Equations and Link Invaria nts 

Research Programme 
Researcher 

Algebra, discrete mathematics and computer algebra 
M. Hazcwinkel 

C mail rnich<!Pcwt.nl 

Introduction 
The notion of 'ymmclr) ''a ke) concept in math
ematics and physic,. Tmdit1onally we a<•ociate 
with every symmetry a group of trnn,rormmions 
(e.g .. reflections, rotation;;) which leave an object 
po'se'"ng this symmetr) invarianL The'c un· 
derlying 'ymmctry groups. of which Lie group;. 
represent an important m<;iance. are of fundamen
tal importance for undcr,tanding and de,cribing a 
wide range of natuml phenomena. 

Over the pa,t :.event! )Ca" interest m exten
>ions of the classical <yrnmetry concept has in
creased con;.iderably. Such extension;. 'eem to 
play an imporrnnt, but :is yet very imperfectly 
undeNood role in various phenomena. e.g., in 
quantum in,ersc scattering. The disco\ cry of 
quasi crystal;; exhibiting a symmetry which is im
possihlc uccording to the crystallographic group 
symmetry theory. has only added to thi' interest. 
A quantum sroup is \uch an extension (or dc
fonnation) of the Ltc algcbr:1 belonging to a Lie 
group. There are inti111:1te connect ions with the 
alrcMly m11rh Parlier known <,i-special functions 
a' defom1ations of the ;,pecial function' associ
ated with the clas:.ical equations of mathematical 
physics. 

Of particul:ir interest arc the so-culled Hopf 
algebras (of which quantum groups arc a 'Pccial 
ca~e). rcl:ttcd to the q-spccial function' a' Lie 
algebra' arc related to the ordinary special func-
1ions. Hopf algebn1s ari'c from solu1ions of the 
Yang-Bax ter equatio11' and probably play a piv
otal role there as a gencrnli1ed symmetry group. 
11icsc brJid lile equations arose independently in 
the contcxl of quantum field theory (C.N. Yang) 
and soluhle lsing-modcb in statistica l mechan
ics (R.J. B:1xtcr). Since then they gained im-
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portance in a multitude of field~ in mathemat
ics and 1>h) \ics. ircludmg knol and link theory, 
(quantum) integrable systems and Von Neumann 
algebras. For example. in quantum integrable 
system' the integrability;.. ensured by ~uch a 
gcncrnli1cd ~}mrretry (Hopf algebm). whereas 
symmetry in the 11\ual group sense;, ab,ent. 

All solu1ions of the Yang-Baxter equations sa1 -
isfying :t ce11ain condi1ion have been described 
at CWI. In addition. tho'e solution' which arc 
extcndtblc to define hnJ.. imarianh \\Crc also 
identified. TI1e study of these in,aritlllh i> still 
underway. Link and brnid invariants arc of pr·c
cmincnt importance in fields including topology 
(knot theory) and quantum field theory. In the 
remainder, the rel~tion between link and knot the 
ory and ~olut ions of the Yang-Baxter equations is 
funhcr elucidated. 

Knots and links 
A knot b the imag: of a piece-wise linear diffco
morphi;.111 of the c.rclc imo 3-space. A link is the 
image of u f1 nile 11 m111..>c1 uf <.JisjohH circles under 
a piecc-wi'e linear difTcomorphism to 3-spacc. 
Here arc ~omc example~: 

Troro11 knot Two linked circles 



Figure eight knot Mirror image of 
Figure eight knot 

Two knot' o r link• arc con, idernd equi valent, if 
one can be changed continuously into the other. 
without culling and g lueing (ambicm isotopy). 
111is is precisely the intuitive idea o r the equiva
lence of two knot~. l'or in~tnncc. thc following 
I.not is equivalent to a 'implc circle in 3-space 
(the ·unknnt '). 

The figure eight knot and ns nurror image arc 
equivalenL but the mirror image of the trefoil 
knot is not equivalent lO the trefoil it,elf. The 
example below (due to 1ic11e) 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 undcrcrossi ng. 

Examples like these indicate the need for algo
rithmically compuwble object~ (knot and link in
variant') which .ore the '"me for equivalent knots 
and links and which. ideally. di~tinguish between 
different knot\ and hnks. Whether this ideal can 
be realiLed is \till an open qucsuon. Howe,cr. in 
the last fe" year.. a number of mo't ~Hiking new 
invariants ha\C been d1\Cmcrcd, notably lhc so
callcd Jones and K:iuffman polynomial~. Both 
of these arise from solution• of the Yang-Baxter 
equations. 

RESEARCH HIGHLIGHTS 

The brnid group 
A braid on 111 s tring' (strands) is limned as fol
lows. Tal.c 111 point' on a li ne in an upper hori
zontal plane and m poi nt~ vertical ly below it in a 
lower hori1ontal plane. Auach strand< connect
ing each upper point to some lower point in 'uch 
a way that each hori1ontal plane between the t"o 
(including the upper and lower plane lhcm\Ches) 
inter..ects lhc ,trand' in precisely m points. I !ere 
i<. an example of a bmid on lh·c <trands: 
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Vsm~·8axler eq ua tion\;:. R·m:.:t1rices and q uantum aljtebra~ 

I.et I' he on n·dimcn~1onal vector ;pace. and H. an endomorphl\m R : i- e I· -· V I· 1.c. alier choosing a 

ha''' in l'. R is un n! x ,,~ rnalrix with cocfficicnb in the ha'c ht!ld. For each i - I .... , m - I let 

l l, = idv <": ... ,•,id, JR i<lF ® .. ,Mid, : \/ '°"' - \/®"' ---..---- ---..----

With the.'<! notation' 1hc Y;1n11-Ba•tcr<Y·B) equauon' arc· U1 U R1 - R2R1R,. "h1ch \Hollen out in tenn~ 

ol thc entnes of n. n - (r'~). )lcld' ,,. equnuon' IO 11' \ariaM<"- Hence. apan from lri\ial on"' (all en

'"~' irlt:.n1icalh 1eml. one dnc"" not a priori expect man) wlut1on.,. \1ost intcrc(lt i' in lfl\CRJble \tllutiom •. or 

\\hich 1hcrc arc in fact """'>.the) are "nually all clo-.cl) related lo >em1-sunple Lie al[!Chr<\\ and associated 

of'1milar object" A soh111on ol the Yang-Baxter equ.11inn' (Y B wlution) is often called au U-rnatrix. 

A hi·algebra (ove1'. ~ay, 1hc complex numhc~) ill: n vcctc>r sp;1cc wuh ttn algcbr:.i MruclUn.: (t111 ac.~ocimivc com

po,ition structure) and :1 <.:<1·u l~cbl'a \t.ru<.:ture (a co-a.,socin1ivc dcc.·tm1rx>sition !\lructurc) wh1cl1 tl.tt: compatible 

111 u natural way. Example, an: the group algebra' of !!<OUP' and in this way bi-algebra,, und in particular 

I lopf algebra. (bi-algchrn' Y.lth on addnional structure corre;pond1ng to in"cr<CS 1n group'). embody a more 

11cneral idea of'> mmctl) than can be bandied with group,. 

Ga\..:n any,,~ ( n· mmn\ Rune can a.\~OC.iate to it a bi Jlgcbra ~ follO\\..-;. Con\idcr 1hc free U...\'-<>Ciall\C 

ali:cbrain1t210de1erm1n;uc,4"(/) k(tl.t1.·· .l~:ti.tl. · ·.t;,:···:lj'.12 ···.I) No,.con<idcrthe 

cxpre~..\1on 

where I is then x n mninx of indc1cm1inaies 

li-T ld.T•=ltl ® f 

('o tha1 Tt and 'L: are al<o 111 x ,.i ma1riccs). Let f ( fl) he the ideal in ~·(t) gcncrn1cd hy 1hc ,,• cmnes of 

(•). Then the quotient algcbn1 //., ( R) = ~o(l)/ /(/l) al way~ has a natural bi-algchrn rnuciurc underihc 

~rnndard maU1x co-mulupltc~tion <the dccomposu1on '1ruc1ure) I~ ...... 1:1 ® 17 (where 1hi: Ein,tcin 1,,11mmarion 

con\'ention i~ in force). 

h>rt...--cnam 'q)CC'tal (and b) nov. relaU\el)· v.ell ~nO\\n) ll·matr1ccs. which are Y·B ~Judon,. one lf1u" find~ 

quantum group< corre,JXmding 10 the 'irnple clas<ical Lie al~chr•'· More gcnernll). a Y·B 'olmion 1end< 10 

>icld >ery nice b1-algebnh. including Hopf algcbm,. In foci 11 "pre.:i<.el> the rclallon { l which makes the 

'o-called quantum invc"c 'eancnng method (due IO L.D. Faddccv and hi< school) "-Ork. More detail. on the 

ul>ovc '"~ucs arc given in Ref. 2. 
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hi' c;"> to compose br:ud,: 1dent1I) the lo" er 
plane ol one bmid o n 111 \tr:111d\ "nh the upper 
plane of another on the same number of ' tm nd<. 
Thi<. gh c< a new braid o n the \amc number of 
\lr:lllU>. The example below show< the composi
lion oft wo braids. 

x / 

- ·( x \ 
1\Yo braid< are equiv:i lc nt if they can he de· 

limned into each other hy an a111bicnt i<olopy (a' 
in the c:he of knots or link\J wh ile keeping the 
end points fixed and without the <tr.ind\ pa-;.~ing 
out of the area bounded b) the homontal and 
'cnical plane. :-:on-unifon11 <trctching or 'hrink· 
mg i' alw allowed. i.e .. moving the two bound
mg plane< and/or the endpoints o n the upper and 
lower line funher apart or closer togethe r. 

The 1rivial braid on 111 s lrand< consists of (the 
cquiv:1lcnce c lass of) 111 s trands dropping s iraight 
down. For instance, 1hc 1wo braids below arc 
cquivalcm; lhe right one is the trh ial hraid. 

/ 

( 

RESEARC H HIG H LIGHTS 

TI1c braid' on 111 s1rand' fonn a group. called 
the An1n braid group IJ..,. C'on,idcr the follow
ing e lementary braid\ nn 111 ' lr.md': 

.,. ] l x 
11 i< now easy to see 1ha1 c:1ch lm tid on m 

'lr:1nd' j , eq uivalent to one composed o r the el
ementary braid~ a 1 •••• • (1,,. 1: n 1 

1
, ••• ,<T,,,1 

1 
where the inverse elemcmary braid., arc exactly 
like the elememary braid'> abo\C. except that 
the 'tr.md from i to i + I O\Cl'Cro";,c' the one 
from 1 ~ I 10 i. Much harder i, Ani n'' theorem: 
1hc hraid group 0 11 111 ' 1rand' i' gencra1ed (a• a 
group) hy the e lementary hra id:, tr1, ... , <T,,, _ 1 
subjec t to the relations 

rT,rr, 1 1CT, = u,+1 u,u,+1 · i I 1 •••• n1 
,,.,,,, - "1"i· if Ii - j > I 

Links and braids 
Given a braid, it i:, ea:,y to obtain a link or kno1 
from it: simply connect the upper nodes with the 
lower nodes by no n-intersect ing curve>. It docs 
1101 matter how these curve' go (le fl or righ1). " ' 
long us they do not inten.cct. The resulting link• 
will be ambientl y isotopic. T he fol lowing picture 
illu,tratcs the proce>>. 
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bcl) link can be ob1::iined a.\ the clo:.urc of 
a br;ud (Alexander·, theorem). It i., nol always 
ca'y 10 'cc "h.ethcr 1wo knot~ or links arc cquiv
alcn1, or 10 see whe1hcr 1hc dlN1rc or a braid i< 
cquiv;ilenl to ;1 given knnL A' a mailer or facl. 
the clo,urc of the braid on the right i> the trefoil 
kno1 (one of the two mirror image«). To <cc this, 
i11'pcct the picture below. 

Link invariants from Y-0 solutions 
An cxlcndcd Yang-Bax1cr opcrmor i., a quadruple 
(Ii, 11, u, 13). where R is an invert ible Y-8 solu
tion. and where 11 is an n x 11 matrix , and o, d 
arc invertible scalars. such 1hat 11 x 11 commute& 
wilh Ii and Tr~(!i-fol o (" 11)) o ±• 3 11. Here, 
if .\/ {m;{,) is an 11~ x 112 matrix (with the 
ll\U:1l lexicographic ordcnng of lower and up-

per indices). then Tr2(.\/ ) .\' . .Y = {11~), 

11~ 111~11 + ... + rn~',',. Given an cx1ended 
Y-3 operator. then Turacv\ f'ormul;t (>cc Ref. 3) 

'.1'11(1:) u "d ! >13-"'Tr(p11 ({) o 1/""') defines a 
link invariant. Here I: - tr,

1
' • •• tr;; is an elcmcni 

of1hc braid group Bm. 11•(1:) "' 1 + ... + =•· 
and P11 1., 1he representation of the braid group 
dclincd by the Y-B \Olution R. which sends o, 
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10 //,. The rccen1 famou' nc" hnk pol)nomials. 
"1ch as the Jon~s and Kauffman polynomial. can 
be obt:1i ncd from thi, con,truction. 

Multi-pru·amctcr R-ruutriccs 
In Ref. I. all solu1ion' of 1hc Y-B equations arc 
dc,cribcd for which the matrix R satisfie, the ad
ditional condition r;':i 0 unb' {a. b} = { r. ti ). 

Thc;c •olutions arc built up of two types of 
block,. a trh·ial and a non-ln\'ial type. which can 
be intcrconncc1ed in "ariou' non- trivial ways. 
t<tch bl<>Ck ha~ a number utrnched to ii; if 1he'e 
numbers are all equal. then the ;ulution extends 
to an exti.:ndcd Y-B operator and. hence, defines 
a link inv:irianl. Single block solution yields no 
new invarian1.s (just trivial one' and the 'An-type' 
invari;mts underlying the Jone., polynomial). 
1 lowe,er. non-trivially mterconncctcd wlution\ 
of \'ariou' type' pmmi'c more. E'en two trivial 
blocks. non-tri"ially interconnected. gi"e intcre'>l
ing im•nriams. It i' probably fca,ihle to weaken 
lhc condition above to obt"in '>imilar rcsull• con
CCl'ning · H, C, 0-typc· solutions. Work in th is 
direction is undcrway. 

The single block non-trivial '>Olutions (by the 
c:om.truction discussed m the Ho:x) give preci,ely 
ri..c to the multi-parameter quantum groups of 
t) pc A .. which ha' c been con,1ruc1ed by ~e,cral 
(lroups of authors in 1hc la't few years (see Ref. I 
for details). 
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Introduction 
Ncderlandse Spoorwcgcn N.Y. (Durch Rail) seeks 
10 de1ennine the minimum number of tmin-uniis 
they need to purcha~e in order 10 perfonn their 
1imc-1ablc. whcreb) lower boumh are prescribed 
for !he number of I ~land 2nd cla\\ \Cal~ per 
scheduled train. A uain i' taken 10 mean one 
or more coupled uni1.,, "i1h 1hc pmcmial for a 
change of compo;.ilion ;u cc11ain ime11nediate 
,1ops. Thi~ can be described a' a minimum-cos! 
circulation problem, which i~ "~pcci;1l case of an 
integer linear programming problem. Classical 
network now 1cchniquc~ can be used where 1here 
isjus1one1ype of roll ing-s1ock. bu1 the problem 
becomes more complicated with mixed configu
ration trains. To thi~ end we apply 1echniques of 
pol_vlredro/ combi1wl<>rics. 

Development of the field 
The field of nclwork flow\ and circula1ions goes 
back 10 a cla\\ic 1927 paper by K. Menger in 
which he characteriLe\ a certain bifurcation num
ber in topological ~paces. In modem terms one 
can call !his a fom1ula for the maximum number 
of paths found in a network between two fixed 
poims, where any of !he 1wo pa1hs arc disjoint 
(with lhe exception of the end points). This lhc
orcm acquired the >lalU> of a fundamental result 
in graph theory. In lhc 1950;,, driven by the in
creasing in1erc;1 in computations for transporta
tion and 01her logistic problems. researchers at 
!he RAND Corporation (the U.S. Air Force think 
lank in Sama Monica. Califomia) focused on the 
following related 111m111111111 fin"' prohlem: ·Con
sider a rail network connecl ing two ci1ies by way 
of a number of in1ermcdiatc ci1ie>. where each 
link oflhe network has a number assigned 10 it 

represcn1ing ii' capacity. Assuming ;1 >teady 
\late condi1ion, find a maximal flow from one 
given ci1y 10 lhe other.' II was ob>crvcd 1ht1l thi' 
qucMion i-. a .,pecial case of a linear pro~rum· 
ming problem. and can hence be solved w11h 
the farnou' .\imp/e,r ml'lhnd designed by G.B. 
Dan11ig which forms the basis for the field of 
operotio111 research. 

At RAND, Ford and Fulkerson developed a 
dircc1 mc1hod for 1he maximum flow problem 
and derived the max-jfoll' min-cw theorem. This 
theorem 'lutes 1hm 1hc maximum amounl of now 
which can be transmitted is equal to the mi ni
mum capaci1y of any cul separa1ing !he ;ource 
and 1he sink. II 1ranspired thal the lhcorcm wa' 
equivalcru 10 Menger's theorem. A similar 1ech-
11iquc can be U'>Cd where !here are lower hound' 
(demand,) in'>tcad of upper bounds (capaci1ies) 
and one ~eeks to 111i11i111i~e !he total amount of 
flow. In 1957. Bartlet! showed that thi' give' ;u1 

algori1hm for the minimum number of transpon 
unit• 10 main1ain a fixed schedule. An impor-
1a111 phenomenon here is that when all bound~ 
arc integer-valued. the optimum solulion is : il ~o 
automatically integer-valued: this being due 10 
the IOIO I unimodulari1y of ccrlain underlying m:1· 
trices. Th i ~ applies 10 the Durch Rai l's problem 
where ;1single1ype of !rain-unit is used. 

I lcncc, for example, consider the hourly train 
service run on the Amsterdam-Ylissingen route. 
The weekday lime-table is given in Table I. Al· 
though lhe !rain~ make more stops, the chart onl) 
~hows tho..c "hich are of in1crcs1 10 us. Durch 
Rail's projcc1ion' for 1he number of lst and 2nd 
clas• pa!>\engers for each stage of any scheduled 
train arc 'hown in T;1ble 2. 

The problem to he solved is: What i~ the min· 
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imum :imount ol rolhng-\tock needed 10 perform 
11!.: '>el'\ ice 'o that there arc ,ufficiem .eats at 
each 'tagc" In a hN 'arianl of the problem con
''dcrcd. 11~ rolhng-,tock comprises a ,inglc type 
ot lWO-\\a} troin-unii-. "ilh three carriage' each 
and 38 l 'l da.'' and 163 2nd cla,., sems per unit. 
There i' a driver·, ct1b lll each end of the unit. 
and unit' can be coupled t~gether. up 10 a maxi
nlurn of 5 un1h. . The •~'in length can be changed 
by wupling or uncoupling uniL' al the tcnnini. 
i.e. Ar11,1crdam und Ylissingcn station;. and en 
rowe at two imcrmediaLc ' '"lions. Roucrdam and 
Rmhcndmtl . Any train -unit uncoupled from" 
1min arriving al locat ion X at time I can l:>e linked 
up 10 any other train depaning from X at any 
lime lutcr lhan I. CThe Ams1erdrun-Vlissingcn 
'chcdulc i' ;uch that in pract ice th is gives enough 
lune 10 ma~c the ncce>,ary swi1che>.) A laq con
d111on 'et" that logi,tical foctor' requi re that for 
each location X ~ { Anl\tcrdam, Rollerdam. 
Roo-cndaal. Vli"ingcn}. the numbcroftrain
un1t' 'laymj! O\'ernight Jl X must be constant 
Juring the \\CC~ (but may vary for different lo
\'.;111011\). Only the numb.:r of units is important 
here and 1hcrc i' no need for the ;ame lrdin-unil 
after >OJOUmmg mcmighl al a given location. to 
l'l!lum there al the end or the da). 

G11 en the...: problem data and characteri\lic<.. 
the problem is lo hnd the minimum number of 
tr.un-unii- ne•'dcd lo pcrfonn the required dail) 
cycle of train ride\. The amount of reserve stock 
"not taken 11110 account here. as this generally 
onl) •mmunh 10 a Ii xcd pcrccntual addition on 
lop of 1he net minimum. To apply the network 
llo" mcth<xh, a network S i~ constructed as 
fol low" For each location X E: {A mMerda m. 
Roucrdam. Rt><>;,endmtl. Vlissingcn} and for 
each time t al which any train leaves or arrives 
at .'i. we make a point (X. I). For any stage 
of any lr:iin journey, leaving place X at time 
I and arriving m place Y at time I', we make 
an arc directed from (X, I) lo (Y, t'). For in
sHmcc. thcre is an arc from (Roosenclaal. 7.43) 
lo (V lis>ingen , 8.38). Mo1·covcr, for any loca
tion \' mul any two :.L1cce;,sive times I. I' al which 
\my lmin leuvc1., 01· arrive~ at .Y, we make an arc 
from (.\',/ ) to (X. t'). Thus in our example 
there will be arc,, e.g., from (Ro11crdam. 8.0 l ) 
lo (Roucrdam, 8.32). from (Rollcrdam. 8.32) 10 
fRoucrdam. !U5). from (Vlissingcn. 8.38) 10 
(Vli'""llcn, 8.56). and from (Vli"ingen.8.56) lo 
t Vli'""~cn. 9..l8). 

l'inall}. for each place X there will be an arc 
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fmm (X, 1) 10 (X. I'). where I" the la,1 ume or 
the da) al\\ hich any train leave' or am'c' :11 .\ 
and \\here I' i' the hf\t 111ne of the da) al "hich 
M) train lca'e' or am'e' al .\ . So there I'> an arc 
rrom (Roo;cndaal , 23.54) 10 (Roo,cndaal.5.29). 

We can no" dc>cribc an) po'"hle ro111mg of 
train stock a\ an integer-valued circulation that 
ohcy,, for any arc. a given lower bound (and 
an upper hound of 5). The number of units de 
ployed is given by the the lOl:ll flow on the four 
'overnight" arc,, and this i'> the number lhal 
needs 10 be minimi1ed. I laving this model. we 
can now apply Mand:ml flow algoritl11n,. lmplc
men1a1ion gives ;,olution' of the problem (for the 
above dal<t) in about 0.05 CPUsccond' on an SGI 
R4400. It turns out that 22 un it' arc rcquircu for 
the Amsterdam Vli,singcn route. It is poss ible 
to modify and extend the model quite di1·cctly in 
order lo contain 'cvcrnl Olher problem'>. Instead 
of minimizing the number of trai n unit;, one can 
mi ni 111i1,c the amount of carriagc-kilomctrc; 10 be 
1rnvellcd dai ly. or any linear combination or both 
quan1 i1ic>. One can al~o put an upper bound on 
the number of unit\ that can he \lored ill any or 
the station~. Instead of con,idcringju'l one line 
on its own. one can more j!enernlly cor1'ider 11e1 

•mrks of lines sharing the 'amc r.ulw3y mllinr
stock, including trains which arc ..chcdulcd for 
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'plining or combination. (Dutch Rail has trains 
lrom The Hague and Roncrdam to Leeuwardcn 
and Groningen "hich arc combined into one 
"nglc tmin on the common trajectory between 
Utrecht and Zwol le.) If only one type of unit b 
employed for that parl or the network, each unit 
having the same capacity. the problem can be 
'ol vcd fast even for l;11i;e net works. 

More train types 
'ct\\ork llo" technique' \\Ort.. very efficientl) 
for the problem of circulating one type of rail
way ~tock because opllmum ,olution' arc au-
10111:u1eally integer-valued 1r 1hc input da1a arc 
integer-valued. Thi~ i' due 10 the 10w/ 1111imnrl-
11/Mily of the underlying matrix. This anract ivc 
phenomenon disappears where there is more than 
one type of mutually couplc-:1ble uni1. In this 
'i1ua1ion the problem gch harder and "e need 
10 cx1end the model to a ·mu hi-commodity cir
culation· model. The method \\C developed ai 

CWI '"es element' of the powerful 1echniquc of 
1mlyhNfra/ combinawrin. U.S. researchers have 
recently employed this technique 10 :-olvc very 
l;1rge 'ca le 1mveli11g .wile.~1111111 problems. 

To return to chc ca:.c Am,ccrdam-Vlissingcn 
again. here we can now deploy 1wo lypesoftwo
way 1rain-units. which can be coupled together: 
these are type Ill. with each unit made up of three 
carriages. and type IV. with each unit compri,ing 
four carriages. Type Ill capacity i:. 38 lsl class 
and 163 2nd class seal;. and 65 and 218 respec
tively in cypc IV. Once ag;dn. there is a maximum 
of 15 carriages per lmin. I lence, if a train con
;,i<is of x uni ts of 1ype Ill and 11 uni1s of 1ype IV. 
1hcn 31· + 4y $ 15 i.hould hold. h is qui1e easy 
to cx1cnd the above model to the present case. 
Again we consider 1he network Y as above. We 
'hould now find'""" circulaltons f and g which 
toge1her obey a gh·en lower hound and which 
minimize a gi' en co:.t function. Nole that in con
tr;.-110 the case of one type of unit. here there is 
no minimum number of unic< required for any 
train siage. In facl. there urc now lwo dimcn
; ions. so 1ha1 minimum 1rain compo;,i1ions need 
1101 be unique. The co:.1 function depends on the 
co't of purchasing unit; of I) IX!' Ill and IV. Al-
1hough 1rain-uni1> of type IV arc dearer than type 
111. they are cheaper per carriage. because of the 
relacively costly driver·~ compnnmcnt. 

When solving this a\ a linear programming 
problem, we lose the pleasant phenomenon ob
served above whereby we would aulomal ically 
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obtain optimum circulations wi1h illleger value; 
onl). In fact. the problem;, an integer lim:ar pro 
grnmming problem. with 198 integer ,llfiablc.. 
Looking at the AmMerdam Vhssingen case. \Oh 
ing 1hc problem in thi' forn1wi1h1he integer pro
gramming package CPLEX would give a running 
1i111c of several hours. Thi' long running 1imc i; 
cuused hy lhc foci thal. de,pilc a fractional opti
mum 'olution being found quickly. a large num
hcr of pos,ibililies ha' to be chcc~cd in a branch· 
mg IR'i! (corresponding to rounding fractional 
'alue' up or down) before one find;, an inleger
valued optimum ,olution. Howe\'Cr. there are 
way' of speeding up the procc\\ by 'harpening 
the constrnints and by cxploi ling more facilitic, 
offered by CPLEX. The lower bound cundi1ion< 
can be sharpened~" follow,. 1-'or each a1·c rcpre· 
senting a stage. consider lhe 'et of integer-\"alued 
vector' (.r. y) with 1he proJ>Crty 1h:u 11sing :r Ullll< 

of type TTI and y unit' oft) pe IV yield> sufficient 
scah for the corresponding train <;tage and 00.:
not mean a train with more than 15 carriage~ hi 
in,wncc, the tr:ijcc1ory Roncrda111-Ams1erdamof 
1rnin 2132 give, th.: polygon 

(I) P={(.c.y)l.r ? O.y ~ O.J,·+ 4y $ 1 5. 
38x + 65y ~ 47.163,· + 218y ~ 344). 

In a picture: 

4 • 

> 
- 2 
~ 

0 • 
0 

1ype lll -

In a sense. the incquali11C\ are 100 wide. The 
constraints given in (I) could be tightened so a' 
lo describe exactly the convex hull of the imcgcr 
vcc1ors in the polygon P (lhe 'integer hull'). as 
in : 
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Thus for lrnin 2132 on lhe segme nl Ronc rdam
Am>lcrdam lhc conwai nts ( I) ca n be sharpe ned 
IO: 

(2) .r > 0, ll ~ 0 . .{' l y ~ 2 . .r + 2y ~ 3, 
11 S 3,3,·+ 4y S 5. 

Dl>ing lhi~ for each of the polygons represent-
ing one of the 99 Mage; gives a sharper set of in
cquali1ic;. This helps to obrnin more easily a n in
teger op111num ;olullon from a fractional solution . 
(llu; h a \\Cal. fonn of application of the tech
nique of pof)lredml combi11atorics.) finding all 
lh.:><: mcqualnic> can be done in a prc-procc:.sing 
pha...:. and take'> abou1 0.04 CPUscconds. An-
01hc!r 111grcd1cn1 lhul 1mpro"c" the pcrfonnance 
of CPLEX \\hen applied 10 this problem is lo 
g11c 11 an order whereby the branch-and-bound 
pmccdurc \hould ;elect 1ariable>. In panic ular. 
one can give higher priorily 10 variable' that cor
re,1i1111<l 10 pea~ hour\ (a-. one may expect 1hm 
lhcy form lhe bottleneck in o btai ning a minimum 
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circulation), and lo" er prionl) 111 tho'c corn: 
~ponding 10 oft-peak period'>. Implementation 
of thc,c technique' e11'urc' that CPI.EX gi1c' a 
>olution lo the Am'>tcrdam-Vli"ingcn problem 
Ill 1.58 CPU,ecom.h. In IOl<ll. one nee<h 7 units 
of type Ill :md 11 unilH>ftypc IV So.wmp:1nn)! 
th is solution wilh the ;olulion for one t) pc only 
(\\here 22 unih of lype 11 1 arc needed). the po>\i
bili1y of hm ing lll'O lYJlC' mean' bo1h a dccn:a~e 
in 1he lornl n umber nl lrnin-unil' a nd 111 1hc lOl:ll 
numbe r o f carriage, needed. 

As pa11 o f o ur researc h fo r Oulch Ra il we also 
co nside red more exte nded proble m> requ iring 
more complicated mode ls a nd lcc hn iquc~. One 
req uire 111c 111 i, lhat in any lnli11 journey between 
Amste rdam and Vlb,ingen. at lca' I o ne unit 
sho uld make the who le ll'i p. II fL111hcr requi re
me m is lhc abili ty to couple or um:oup lc uni1s 
from a train - but 1101 both s imuhancou,ly - at any 
o f the four , ta1iom, involved. i.e .. /\1m1erda m. 
Ro uerdam, Roo<.endmt l and Vl i"ingen. More
over. fresh unit' may o nly be coupled onto the 
front of the trni n. and laid-o ff unit' may only be 
uncoupled from .he rear. All th" make' the or
der of the d ifferent unit' in a tr.iin a >ignilicanl 
factor, and give\ the condition' a more global im
pact: the order cf the units on a g11en morning 
train can ;till influence the order ol a given train 
lha1 evening. Thi' doc> not lit directly 1n the cir
culation model d.!\cnbcd abo1e. and n:quirc' an 
extension. The method we ha'c developed for 
Dutch Rail 10 date i' hascd on introducing extra 
variables. cxlcnding the nctworl. dc~cribcd :ibo"c 
and u1ili1ing 'umc hcuri,tic :irgumcnl.,. which 
yield' a running lime (with C'PL EX) ot aboul 30 
CPUsccond' fort he Am, 1cnfam-Vli,,ingen prob
le m. 
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Fiiurc l. The 
solution computed 
wrth a unrform grid 
(left) and an adap-

tive end /right). 

Loca I Un iform Grid Refinement for 

Time-Dependent Part ial Differential Equations 

I Rc,earch l'rogrnmme Discrcli7 .. ation or Evolul ion t>r-ob_l_e_m_s_ 

Rc..carcher.. R.A. Trompen. J.G. Vcrwer 

cai_' -----~--J-anv<e cwi.nl_ -------------

Introduction 

Numcrou' rrocc,,c, m nature nre described hy 

model' conwining 1i111c-dcpcnc.lenl partial diffcr

cn11:1l equation>. One can ~imuhuc lhese pro· 

cesse' hy \olving thc'c equation,, I lowe\cr. 

the complexity or 1hc equal ion' ol'lcn demand' 

lh;111hey arc >olved numerically. A numeric.11 

wlu11011 can be obtained by appmximating 1he 

panial d1tlcrcmial cqu;111on' 111 \Orne way on a 

~cl of discrete points m space and time, c:1llcd a 

'pacc-1ime grid. The accur.wy o l 'uch an approx

imation "detcnnincd by 1he diqancc' between 

the neighbouring gnd poim~ and 1hc variauon of 

the ;.olu1ion from poim 10 poim. The nccc!.\ary 

compurn1ional effo11 to obtain the numerical >olu-
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loon depend' on 111<: number of pomh u..ed. The 

11.lc<ol unifonn grid refinement (LUGRJ method" 

an auap1ive prid mclhud which aiom lo diwibutc 

grid poin1o;; 111 'uch a w:1y 1ha1 an accur:uc approx

imation ol 1he \olution " uhrnined "i1h lhc few C\l 

pos;ible po1111,. 

Ad(lptive grid methods 
Many 1i111c-dcpcnden1 p.1nial diffen:nt ial equa 

11011' have l>Olution:. wtuch 'ary rapiuly 111 space 

mid lime. t>nni:1I diffcrcnllal equation~ arising 

from model\ describing 'hock hydrodynamics. 

tran,pon m porous media, combu,lion proce"c' 

and plasma physics and '0 on, can l>erve as an 

example in thi s rcspccl. The accur:acy of the ap

pmxima1c ,0Ju1ion depend; on lhc vnriation of 

1hc uue :.olu1ion from point 10 point. Loo\ely 

'peaking. lhc larger the variation;;, lhc >maller 1he 

distances needed between neighbouring poi111s lO 

obtain accurate resulh. This means that when 1hc 

'aria1ion'> get larger the ~rid need' to be finer. 

When 1hc varia1ion' o l lhe solu1ion in :.pace 

are only locall y large but "nail anywhere else, 

adap1ive grid method\ prove 10 be gn:atly benefi

cial: the n::1'on being that on this I) pc of '>ituation. 

these method:. ;,cck aecumtc resuh' wilh minimal 

co1111>uta1io11al cfforl, by using 1hc fewest pos

'iblc ~rid points. Thc>c me1hoo~ ad:ipl lhe di'

tanccs between gnd pomh to the local \ariation' 

of 1hc >Olu1ion. Over the ycaN. a large number 

of adap1ivc grid method' hi" hcen pl'Oposcd l'or 

11111e-depcndc111 problem' Two main c•llcgorie' 

of adaptive gnd mclho<h can be d1s11nguished, 

nmncly, mm mg-grid or d) namic-rcgndding 

method' and •l:ltic-rcgrilkling mcth()(.h . There 

arc also hybrid method' combining ,1a1ic and dy· 



narruc rcgridding. Both type' of methods have 
played a 1)al"I in CWI rc' carch. 

In dynamic-rcgridcling 111c1hnds. points move 
continuously in '>pace and time. The number of 
points contained by \uch a grid i' con,lanl in 
1ime. In ,ta1ic-n:gnddmg mclhl)(h 1he loca1ion 
or point~ is lhcd. A mc1hod or thi., 1ypc adap1s 
Ille grid b) adding po111h to 1he grid where the) 
are nccc\'llf)' <1nd rcni<>• 111g I hem "hen they arc 
no longer needed. Thi' l) pe 111cludes methods 
11hich embed new point' in the cxi\ling grid. 
Another me1hod of 1hc s1n1ic-regridding 1ype. the 
LUGR mclh()(I, ha\ been the ' ubjccl of research 
a1 CW!. This method crc;uc; a ;cries of increas
ingly finer loc11l uni form suhgrids where they arc 
needed. To advance 1he solution in time from 
one time point to 1he ncx1, 1hc 1>m1ial di fferential 
equa1ions arc soh cd \Cp;ir:11ely for thi' time step 
a1each grid. Im.lead of being emlx:dded in the 
coarser grid. 1hese finer grids overlay it 

The main adnmlagc of ,1a1ic-rcgridding melh· 

ods o'er 1no' mg.grid me1hod., i., 1ha1 the former 
=more reliable than the Inner. The m:i.in prob
lem with moving grid method'> i., 1he lack of con
trol over 1he grid movement which leads to the 
phenomenon or ·grid point crossing' in one space 
dimension and ·grid diMortion' or 'grid skew· 
ness' in two or three s1>ncc dimcnsio11'. This can 
consider.ibly reduce 1hc accuracy of 1he compu· 
1a1ions. A problem of 1hi s ki nd may be overcome 
by applying penally func1ions which limil the 
grid motion. However, the..c penally functions 
comain parame1ers which have to be cho'>en by 
lhe user. and the choice of the parameters. which 
may be crilical. depend, on lhc panial differemial 
equa1ion\ al hand. Static-rcgridding method!> do 
not have this I) pc of problem. Moreover, they 
only need :1 few U\er-dclincd parameters such as 
error 1olerance\, and in general 1hc choice of such 
paramclcn; i' nol critical. I lowever, in contrast 
to siatic-regridding method'>, moving-grid meth
ods aucmpt to smooth the variations or the solu· 
tion in the lime direction; thi, allows larger time 
'leps when the grid motion i< M1fr.cicntly smooth. 
Finally. when workmg pro1x:rly. moving-grid 
melhods use fewer point\ than slatic-rcgridding 
metllod; for a given accuracy. 

The LUGR method 
CWI ha~ researched 1hi., mclhod for 1he pasl 
fi,·c years. The p:1rticular type of adaplivc grid 
m~1hod emerged in 1he early 1980" The idea 
behind LUGR i'> simple. Starting from a coarse 
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base grid covering the whole region where the 
pan ia l differential equations are defined. succes· 
.,i,e ly fi ner uniform subgrids are recursively ere· 
med locally ma nc>.tcd manner in region, where 
the' ariauon., are large. i.e. where the solution " 
\leep. l'or each tune Mep 1he partial di ffercmial 
c<1ua1imi- arc 'ohed at each grid scpa.ra1cly 111 a 
con-.ecu11vc order. from coan,c 10 line. I lcncc. 
rather 1h:111 being patched into the coa~er grid,, 
the local subgrids ac1ually overlay 1hcm. A liner 
grid u'e' a lime >.tep which is smaller or equal 
to the coar;cr-grid time slep. When a grid of a 
eeriuin level of" rclincmcm has reached 1he same 
lime level :.I' a coarser grid. then 1he solution al 
the coar<.er grid is. in some way. updated hy the 
more ;1ccur:11e 'olution at 1he finer grid, leading 10 
a more accura1e :.olu1ion at the coar,er grid. The 
location. ~hapc and >.i1.e of the>e subgrids arc ad· 
ju,led al di..crctc Limes to follow the mo,emcnt of 
the region where 1he solution is steep. The gen 
era1ion of wbgnds is continued un1il sufficiem 

accurac) i' reached a1 the fincs1 subgrid. 
The con:.lruclion of lhese local subgrids 1< con· 

1rolled by a re finement strategy which can be 

ha,cd on heuristic criteria like the slope or the 
curvatu re of the ;olu1ion or error estimates. In 
gcner:1I . ;1 refinement s1rategy ba<cd on heurislic 
crileria il. computa1ionally cheape~ than a strategy 
based on error estimates. However, a s1 ratcgy 
ba'cd on error estimates can give more accurme 
result> than a 'Lra1egy based on hcuri>.tic emir 
moni1ors. This is due 10 the foci that hcuri•aic 
error monuor<. bear no relationship 10 the true 
numerical error. Bccau'e of lhis, 1he ,;1ua11on 
c:m arise whereby a strategy ba>cd on hcuri,1ic' 
doc' not refi ne a grid cell which should be refined 
in vie" of 1he numerical error and vice versa. 
Therefore. a Mmlcgy based on error e..iima1es can 
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Figure 2. The 
composite grid 
used m lhe LUGR 
method (left), and 
its component local 
untform subgnds 
CnghtJ. Dunng a 
SJ11gle given lime 
step the solution is 
computed first on 
(1), then on 12) and 
finally on (3). 



Figure 3. The LUGR 
metl1od applied to the 
description of a steep 
pulse rotating clockwise 
around the cent re of the 
domain. The pictures 
above and below show 
the composrte grid (left! 
and spatial error (right) 
for a refinement strate
gy based on error esti
mates /AJ and error
monitor compu!ations 
/BJ respectively. Error 
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size rs mdrcaled 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 tile 
region covered by the 
finest subgrid, contrary 
to the error-monitor 
case. 

generate better Mtbgrids than a heuristic strategy. 
The research a l CWI focused on lhc devclopmcnl 
or a LUGR method. together with a refinemen1 
strategy based on error estimates. 

An error-cs1imaic-ba,cd refinement strategy re
quire~ an error analysi.s. Error analyses were car
ried OU{ [Or di fferenl kinds O[ pantial differential 
equations and different time stepping sd1emes. 
In these analy>es we were able ro split the error 
up into its spatial and temporal purls; the reason 
being that certain kinds of part ial differe ntial 
equations were considered and that the ·mcthod
o r-lincs· w;t~ used whereby the spatial approx
imation or the panial diffcremial equations is 
carried oul before the temporn 1 approximation. 

The LUGR nictlwl and the two different rc
fincmen1 strategies developed at CW!. aimed at 
l11e conLrol of the spatial pan of the error by the 
spatial refinement of the grid. The strategies are 
based on ll1c control of the local space error and 
g lobal space e rror respectively. The glob;1I space 
error is the spatial comp0ne111 of the em1r and the 
local space error is the local com ribuiion to l11c 
globHI ~pace error co1Tesponding with one time 
step. Both strategics aim to control the g lobal 
space error in some way. The nuJst imponant dif
ference between the two is that the global-space
crror straiegy is less restrictive than the local
space·crror sl ratcgy, because il create~ smaller 
local subgrids lhan the latter: this in turn makes 
it computationally cheaper. However, the local
crror-bascd strategy is 'safer' and this strategy 
enabled theoretical reM1lts 10 be obtained which 
would not have been feasible via the g lobal-error
based strategy. 

A basic demand lO be met by a rcfi nement 

strategy is that the largest global space e rror must 
be in the region overlapped by the finest subgrid. 
If this is not the case then this fines! subgrid be
comes redundant in that it does not improve the 
aecun1cy of the solution. and the computational 
effort to compute the solulion on this grid is 
wasted. Both strntcgies appear to fulfil this de
mand. Moreover. the results obtained indicated 
that when the number of subgrids is fixed in time. 

the obtained accumcy is approx~matcly equal to 
the accuracy obiained with a s ingle comparable 
uniform grid. This property could be proved for 
some n:1odel situaliOM when lhe local-space-error 
refinemelll strategy is used. 
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Figure 4. The LUGR 
method applied to 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 md~ 
cated in colour (hot-cold 
~ red-blue!. The initially 
horizontal boundary 

layer separahng 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 
!rom hot to cold become 
steeper and steeper and 
increasingly finer local 
subgrids are needed. 
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lntroductiou 
Drning the past ten years. eon>iderable progre» 
has been made in solving the problems of au
tomatic generation of in lcr~lCtivc progr~un

ming/development environments. given a for-
mal definition of some programmi ng language or 
specificat ion language. In moM cases. research 
ha; focused on the functionality and efficiency 
of 1he generated environments: indeed. these arc 
the aspect:. which will uhimaiely determine the 
acceptance of environment generators. Even so. 
only marginal attention has been devoted to the 
acmal development process of formal language 
deti nitions. Assuming that the quality of automat
ically generated environments will be satisfactory 
within a few years, the development cosL~ of for
mal language defi ni tions will then become the 
next li mi1ing factor determining ultimate success 
and acceptance of environment generators. We 
will brieOy sketch the design and implementation 
of a me1a-e11viro11111er11 (a developmenl environ
ment for fonnal language definitions) based on 
1he formalism Asr+SDF and show some of its ap· 
pl icat ions. 

Background - CENTAUR system 
A programming environment is a coherent se1 
of incernct ive 1ools such as symax-dircctcd cdi· 
wrs. debuggers. interpreters. code generators, and 
prettyprinters to be used during the construc1ion 
of texts in the desired language. Automatic gen
en11ion of programming environments has been 
used to generate environment:> for languages in 
different appl icat ion areas including program
ming. formal specification. proof construction, 
tex t formalling, process con1rol, and sta1is1ical 
analysis. All projects in this area are based on the 
assump1ion 1ha1 major parts of the generated en-
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vironment arc language independent 1111d 1ha11111 
languagc-depcndcn1 parts can be derived from a 
suitable language defi nition. 

An example of such a general architcctt1rc is 
the C ENTAUR system developed in the ESPRIT 
GIPE project in which CWI has participated. 
This is a set of generic components for build
ing environment gcnennor;. The ~emcl provides 
a number of useful data types but doe' not make 
many assumption> about. for instance. the lan
guage definition formal ism itsel f. It hits been ex
tended with compi lers for various language dcf· 
inition subformulisms. as well as several imerac· 
tive tools. CEN.t/\UR thus resembles an ex1endible 
toolkit rather than a closed system. 

Research at CWI - ASl'+SOF 
Meta-environment 
Our own contributions to the GIPE projecl arc 
focused around the idea or constructing a devel· 
opmem environment for formal language defini
tions. Our research went through three phases: 
- Design of an integrated language defini1ion for

mal ism (ASF+Sor). 
- Implementation of a gcncrntor which generates 

incemct ive programming/development environ
ments given a language definition. 

• Design and implementation of an inten1c1ive 
developmen1 envi ronment for 1he ASF+SDF for
malism itself. 

The result is the Meta-e11vi ro11111e111 mentioned in 
the introduction, in which language defini1ioos 
can be edited. checked and compi led in precisely 
the same way that programs can be manipulated 
in a ge11era1ed envinmme111~ i .e., an environment 
obtained by compiling a language definition: ob· 
serve that ·compiling a language definition· and 



'gcncrnting ~m environment' ~ire :"<iynor11ymou:,. in 

our tem1i11ology. Both the generator itself and the 
Meta-environment have hccn implemented on top 
of the CEJ\'TA\..R system. 

Figure I ~how' the O\CrJll organiLaLion of our 
'Y'>tem. Fir\t (>f ""· "C m;ikc tt d"tinction be
tween the Me111-e11rm111111e111 and a .~e11era1ed 
em·irrmmem. In the Mct:t-Cll\ ironmcnt we distin
guish: 
·A language definition (m Aw+Slll) cn11'isting 
of a ~et of module' \f1 .... , .\f,. . 

-The environment generator it~elf. which con
sists of three componcnh: a Module Manager 
(~tM) controlling the ovcl"all procc"ing of the 
modules in 1hc lnnguagc defi nition, 1he Syntax 
Manager(SM) cn111rnlling ,111,yntactic aspects. 
and the Equation Manai:ter (EQM). taking care of 
all !.emantic a,pcct' 

1lk: output of the cnvmmmclll gcnerntor i' U\ed 
in conjunction with GSE (Gcncnc S)nta~-dircctcd 
Editor). a gcm:ric buo ldmg bloc!-. "h1ch "c u'c m 
generated environment~. GSE not only supports 
tc~t-0ricn1ed and') 111ax-orie111cd editing oper
ations on program\ hut can abo he extended by 
attaching ·external tool•> which pcrfomi opera
tions on the edited program. inc luchng checking 
lllld c1•aluation. The 111uin input' lo the Generic 
Synlax-directed Editor arc: 
·A program text I' 
·The modules defining the syntax of P 
·Connections with cxtcmal toob. 

"'both the') nrnx dc-.cription of P and the def
inition of extemal ttx>I' ma) be di,tributed over 
"'"ral module,, we arc faced "ith the prob-
lem of managing 'evcral 'et' of 'Ynta,x rules and 
equations simultancou~ly. One of the major con· 
lributions or the As~+SD~ Meta-environment is 
!hat the sy,tcm i' '°interactive and rc~ponsivc 

that uscl"S <ll"C completely unaware of the fact that 
each modification they make to their language 
definition ha' m:ijor impach on the i;cncratcd 
environment. So. for in\tancc. the prc,cncc of 
a parser genera1nr ;, completely invi>i ble to the 
u....:r. A' a n:,uJt. the 'Y'tcm i' al\o acce"ihlc to 
·nai1c' users. who have no prc,iou' experience 
Of IL"ng tool' I 1ke -.canner and )l:Jr\Cr gcncrJIOr\. 
Important factor- arc· (I) .in mtcmal ~}nla;1. trcc 
representauon ('temi", 'ee next \ecuon) and a 
preU) printer for the lungu<1ge urc derived auto
matically from the l;mguag~ definition; (2) after 
pan>ing. syntax tree' arc huill automatically; (3) 

RESEARCH HIGHLIGHTS 

Lunguogc l1dt!ni1 ioil En' imnmcnt C'ic-ncrmor 

Mt.:lu...cm·irunmcnl 

ficncr~11cd cnvimnmcm 

Name of module defining 
th~ ') 1H~1 \ of L 

GLOB.\L ORC, \'-I/ HI<>'-

the generated 'canner. parser. tree constructor ;md 
rewrite ;y~tem <1rc interfaced automatically. To 
'ummari1c. several pans of the generated implc
rnc11tation an: derived from the language dclini
tinn. and lhc ~y~lcm takes care ol lhc intcrfocing 
of oil components of the generated environment. 

Current research 
CcntrJI to our approach is chat we represent ev
erything (i.e .. programs and specification\ bcmg 
edited)"' unifonn tree structures which we call 
tenm. All opcrJti(>ns on progrnm\ - like check
ing and compiling - are expressed a' operation' 
on their underlying tcnn representation. Thc'c 
operation' have to be defined in the language 
dcfiniti(>n ;111d their execution is based on term 
n•wt"iti11g. Given ~omc initi al term 10 • an a1Lc111pt 
is made lo apply a ru le in the specification and 
transform the initial tcnn i111to a new tcrm 11• Thi' 
procc" i' repeated until a tcnn I., is obtained, 
10 which no further rule is applicable. TI1i' i\ the 
1wrm11/ form that corre,pond, tu the initial term 
lo. Clcarl)'. cflicicnt term rewriting i\ e"en11;il 10 

u,, hence. \\C approach this problem from ,c,cral 
angle,. FiNI). by 1n1e,tigaung ho" rewntc rule' 
can be tran\lated directly 10 C program~: th" 
would enahlc elimination of much of the over· 
head nl tcnn rewriting (in particular the 'earch 
ror match ing rules) by pcrfom1ing an cxtcn"vc 
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qatic analysis of the gi"cn set of rules. An ini-
tial prototype of this approach. the AS~2C com
piler, has been completed and exhibits a ~peed 
impro,·ement of a factor 50-100 over our current. 
more interpretati,·e, approach. Secondly. hy in
ve:.tigating incrememal re1.-ri1i11g. a technique 
whereby previous run~ of the rewri ting engine on 
the same, or a slightly modified tcm1 arc reused 
to avoid rewri1ing sicps. T his method i~ imponant 
fo r •pccding up interactive tools which operate on 
term~. A typica l example is an interacti ve type
chcckcr operating on a program which is heing 
edited by a user. Finally, we have investigated 
funher po1ential to exploit 1.hc fact 1ha1 we ba•c 
our computations on term rewri1ing. An example 
i~ lh<' work on orie in 1rnf'l•in1J, whPrt• we rry In 

establi sh reverse links between the normal form 
I,. and the initial tem1 10. It transpires th:lt this is 
vital info rmation for interactive tools like error 
reponers (associate an error message with a part 
of the source program) and animators (visualize 
the statement we arc currently executing). 

Other work undcrway involves extending 
the ASF+SDF formalism (higher-order alge
braic specifications, pararnctcrizcd sons) and 
re-engineering the current i mplementation of the 
Meta-environment (connection with Emacs. re
implementation of the user-interface manager). 

Applicat ions 
Although originally designed as a generator for 
programming environment;;,, it tran~pires thnt 
there are many other areas where our Mcla
environment can be appl ied with >ucccss. 111ei.c 
range from general sy;tem de>ign and the >pceifi
cation of environment;, for various languages. lO 
~pecific areas like query optimization. hydraul ic 
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\imulauon. and application generators. We sketch 
four application' in 'omc detail: 
- We panic1pate an the ESPRIT project COM

PARE \\hich aim, at the con~truction of opti
mi1ing compile..,, for parallel architectures. In 
thi\ context, we have designed a opecification 
fonnali'm fSDL to define tl1e intennediate data 
represcntnuons in compi lers. We have also con
\lructed (u~i ng J\SF+SOr) a generator which 
compile~ lhC$C ~pecificatio11' into C. 

- In cooperat ion wi th a Dutch bank, we designed 
a spccificm ion language ro r fi nancial products. 
Given »uch a product definition. appropriate 
(Cobol) code c<m be generated to include the 
in formation rchtted to the product instance in 
1hc comp~ny's informa!ion system. This enables 
the time needed to construct software for new 
products lo be reduced from several months to 
several days. 

- In cooperation with IBM (Yorktown Heights) 
wor~ i~ underway on highly optimizing compil
er>. The e"ential idea is lo translate the source 
language, e.g. C. into a high-level. intem1ediate 
lc,cl called PIM. All funher optimizations can 
be expre;,\ed as symbolic manipulations on the 
intermediate PIM representation of the program. 
All thc;,e manipulations have been defined using 
ASF+SDI'. 
In clo\e cooperation with Peter Mosses (Aartius. 
Denmarl..), "c have con>tructcd an interactive 
~y\tem to ~uppon development of specifications 
wrincn in Action Semamics. a formalism for 
defining the \cm;mtics of (programming) lan
guage~. hi; currently used for defining these
mantic' of ANDF (Archi tecture Neutral Defini
tion Format). an exchange format for compiled 
program~. 
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P~rfom1ancc cvalua1ion is an art in which right 
1001<. arc indbpcn,ablc. Could Rcmhrandt ever 
have created his 'Nigh1wa1ch • without good 
hru,hc' and an ca,cl '! Ry the ~ame token. many 
of today\ compu1cr syMcm m.e~ are involved 
in the art of pcrfom1;mce evaluation and thus re
quire tool\ 10 >upport m.~cs~mcnt and analysis 
of mca,uremcnts wken. Here we discuss a sys
t~m "hich greatly simplifie'> perfonnance a.sseos
mcnt of advanced databa~c management systems 
1DBMS9. 

Databa'c l~-chnolog) fur single processor ar
chitecture~ ha~ matured from file proccs;,ing by 
a large number of indi,idual programs to sound 
data models and data manipulation schemes ap
plicable in many cnvironmcnh. The DBMSs are 
dcli,crcd a~ portable, single processor implemen
tations with many techniques to obiain good pcr
fonnance. I lowe' er. new (prototype) systems of
ten c~hibit low quality and low performance due 
10 luck of ex1cnsive 11cl(I 1esL~ in the application 
areas they intend to suppo11. Inclusion of new 
technique~ into existing architectures also suffers 
from unprcdicwhlc side effects on system perfor
mance and stabilit y. Yet, from an economic angle 
it is CS\Cnl ial lo predict their performance and lo 
t1,1css their stabi lity. long before installation of 
the hardware and ,oft ware. This was the under
lying rcai.on for ,cuing up the ESPRIT p1·oject 
Pythagoras. 

The 11rojcc1 ';;objectives arc 10 develop the 
mean; of predicting. as,essing and tuning the 
performance of Advanced Information Servers 
(/\IS). To achieve thi~. the project seeks 10 de
'~lop a tool -kit and methodology for perfor
mance quality evaluation and prediction of the 
parallel dataha'c ,cr,cr-. \\hich are intended to 

sup1>ort an AIS. fu1thermore, the Pythogoras 
project target~ buyer• and dm,ig11crs alike. It has 
three principal facet' : 
• The project deliver• a pcrfon11;111ce suite aimed 

at quantifying the effectivene>s of AIS in geo
graphic. c:1,e. and hu>inci.;, applications. 

• The\e exemplar.. ;ire complemented by in-depth 
studies to improve the knowledge of the key 
soflware tcclmology required. and to a\~e's the 
impact of hardware technology on the sortwarc 
choices. e.g .. its architecture. logical query opti· 
mization and data placement. 

• The P) lhagora• project dcli•cn. •C•cr:il engi
neering tool' for de,igner.. and u'er.. of a paral
lel database server: 
- The Adaptive Perfomlance Evaluator pro-

' ide' the compiler de~igner.. with detailed 
application behaviour when de1,igning query 
optimi1crs: 

- The SMART performance predictor provides 
users with a mean~ to analy1c application spe
cific perform;mcc: 

- A prototype generali1ed DBMS 'imulator 
provides system de~igners with a means to as
sess the performance impact of new hardware 
archi tectures: 

-The SOFTWARE TESTPILO'f developed at 
CWI assiMs bo1h cl:uabase designers and users 
to :issess the robustnes; and the performance 
of appl ication; running on a prototype system. 

An overview of the development or the SOFT'
WARE TESTPILOT provides the main topic in 
the rest of thi> contribution. 

DBMS benchmarking 
The common approach to obrnining performance 
charactcriMic\ of a DBMS i., to run a \Cl of care
fully chosen queries and then to obscl'\ c its be-
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Geographical 
111formaooo. stored 

in a database, 1s 
used, e.g., 10 

model terrain ero
sion and sedimen

tation. Here cffr· 
crency and rel1ab~ 

My of the database 
management sys 
tem are of crucial 

1111pottance. CWI 
coordinates the 
ESPRIT pro1ect 
PYTHAGORAS, 

wl11clJ is developing 
a Software Test 

Pilot to assess the 
Quollty of new data· 
base management 

systems. 

liJ l!rosionJSedimen1J11ion "1od~ling 

ha•iour. Da1aoo~c benchmark' hl.e Wi-.comin 

and ASJAP are primaril) dc.,igncd as lools ror 

DBMS developers. Their mm 1' lo e~po'e lhe 
1111crnal \lrengths and wcaknc"c' o f a ;ystem im

plcmc nuu ion. A recent developers-be nchmark 

for Objec1 Oriemed OHMS i., 1hc 007 he nch
m.1rk: this ;, designed lo provide a useful work

load for cvalualmg new lcchm4uc' und algo· 

rithm' for OODBMS implementation. The l'PC

/\ and TPC-B benchmark' ha'c the ad"antage or 

berng ba.,ed on a real apphcatoon (a bank teller 

network). but ha"c become uovorccd from the 

rc:1l upplication' re4ui rcmcnt:... They can or ly he 

u•ed to provide a si mple comparative measure o l 

a 'ma ll part of Lhc >y>lcm bei ng lc,tcd . Cur:-ent 
TP(' work i;. direc1e<l towards providing bench

marks for more complex traditional application 

domain' (e.g .. Order-Ent'). Deci~ion Support) 

"ith :m emphasis towards conventional sys1ems. 

TI1e role of benchmarking i\ pnmarily 10 com

pan: performance of lwo or more ~ystems. In
deed. it is of limited value as a means Lo imrrove 

Mlfiwurc q uality. Moreover, the known be nch· 

marks do not di rectly aid users in cletenn ining 

the DBMS effectiveness for a particu lar domain. 
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Dornaon-,pecitic bench marl' arc a rcspon<e to 

th1' diver.it)' of compulcr 'Y'tcm u-.e. They 
spcdry a synthe1ic worklo;od charac1cri1ing a 

typical appl ication prohlcm domai n. The 001 

benchmark i• a step in this direction, which ad
dresses the perceived performance critical 11'pcc1' 

of a Computer-Aided Dcsil.'n (CAD) applica1ion. 
The hcnchmark' arc rn111plcmcntcd by lCsl

'ulle'> /;\eared al cxpo,urc of weaknesses in spe
c1hc sy.,u:m implcmcmauom. fogcthcr the) pm· 

\ 1dc the basis for technical qualit) a.\se>smem. 
l:.\tcn~ion with sottwarc qualot) assessment 1c.:h

m4ucs. like IS0-9000. further improve Lhe or
gani1.at io n of software produclion. Finully, 1he 

ulphu- and hem- lest s ites rcprc:,em Lhc last barncr 
before sys1ems reach 1hc markc1. 

A major drawhack of lhe bcnchmar~ and IN· 

'uitc'>. addressed in lhc SOFTWARE TESTPl

LOT project, is that they onl) represent a fe,, 

point\ in the workload 'eard1 '>pace. Hence. a 
DBMS engineer or lher with a workload charac 

tcri\lic which is sl ightly on tho'c mca;urcd. ma)' 

fi nd his system pc rfom1 ing hadly. Moreover. 'Y'· 

tcm impleme ntors may be inc lined to provide 

good 1>erformance o n Lhc publiohcd benchmark-. 



In particular. anaining good perfonnance on the 
notoriou~ complex operation~ may ignore the 
"orl.load char.11:tcri,tic~ of the application do
main. Like" i..:. 1c\l-\uites may be biased by 
i,ofatcd implcment;nion challenges. e.g .. novel 
d;ua \tnJc1un:\ or query optimization techniques. 
and neglect possible side-effeeL,. 

rrorn 1he'e ob>crvation' we conclude that 
DBMS engineers and user> require a perfomiancc 
u"es,rnen1 method which goes beyond bench
marking. What they need are in1clligcnt tool> to 
explore tl large workload search spnce, quickly 
\CCking out the slope. 1op. und knees of perfor
m:mcc figures. 

Automation of the perforwauee russess
mcnt process 
The predo111in11111 pragmatic approach in explor
ing a workload search space i' to use !.hell scripts 
10 capture the repet itive nature of the tc~t rum. or 
10 rely on a \mal l test 'pace explored manually. 
The maJordra"back here i' that this often =ults 
tn a brute force approach. ninning the script o,·er 
night to obtain a few poi nh of the pcrfonnanee 
!unction without in1cm1it1cnt ;idju\lmcnt or error 
n.'<.'O\CI)-. Another drawback i'> that 'hell >Cripts 
arc difficult to pon and maintain due to their op
erating \ystem dependent nature. 

U\ing our approach the perfomiance a-.,e._.,. 
mcnt \uppon system (PASS) experimenter spec
ific, an abstract workload search space, a sm<tll 
1n1crface library with the target sy>tcm, and a dc
'iCription of the expected behaviour in a test-suite. 
Thereafter. it i' up to the PASS to select the ac
tual workload parameter values and to execute the 
com:,ponding target system tronsactions. such 
1hm 1he pcrfonnance characteristics and qual-
ity weaknesses nre determined al minimal cost 
(=time). A novel aspect of this approach lies in 
u1ing :i bchavioral model of the target system to 
drive the process. The experiments selected by 
the SOl·TWARE TESTPILOT are hased on the 
incremcnwl li;t of' resu lts (i.e. 1he experimenta
tion history) and the mathematical propcnies of 
the hypothcsi> function cons1ilu1ing the behav
ioral model. The requirements on a PASS are 
derived u'ing the u'cr's interaction and the tar-
get 'Y'lcm demands shown in Figure I. A user 
de'iCribes an ab,1rac1 experimental space using 
a 1e\l-,ui1c 'pccificmion language. This search 
'pace encompa,,c.., all legal parameter values for 
experimental control and results. Thereafter. the 
u-cr interacts\\ ith a PASS 10 guide the exccu-
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lion of Lhc experiment,, LJ,ing '"ual11ation and 
~ummarizarion of1hc mca,urcmcnt .... 1he u~er i' 
infonncd about 1hc pcrfom1ancc behaviour of the 
~yMcm under lC'1. 

We dcri,cd the following li,l of rcquircmenL\ 
for a PASS system from the pcr-JX.'Clivc of u-.er 
interaction. A PASS S)'Stem should provide: 
- a nexible language for experimental space spec

ification. including test space defin111ons in 
tenn\ of factor- and response vanables, a tar
ger system interface descnp11on with re-usable 
component~. and a mcchani'm for hypothesis 
'pccificarion lo guide the exploration of the tesr 
space: 

- an extendible module to encap-.ulate algorithms 
10 explore a large workload search space and 
quickly find the slope, lOJl, and knees of perfor
mance figures of the target 'Yslem; 

- a graphical user interface enabling the user lo 
control and di rect execution of the experiments. 
Fu rthermore, mcasuremem. summary and hy
pothesis visualizatiun by mean; of a hybrid 
graphical mon i1or; 

- s1a1b 1ical validation and lluing of user supplied 
and 'ystem generated hypothesc; to adapt the 
bchavior;il model to the target 'Y'tcm: 

- persistent 'torage of mcawrcmenl data for pos1-
session analysis by domain 1,pccific 1001, (e.g. 
staristieal packages and Al machine leaming 
applications); 

- documemation of e~pcrimelll\. Pcrfonnance 
results arc non-in1crprc1able without exact in
fonnation on the expcrimenral cm ironmem. e.g. 
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Figure 1. 
The PASS 
enwooment. 



Figure 2. 
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architecture. 
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its design assumptiom .. A shon nam11ivc de
scription of the objectives and boundary condi
tions of the experiment helps to interpret results. 
The following requirements apply to the target 

sys1c111 under test: 
- lsolmion of the target system from its environ

ment should be possible in order to provide full 
control over the system by PASS. The target 
system s1ate should be dc1cnninistic. 

- ·nirgct system crash recovery and stale inspec
tion. A PASS may stretch the target system 10 
1111d across its limits. This can result in a ~ys
tem crash. Hence, the target system should be 

cra.'h recoverable. Target system stale inspec
tion is required to assess the system state after 
a crash and to verify assumptions implied in a 
performance Lest-suite. 

- The targe1 system should be machine con1rol
lable; i.e., the target should provide an interface 
enabling a separate <1pplicat ion (e.g. a PASS) to 
control the system's actions and assess perfor-
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mance results. for example an SQL inte1face for 
DBMSs with additional commands to retrieve 
performance figures. 
Ahhough testing Md benchmarking have been 

the subject of considerable aucmion over the past 
ten years, we arc no1 aware of similar attempts to 
automate perfonnance quality assessment at this 
level. 

Test environments mostly focus on test-data 
generation and path coverage testing. or they ex
plore the progrnmming language prope1tics to 
proof (type) assertions. Performance monitors. 
bui lt imo the DBMS or operating system environ· 
ment, are passive. They merely provide measure
ment d<1ta, statistical analysis. and visualization 
tools. Instead. the SOFTWARE TESTPILITT 
provides a mechanism for partial automation of 
the imerpretation of the resu lts to prepare for and 
10 perform the next ICSt-run. 

Conclusions 
We have described the requirements for a perfor· 
mance assessment support system imd a novel en
vironment. the SOFTWARE TESTPILOT. which 
implcmcn1, them. The tool is being used on a 
daily basis both to assess performance or parallel 
DBMS and to tune database cost models. The 
approach taken is to provide a declarative lan
guage, cal led TSL, to specify a large performance 
lest space. Finding an efficient exploration is left 
to the SOFTWARE TESTPILOT. The result is a 
highly flex ible language where the user's prime 
responsibility is to define actions objects, 1heir 
relationships, and 1heir interface with the DBMS. 
A clear separation between test space explora1ion 
and target system interaction ensures a highly 
generalizable tool applicable lo a broad applica
tion domain. 
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Procedure' 10 create lip·synchronou-. facial an-
1ma11ons have been time con,ummg. co,tly and 
non-au10111a11c. The central goal of the FE RSA 
project (Faci:il Expres•ion Recognition as a driver 
for real-time lip-synchronous Speech Animation) 
is to develop :a mean' to automate thi' procedure 
for u,c in a tcle' i~ion post-production em iron
mcnt. The H;RSA project j., panial I) funded b) 
a PBTS grnn1 from the Dutch Mm1 .. tl') of Eco
nomic Affair ... We arc faced with two problem>: 
(I) automatically dctcnnining the correct se· 
qucncc of mouth shapes needed ror animating a 
given text. and (2) •ynthesb or reconstruction of a 
talking face (or object) u'ing a \mall \Cl of mouth 
'hape, (on the order of 25 ~hapc,) . .Much work 
i~ being done m the area of facial animation, i.e .. 
creating ~ynthetic actors. We do not investigate 
1hc urea of ~y nthcsis. Our main concern is with 
area numherone. We would like to ·drive· or 
·puppeteer 'Ynlhctic talking face' and u'c simple 
forms of recon,truction, i.e., 20 fi1pbook and 30 
computer generated animation. mainly to dcmon
str.ue the power of our approach. We employ 
Computer Vision technique' to aut<)mat ically 
procc" and analy1.c video imngcs of a m1rrator 
and to identify the necessm-y mouth po•itiom, 
needed to recon,truct a lip synchronous :mim:i
tion u\ing the nam:tlor·s original 'ound track. The 
project a\ a whole has link' with the topic\ of 
Intelligent Us.er Interfaces. Computer Graphics. 
Image Analy~is and Multiml!diil, all of which arc 
studied at ('WI. After 11 period of experimentation 
and soflwarc prototyping. :md the production 
of our fiN animations we are now in the pro-
ce" of completing a first producuon ve~ion of 
the') \lcm for deli\el') 10 our indu,trial panncr 

(Valkieser BV) h) April ·94_ Po"iblc lunhcr 
dC\Clopmcnt' :md application~ of the~} stem will 
be discussed at the end of thi' contrihution. 

Dackgrouud 
To place this project imo a context let u' examine 
some approaches to the problem of speech anima-
11on. 

Symhl'lic s11eech-10·1111age or li'.11-/tH'i\lla/ ~peeclt 
A phonetic 'core" gcncrJted from a 1cx1 ~cript 
and a mapping between phoneme and corrc
"ponding facial movement generate~ 1hc anima
tion. The problems a~sociatcd with thi\ approach 
include: 
- the mapping u\Cd in the construction " lan

guage dependent: 
- the set of ,ynthctic 'ounds does no1 span that of 

human speech leading to a lack of 'naturalness' : 
absence of rhythm and voice inflection. 

Audio speed1 rt'c·o1111i1 ion lo ima.~e 

With an eye to remedying some of the problems 
m.>ociated with Synthetic Speech to Image. ef
fons arc underway in lhe scient ific community 
to perform speech recognition via <1naly,is of the 
human voice. Among the problem' encountered 
with this approach arc that. given ih inherent 
complexity. it i' diflicuh to realize speech recog
nition for a large range of speal.crJvoicc,, and 
1ha1 one cannot detect non-audible mouth mme· 
ments or ge~turc~. 

Visual speech n•co1111irio1110 imt111e 
An altemati\'c approach use.\ Computer Vi~ion/ 
Image Proce,,ing techniques and anatomical 
analysis for purp<i-cs of full speech recognition. 
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Problems associated with this approach include: 
- user independence is difficult for a large vocab

ulary: 
- the procel.l.ing requirements hinder real-time 

implementation. 

Our approach has affo1ity w ith this last strategy. 
Because we neither anempt nor need to perform 
full speech recognition. we can avoid its main 
problems. However. we draw from this work 
along w ith fundamental work in speech analysis, 
which provides us with knowledge about mouth 
shape/movemem during speech production. We 
have relied on this body of research to guide us in 
choosing relevant mouth shape features. texts for 
system tra ining, and in determining an adequate 
set of visual speech elements. 

The FER.SA system 
FERSA is composed of two main module> (see 
Figure I ): 

(I) a training/classilication module w hich has to 
rccogni :t.c the mouth shapes exhibited by a nmrn
cor 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 classifica1io11/recog11i1io11 
Since our goal i~ to drive a lip-synchronous facial 
speech animation, we do not intend to recogniLe 
speech but rather the mouth gestures and mouth 
shapes of the speaker during speech product ion. 
Thus, our limited recognition task is simpler than 

36 

that of Vbua l Speech Recognition. Our recogni 
tion module (Module I) will simultaneous ly ana
lyzc video frame, and cl<1s>ify the mouth ~hape' 
per frame (sec Figure I ). The outpul of this clas
si fier is a stri ng of ident i fiers that serve as input to 
a Module 11 for the creation or 1hc animation. 

Module I is trained by having the narr'dlor read 
a phonetically rich 1cx1 in front of the camera. 
The images are analyzed and the narrator's char-
11c1cristics me extracted for later dassification 
of any general text input. If the training script is 
chosen correctly the system can be used for dif
ferent languages. 

Previous research suggests that a small set of 
some twenty mouth shapes suffices to represent 
the basic set of mouth shapes ncccssa1·y to recon
struct a convincing speech animation (French and 

English). However, this ho lds for reconstruction 
m unequal intervals. We will be sampling at an 
equal inte1·val rate of 25/sec. Thus, we may need 
additional mouth shapes in the reconstruction to 
accommodate for in-between mouth positions. 
At prcsem, our recognition module operates off-
1 ine on recorded video. T he software involved can 
perform its wsk real-t ime however. 

Rec011strucrio11 
As stated. the reconstruction module is presented 
with a string of identi fiers. analogous to a musi
cal score, c:tch identifier specifying a recognized 
mouth shape. one for every analyLed video frame. 
These identifiers arc used by the reconstruction 
module in basicall y one out of two ways: the fi ip
book approach and the facial model approach. In 
the fl iphook approach, images (animation frames) 
arc flipped to screen to form an animation. These 
animation frames arc selected from a prestorcd 
set of images of the mouth shapes to be used in 
the animation. The selection is determined by 
a mapping from lhc set of recognizable mouth 
classes to 1he set of an imation moulh shapes. De
pending on the type of realization, e.g., 30 wire 
frame. 20 claymaiion. line drawing or photo stills 
(see Figure 4, left), the mapping of mouth class 
lO animation mouth shape is one-to-one or many
to-onc (sec Figure 2). The number of animation 
moulh shapes is maximal, i.e., equal to the num
ber of mouth shape classes, for purposes of foll 
reali sm. although in a simple l ine drawing or a 
30 implementat ion using <1n off-l ine keyframe 
method, it may only he necessary to animate w ith 
a small number of shapes. For the Aipbook ani 
mat ion one only has to fetch images from some 



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

In the lilcial model approach a parameLriLed 
model of some speaking entity (maybe a human 
face, maybe a dinosai.11·) is used. In this case. ev
ery recogn ized mouth shape is mapped to para
meter settings for the facial model which then 
uses 1hc111 10 produce an image coJTcsponding Lo 
1hc momh shape. For simple models. this process 
can run real-Lime, the use or complicated models 
and/or complicated rendering (e.g. texture map· 
ping) of111c images gcncr-.ucd by them will be 
olT-linc. II should be noted 1ha1 the facial model 
easily adapts itself 10 synthetic ' talking heads' . 

Initial experiments and software 
prototypes 

Image acquisition 
Our first investigation was 10 compare two very 
differem approaches to the acquisi tion of the nar
rator's facial features. In the lirst approach, the 
narrator is marked up with reflective dots, in the 
second approach a B/W video recording is used. 
To explore lhe reneclive dots approach we were 
allowed to use the PRIMAS mot ion analysis sys
tem developed a1 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 appl ied 10 enhance 1he facial fea
tures.The recorded video approach turned out to 
be well suited to image analysis techniques and 
was relatively easy to apply as fa1· as recording is 
concerned. We chose for lhc latter approach. 

Analysis, 1rai11i11g and rerng11irio11 
In order to facilitate our analysis of training- and 
test-data and 10 prototype our software, we lii-st 
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 1es1 system pcrfonned four 
simple measurements on each mouth image. Af
ter normalizalion and scaling, 1he ratios of these 
measurements gave us points in a 2D fea1urc 
space. Scanerplms convi nced us that these two 
numbers were foirly independent. In this space, 
we perfonned a. stroightforward c luster nnnlysi~, 

u.<.ing a hierarchical clustering procedure. with 
the number of clusters 10 be generated limited 10 

thiny. As a final Step, in each of these clusters a 
ce111ral point was chosen. figuring as 1he mou1h 

RESEARCH HIGHLIGHTS 

m o ulh shap4' chas~e..~ 

0 

anim.alio11 m outh shapes 

37 

animatio n 
frames 

Figure 2. 
Analysis and 
reconstruction. 

Figure 3. 
Talking bottles. 



Figure 4. 
Left:: whitened face 
and blDCkened lips 

for recordmg. 
Rrghl: lrne drawing 
as a keytr ame for 

reconstruction. 

Figure 5. 
Animation frame 

usuig clay model of 
pear (claymat1on). 

~<)-S:J 

t~ ~} 
o/ 

I/ ~, 

\hapc ch:iractcri,tic of that clu,1cr. This '"'Y· the 

\et of mouth 'hapc cla"cs ""'formed. 
Recognition proceeded a' rollow,. The ,,unc 

four n1ca,lircrncnt' were made , >n every image 

as had been made duling analy'" of the trnining 

\Cl. lllc'c mca.<;uremcnts defined a point in fea

ture 'pace. Ncxl. the clu,ler centre nearc,110 this 

roi nl (w.ing Eucl idctm di,iancc) wa' ,elected and 

<;O the fCJlrc~111a1ional mouth '11'1Jle for lh:U 1111-

age "a' deiennincd. 

Renmwrucrion 

for the d1'play of flipbook animation'" c wrote 

a program running on Silicon Gr..iphic, "ork

,1a1ion' U'lng SGr, gr..1phics libr:1ry :md audio 

tools w display recon\lructcd an imations in rcal

time. Re.1l-1ime pcrfonnancc can be achic,ed 

with lh1' \Clup bcc:IU'c of the 'mall numb.:r of 

image' 10 be ll ippcd {al mo\l it equals the number 

of mouth ~hapes). >1> they can he loaded into main 

memory before the animation ,1,111'. All there 

is 10 do " 10 move them 10 scn .. -cn at the rntc of 

25 JlCr 'ccond. In the facial rncxlel approach. we 

adapted o version nf Parke's faciul model nvai l

ablc in the public domain. fore' cry animation 

mouth 'hapc. a ,et of model parameters gi' mg 

the desired shaflC wa> determined beforehand. So. 

showing an animation ;, done hy >elect ing one of 

the.'e parameter SCI\ and ha,ing the model gen· 

crate the corresponding image 25 time' a '1.'COnd. 
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With thi' ftocial model Cand without texture map· 

pmg) thi' \\il\JU>l po"1hk real-lin~ on an IRIS 

Indigo. 

Some a11imuN011.s 

\\'tth the tc't '}'lcm "e comtru.:ted \Otne 

very 'hon animation' t"mg the audio tmcJ.., 

'Ca;ablancu'. 'SmakclijJ.. c tcn'. ·My name i> Pat' 

:ind ·Good morning laclic' and gentlemen·. Thew 

"ere rccon,1ruc1 .. -d 1Mn!! line dra"'"S' {Figure 

4. lcfl), photo 'till~ from a clay model of a pear 

(Figure 5) and Parke'' 1acial model. In collabor;i

lion with our industrial pa11ner. ValJ..ie>er BY. we 

comtroctcd \omc more profcs.\ional animation,, 

U\ing about two minute' of text and featuring 

items includ ing speaking bonle' {Fi{!1.1re 3). 

A procluction syst<'m 
Our fir>.t ~y,tcm actually dc,tined lor producuon 

purposes will be delivered 10 Va lkic,cr before 

April ·94_ h consist\ of('++ software. running 

under V'llX on SGI \\Orkstation,, u'ing SGr, 

gmphic' libmry. Broadly ;pealing the central 

clement of thi s software. the recognition sys· 

tcm. con\i\I\ of fi,·e pan': initiali1a1ion. no;tril 

tmcking. image procc"ing. feature c'trnction and 

da"~ifica1ion. 

Because li ght ing conditions and amrtomical 

detail> (e.g. mouth JXl>ition. contrasts) may vary 

from reg1Mr..ition 10 rcgi,lmtion. operation of the 

'Y'tem bcg111' hy intemctively indic:lling po'i 

lions (nostrils and moulh corner') and thresho ld 

levels through mou,c-click.' on pixels of station

ary image' The pammcters Ihm. ~t detemtine 

"tuch grey values "ithin which image area arc 

taken to denote the narrntor's lips. :is well as the 

\ile of lhC 110\lrik When looking more or le" 

'tra1gh1 into the camcm. most people·, no>llih 

'how up"' lwo distinct grey spots in the image. 

Moreover. nostrils arc the only facial feature' 

whose pc1,i1ion is almmt lixed with rc'pect to 

the undcrlymg bone 'lructurc. To compensate for 

(not too violent) head moverncn1 during image 

registration. the nos1ril • are tracked from image tr 

image. In every image, the mouth region is then 

found in a" 1ndo" located at a fixed olT\et lx:IO\\ 

the nostrils. 
In spite of the use of make-up o n the narrator's 

face. segmenting out the lips from the mouth re

gion is sllll a complicat~-d maucr due to noio.e. 

light rcncc1ion' (on moi,t lips) and the fact that 

the oral cavity can look both darker or lighter 

lhan the \urrounding lips and e\Cll panly lighter 



and panl} darker in one and the >amc image: 1hi' 
la.'1 cll\.-.:1hdue10 1hc umguc and 1cc1h. We per
form a number of problem '~"Citic prcproce"ing 
"ep': 1hc-.c ha' c m common lhal I hey cxploil lhc 
fatt lhat we an: lool..mg for a clo"'d ring (open 

mouth) or a di" (du>ed moulh). A fc" Mages arc 
'h""" in Fi!!urc 6. Once Lhe hp~ ha'e been lo
c:ucd. mca,urcmenl\ .ire performed. e.g .. mouth 
height. mou1h "idlh. uulcr perimeter. IOlal area 
pcnmctcrul C<l\11) and ca,ity area, posi1ion of 
highc,1 .mu lowc,1 poi111, of mou1h comers and of 
centre of ma". R;11 io;, of quami1ic;, of the ;,ame 
dimcn\ion formed from lhc'c 111c;l\1.1rc111cms then 
serve'" fculurcs. (One of lhc advantage' of ratio, 
is 1ha11hcy ur"C indcpcndcnc of camera distance.) 

The cla~si<ication pan of the software is still 
lhc least crysrnl! i~cd. A' 'aid. durin,g our ini1ial 
c~pcrimcnl\. we used clu~1cring to separate 1he 
feature space. In the currcm soflwarc we arc cx
pcnmcnung wi1h dividing 1hc fea1urc >pace in a 
li\cd number ofrcc1angularcclb. Although this 
appro;ich i' cU\icr lo i mplcmcnt and far more 
rohu,l. 1t ,1ill remains 10 be seen whether ii can 
sulhc1cntl} cope wnh difference' between >pcak
CI"\ and language 

Future developments and conclusions 
To date lhc project ha.' rc'uhed in a 1001 which 
can g~all) \1111phfy the production of lip
')n.:hmnous ~munauon;,. PO>'>ible further cx1cn
\ion'> arc fo:tlure detection under varying lighting 
cond111ons "1thou1 u""!l make-up. and rccogni-
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1ion of baStc facial cmo11on C\prc"u>11'. Thc'c 
la<.h will demand funhcr rcsc<tn:h mlo the .1p
plicability of a;,pcch indud1ni.: acti\c comour;,. 
ncuml nci- and op1ical no" anill) ,;,, TI1i' could 
lead 10 1hc con,1ructuin of a 11101 lor ·pcrfom1cr 
dri,cn· anin1<1lic>n,, ur a lt>ol for tclcconfcrcncmg 
on rclali\cly cheap sys1cm' \\llh lo\\-h;md\\ldlh 
communica1ion clwnncls 1hroogh 1111;igc anal}"' 
:111hc 'ending \Ide :md 1ma)!c rcco11'truc11on at 
Lhe Ct!l"t!l\ mg '1d..:. 
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Figure 6. 
Some stages in 
tmage segmenla
bon and preproces· 
smg. 
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Current image analysis research ~t CWI involves the 
application of a hierarchy of graphs. fh1s 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 reg1011 adiacency graph. 111 wtuch 
each regJOn is represented by a vertex, and vertices 
representing adiacent regJOns are connected by an 
edge. The figure shows (to the left} a representabon 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. CWl's c++ GRAPHLIB package enables fast 
development of several methods using hierarchies of 
grdphs. The data structure can include a large number 
of vertices. even 1n excess of 100,000. Other features 
to be represented ll'lciude edges in the region 
adiacency graphs and links between vertices at 
d1ffenng levels, as well as additional ll'llormabon on 
image grey revels. Although appbcatJOn of these data 
structures requires large amounts of memory, they can 
be run conveniently on CWl's Silicon Graphics Indigo 
machines. 
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FINANCIAL AND OTHER DATA 

-

INCOME 

FINANCES 1993 

In 1993, SMC spcnl On. 26.4 1 mi llion. or which 
abou1 DU. 2.94 mill io n was a llocalcd 10 univcrsi1y 
based research and Dfl 23.47 mill io n 10 CWI. 
The expenses were covered by a >ubsicly from 
NWO (Dfl. 21.42 mi ll ion). 01hcr sub~id ies and 
grnnls con. 0.22 mill ion). ;ind from the inter
n:nional progr;1111mes (main ly EC programmes. 
e.g. BRITE. ESPRIT, SCIENCE and RACE) 
con. ~.04 million). Finally. an amount of 
on. 2.48 mill io n w;is obwincd as revenues out of 
th ird-pany-scrviccs and o ther sources. 
During 1993 CWI abo hosted over s ixty re
searchers in externally fi n<i nced positio ns. These 
arc 1101 inc luded in 1hc adj;1ccm fi n:mci;tl sum
m ary. 

w1iversi1y 
based CWI SMC 

* on. 1000 -· 
s ubsidy and gra11ts 
-NWO 3134 18281 214 15 
-other - 216 216 
national programmes - - -
international programmes - 3037 3037 
other revenues 35 2445 2480 
toial income 3169 23979 27 148 

EXPENSES 
labo ur COSIS 2423 16513 18936 
ma1e1"ials ru1d overhead 27 2742 2769 
computer investments 200 2004 2204 
transfer to 1hird parties 291 1991 2282 
mjscellaneous - 219 219 
total expenses 2941 23469 264 10 

42 

incomeCWI 
special programmes 

subsidy and grants 
(NWO and others) 

expenses CWI 

o ther 

transfer lo third parties 

labour costs 

+ miscellaneous 

computer investments 

materials 
and 
overhead 



F I N A N C I A l A N D 0 T It E R D A T A 
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CWI Ph.D. THESES 

Author 

A.O. Olde Daalhuis 

M.C.J. van Put 

H.T.M. vnn dcr Maarel 

J.T. Jcming 

0. Veltman 

Title 

Uniform. Hyper- and q-Asymptotics 

Statistical Analysis or Sortwm-e 
Reliability Methods 

A Local Grid Refinemeni Method for the 
Euler Equations 

Theories for Algori1hm Calculation 

Multiprocessor Scheduling wi th 
Communication Delays 

Thesis advisor(s) ' 1 

T.H. Koomwindcr (UvA) 

F. W.J. Olvcr (UM a) 

R.D. Gi ll (RUU) 

P.W. Hemker 

L.G.L.T. Mecnens 

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

P. Wartenhorst Performance Analysis of Repairable Systems FA. van der Duyn Schouten 
(KUB) 

A.S. Kluscncr 

J.T. Tromp 

Models and Axiom$ for a Fragmenl of 
Real 'lime Process Algebra 

Aspects or Algorithms and Complexity 

+)For ex ternal advisors the uni vcrsi1y's acronym i~ added: 

UvA =University of Amstcrd<11n 

UMa =University of Maryland (USA) 

RUU =Stale University of Utrecht 

TUE =Technical University Eindhovcn 

KUB = Catholic University Brabant 

J .A. Bergstra (RU U) 
J .C.M. Bactcn (TUE) 

J>.M.B. Yitanyi 

Library ( ultimo 1993) Publications 1993 

41 OOO 
1450 
I 10000 
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books 
subscriptions on journals 
rcpons 

223 

128 
79 

papers in journals and 
proceedings 
CWl Repons 
Other publications 



CWI RESEARCH PROGRAMMES 

Algebra, Analysh; & Geometry 

Algebra. discrete nmthcmatkal structures and 
computer algebra 
Research m and implemcnia1ion or algorithms 
in algebra and combinuiorics: makmg such al · 
gorithms and other mnlhcmatical knowledge 
available through intcgratcu coherent comput· 
ing systems. Symbolic nmnipulalion packages 
(compmer algebm) urc an essential part here. 
Subjem: 
·Algorithmic algebra and dio;crete mathematics 
• Comru1cr a"i,1cu mathematics 
·Quantum group' a11u q-,1iecial functions 
~rammc leader: M I late\\ inkel 

Modelling nnd n nnl)~i\ 
Study of the dynamic' ut biolug1cal population\ 
with an intcm:1l. physiological, Mnicture through 
balance law' relat ing the life hi•tory of individ· 
uab 10 the tlcvclup111cn1 or 1hc p<>pulation a.5 a 
whole. Cons1n1ction of' an intinile di mensional 
dynamical >yo1c111 from the model ;,pcci fical ion; 
theory or functional differential equations; Sia· 

bility analysis: ergodic theory: development of a 
Dynamical Sy\lCm\ Laboratory. Research into 
uniform a<;ymptotic expan,ion'> and their numeri
cal implementation. 
Subjects: 
• Population dynamic' and epidemiology 
- Dynamical \)'\!Cm\ 
- A\ytnptOlie' 
Programme leader: O. Diekmann 

Operations Research, Statistics & Sys
tem Theory 

Combinatorial n1>timiwtion and algorithmic.> 
Fundamental and aprlicu re>earch. with an orien· 
tation toward~ mmhcma1ic'> (dio;crctc mathemat
ics. geometry. number theory. probability theory). 
operation' rc-.earch (linear and integer program
nung. op1imi1mmn, -.cqucncmg. ~hcduling). 
computer ">Cicncc (comple~ity theory_ computa-

tional i;comcll')) and applications (VLSl-la»out. 
robotic,. pancm recognition. raih\a) and airplane 
muting. \chcduling. and time-tabling). 
SubJect': 
• Dc'ign tllld arwly>b of algorithm\ 
• Polyhedral method> and polynomial-umc :1lgo-

rithms 
• Mul ticornmodity Oows ;ind VSU-layoul 
• Di'>crclc 11m1hcma1ics and geomet ry 
• Applicutions (routing. scheduling, 1imc-1abling) 
Programme leader: A. Schrijvcr 

Annl)>is and control of information no"s in 
nch•ork:. 
rundamemal and application-oriented rc\Carch 
concerning the bcha,iour of >tocha>tic ')'tcmv 
m:uhemmical analy>is of queueing model'>: pcr
fonnance analy\i\ of computer and communica· 
1100 network\; 1ntegra1ion of queueing and rcli· 
ability theory in order to assess the behaviour of 
sy\lcm,, M1bjcct 10 breakdown, rcplaeeme111 and 
r~pair; stochastic phenomena in Ian ice-type net 
works, including appl ications in mathematical 
1>hysics and communications. 
Subjects: 
• Analy'i' of ma1hema1 ical queueing model> 
• S1ocha.i1c proce~e' on nel\\orks 
• Rcliab1lil)' anti availability of nemorks 
• Performance anal) sis and control of computer 

and communication 
Programme leader: 0.J. Boxma 

Sy,tcm und control theory 
l'ormul:uion and analysis or dynamic11l 'Y'lcn" 
a~ models for phenomena which evolve in 'pace 
and time, und the solution of control and r>rcdie-
1ion problems. 
Subjects: 
• Octcrrnini ,tic syMcm thcory 
• S1och11\lic \yMem theory 
- Control of discrete-event system> 
. S) '1cm identification for compartmental modd, 
· Control computations for element model' 
• Comrol of dr~Lribulcd cornpulcr systems 
Programme leader: J.H. van Schuppen 
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lma~c anul)\i~ 

Re,earch on 1he analysis of digi1al images .incl 
'patial dala lundamcmal \lUdy of \IOCh:NiC 
modcb.,ta1is1ical procedure,, am.I 'll1Chu,1ic and 
geome1ric algo1i1h1m: applica1ion, 10 ~on ,ulting 
problem;, in 'patia l statistics and image ana lysis: 
,oflwarc implcmcnlation. 
Suhjceh: 
- S1oclm,t1c geo111c1ry 
- Applied 'pali<il 'tali,Lic' and 'tcn:ulog) 
- Bayc\lan and tikclihood-ba.\ed image analy,is 
- Mathematical morphology and d"cr~1c image 

tran\forn1' 
- Soft ware development 
Progn11111ne leader: A.J. Baddeley 

Numer ical Mathematics 

Discreti1.ation of evolution prohlems 
Fund:unental and applied research 111 to numerical 
mc1hod\ for evolutionary dilTcrenlial equal ions. 
Both ordinary and partial differential equations 
arc covered. In many cases of' praclie~1I inlerest. 
lhc;,c lwo prohlem classes can be linked numeri
call) ~ia 1hc Method of Line\. Attcrll on i' given 
10 1heore11cal analy;i; on >1abihl) and conver
gence i"ue' and lo applying 'pceific algonlhm\ 
10 imponant problems from ac1ual practice. 
Suhjecls: 
- Adapti ve grid methods 
- Three-d imensional transport problem' 
- Parnlld initial-value-problem algorithms 
- Algonlhm' for atmospheric llo\\ prdllem' 
Programme leader': P.J. van der I lou·.,cn. J.G. 
Ver\\Cr 

Boundary-,nlue problems, mull igrid nnd de
fect correction 
The design. analysis and i111plemen1a11on of 
method' ror the numerical approximmion or .,0Ju-
1ion> of problem' described by ordinal") or (ellip-
1ic and hyperbolic) panial diffcrcrnml equation;. 
as ari-.c in. e .g .• 'lruclural ml.-chanic,. nuid d)
namics and chemimy. The research focuses on 
defect corrcc1ion and mult igrid techni11ucs. Ap
plicmiom. inc lude: optimizalion problems; and 
1he compres-. ible Navier-Stokcs equations. in par
ticu lar in re lmion wi1h aerodynamic' . 
Subjects: 
- The anaJy,;, or dcfecl correction ant. adaplive 

technique' for convec1ion-diffu,10n problems 
- Applicmion of muhigrid 1echniqucs :o fluid dy-
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nam1c' problem-; 
- Singular pcnurba1ian problems 
- Par.imctcr idc111ifica11011 111 ordinary d1fforcn11al 

equation' 
Programme leader: P. W. I 11.:rn~cr 

I .argc-scale computing 
Re.,c:irch into general a'pcch of 11nplcmen1a-
11011 of malhcmalical and numerical algorilhm'> 
for modem (massively) par..illcl archncc1urcs. In 
pan1cular. i1crati,·c method' for c\lrcmal cigcn
\;1lue'> of large sparse mmrice;. (\1 ith applications 
in 111;ignctohydrodynamics) and algorithm; for 
number-theoretical problems wi th a numerical 
component (with applic<ttion' in data protec1ion) 
arc invcstigmed. 
Subjects: 

Parallel numerical algori1h111' and loob for lheir 
11nplcmcn1auon on parallel sy\lcms 
Computational number theory 

Programme leader: H.J .J. le Riclc 

Software Technology 

Semuntics 
Im e'l igal ion of Lhenf) and apphcal ion\ of pro
j!ramming language seman1ic\, in panicular: 
the ~tudy of a category-1hcorc1ic pcl'\peCtive on 
lhc variom. domains employed in \emamic mod
elling, with cx1ensions of the mc1ric methodology 
a~ developed by 1he Ams1crda111 Concurrency 
Group over lhc pasl decade; appl ications lo con
current programming. emph;hiting impcrali,e. 
logic and objec1-oriemed progr.imming: program 
refincmcnl, \lale and predicalc lmn,fonncr o;c

manuc•,, 
Subject\: 
- Rc,earch and Education in Concurrcnl Sys1ems 

(REX) 
- Non-well-founded scls and semantics of pro

gramming language~ 
- Mt11hcma1ical s1ruc1ures in concurrency seman

lic' (Science-MASK) 
- Foundation-. and application' of semantics 
- Program refinement. predicate lnm'>fom1er and 

slale lran-.former ;.emantic' 
Programme leader: J. W. de Aakkcr 

Concurrency and real-time systems 
Rc,carch in10 soflwarc cnginecri1\g, in partic
ular 1he discovery of 1echnicall) 'ound melh· 
od\ of 'pceificmion . de~1gn and vcrifica1ion of 



d1,lfibmcd and cnm:urrcnt computer 'Y"cm'. 

The crnpha,is "on 1he thcor) of concurrcnl prn

cc"c.'. proce'' algchras. s1ruc1 ura l npcralional 

'cmant1cs, 1empo111I and modal logic'. and cor

rectness of rcal-11 me and di,mbutcd 'Y"cm,_ 

Subjects: 
Spccificallon and Programming I::"' ironmcnt 

for Co1111nunic:1Lio11'> Sofhvarc (RACE-SPECS) 

Broadband Objcc1-0ricn1cd Service Technology 

<RACE-BOOST) 
- Calculi and Algcbm' of Concurrency: E.xtcn

"on,, Tool' and Applicallon' (ESPRIT BRA 

CONCUR II) 

Real-l ime specification and programming 

1>ro~ramme leader: F. W. VaandrJgcr 

fatensible proi.:ramming c1n-ironments 

Incremental generation of type checker; an<l cvul

ua1ors from formal srntic and dynamic scnu1111ic, 

dcfinilions. Gcncra1ion of incremental progrnm

mmg environmenh from fonnal language def

m1tions. Gcncrn11on of compiler' for parallel 

compu1crs. 
Subjec1s: 

lncremenial program genermion 

Generation of i111crac1i"e programming environ

ments 
- Compiler gcncrnlmn for parallel machine' 

(ESPRIT-COMPARE) 

Programme leader: P. Klint 

\ lgebrnic a nd ") nlaclic metluxh 
l'oundational rc,carch directed primarily, but 

not exclusively IO lcrrn rewriting systc1m. The 

emphasis i' on lhc 'tudy of oricn1ed cquaiional 

axiom sys1em,. enabling rigorous con,is1ency 

proofs and - in llrinciple • execu1<1hili1y of concur

rent calculi. and on lerrn graph rewriting. 

Subjects: 
CONcurrcncy nnd Functions: l!valua1ion and 

Rcduclion (ESPRIT BRA-CONl'ER) 

Extension' of onhogonal rcwri1c 'Y'lcms - 'Yll-

1act1c propenic' 
SF.MAntics and pragmatic' of generalised 

GRAPH rewri1ing (ESPRIT l:lRA working 

group SEMAGRAPH) 

Programme leader: J.W. Klop 

Logic and language 

The 'ludy of "'1.riou' correctness propenies of 

logic programming and PROLOG. and the rc

lalion between logic programming and 11011-

monotonic rc•M1111ng. addre"ing both proof the-

CW I RESEARCH PROGRAMMES 

orc1ical and -.ema1111c l\\UC'>. Funhem1orc. the 

study nr topics in n:11ur.1I language an;ily'" from 

a formal poi 111 or view, in,pircd by the :malysi' of 

progrnmminp. languages. 

SubJccl': 
· Logu: programming .inJ non-monotomc reason

ing 
- f-omwl U\J)CClS or PKO LOG and logic progrJm

ming. ( ESPH IT BRA-C'OMPULOCi II ) 

- S1ructural and semamic parallel~ in n•llural lan

guage' •md progrnnunmg language' 

- Non monotonic re.1'0111ng and 'cmantic' of nat

ural language 

Programme leader: K.R. A1lt 

Algorithmics & Architecture 

Algorithms and complexity 

S1udy und design of algori1hms for non 

conventional compu1cr net\\'orks and dis1nbu1ed 

infonnation ')slcnh. covering the de~1gn. con

stniction and use or hardware. a~ "ell "' ;1ppli

ca1ion\. In panicular. rc;ili,1ic moclcb for multi

computers. design and analysis of algori1hms 

'uitable for <listribu1ed compu1mion<., and funda

mental rc,carch in computational complc,it) 1he

of) and Kolmogorm complexity. Compu1a1ional 

Leaming 1hcory and applica1ions lo artificial neu

ral nciworh and genetic algorithms Computing 
by Mul1iplc Agen1s. 
Subject\. 
- Dismboted algorithm' 
·Machine learning 

Progrnmmc leader: P.M.B. Vit:\nyi 

C r yptogra p hy 

The research conecnl\ :ill :1,pccl' of c11 plolog} 

related to infonn:uion 'ccurity. Th" 1molvcs the 

consu·uclion and analy,is of cryp1ographic pro

tocol~ and their underlying algori1h1m, and 1hc 

maihcmaucal proofs of I heir 'om1dnc" and rcli

abilil). l:mphasis is pi.iced on protection of indi

vidual pri' acy in protocol\ for the tranMlll\\IOn of 

mcs,agcs. payment sy,tcm'. and their 1rcatmcnl 

of personal data by various organiz;tt ions. 

Subjcm: 
- Public· key cryp1ogr.1phy 
- Specification of cryptographic protocol' 

- Condt1ional Acee" l'or l':urope (ESPRIT 

CAFEJ 
Programme leader: R.A. I lir..chfcld 
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Constructive algorithmic.~ 
Development of concepts, nottttions, fommlisms 
and methods for deriving algorithms from a spec
ification. The issues invcs1 iga1ccl include lhc 
uni fication of specification fonnalisms and for
mal isms for deno1ing algori1hms. and 1he devel
oprncnl of specialized theories for aspect> of in
teroperable systems. 
Subjects: 
- A generic editor based on the TAXATA user 

model 
• lntcropcwble systems 
Programme leader: L.U.L.T. Meertens 

Databases 
Research on database design theory and effective 
archilectures for advanced database management 
systems. In particular, those issues stenuning 
from requirements posed by information systems 
·found in, e.g., o ffice, (fi nancial) trad ing and sci
entific environments · which arc d is1ributcd over 
time and location, where the data organization 
and the appl ications change frequently. and where 
the content of the database is onl y guaran1ccd 10 
be locally consistent. The focus is on novel ar
chitectures to exploit the potential paral lelism of 
database managcmem in large-scale processor 
systems and the theo1y for active database sys
tems. 
Subject~: 

· Object-oriented database platforms 
• Design theory for active databases 
- A performance assessmen1 tool kit (ESPRIT

Pythagorru;) 
Programme leader: M.L. Kersten 

Interactive Systems 

Computet· graphics 
Research on computer graphics. visualization and 
image processing wi th a strong com111i1me111 to 
appruachi ng 1hcsc areas from ;1 I lu111a11-Compulc1· 
Interaction point of view. The research covers 
application-driven exploitation of fundamen1al 
techniques . Solu1ions range from developing 
new algorithms to specifying new architectures 
including custom VLSI systems. The research 
on visual ization involves a s tudy of novel lcch
niqucs, by means of which an encl user can incre
men1ally build a graphical in1erface to an ongoing 
simul ation for imeractive control of numerical 
simulations. 
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Subjects: 
·Scene anid ysi~ (prioritic~. quali1y facton. and 

collision de1cction) 
• Adaptive image synthesis (quality-speed tra.de
ofl) 

. Multi-resolution image coding based on 
wavelets 

· Compuw1ional S1ccring (navigation, logging, 
monitoring. presentation and constraint specifi
cation) 

Programme leader: A.A.M. Kuijk 

Interaction and parallelism 
On 1he basis of a previously developed powerful 
parallel programming facility (MANIFOLD), 
various experiments arc underway. including 
visual programming, complex user interfaces, 
parallel control s tructures and parallel object 
bases. Further points of ancntion include the 
maintainancc, extension and distribution of the 
experimental bases, and 1he development of soft· 
ware engineering methods for parallel software. 
Subjects: 
· MANffOLD- language and systems 
·MANIFOLD-cases 
Programme leader: F. Arhab 

Interaction and multimedia 
Development of the object-oriemecl bases for 
multimedia solhvar" engineering methods. with 
inc lusion of objccl p<1rallel ism, constraints and a 
1imc dimension. Further research topics concern 
inlcraction handling, Lime-based con~tniinls, uni· 
fonn image manipulation and mulri111cdi:1 com
pound composition. 
Subjects: 
· Muhimedia fundamemals (ESPRIT-MADE) 
·Multimedia systems (ESPRIT-MADE) 
- FERSA (Facial Expression RecogniLinn a_~ a 

driver for lip-Synchronou:,. Ani mation) 
Programme leaders: P.J.W. ten Hagen. I. Her
man. P.A. Griffin 

Computer Systems & Telematics 

M ultimedia kernel systems 
Study of a small number of fundamen1al prob· 
lems associated with the systems-level suppon 
for multimedia data manipulation, viz. dis
tributed multimedia. It concerns the definition, 
man ipulation and support of mult imedia data 
across collections of computers in a cooperative 



manner. Rcsc;1rch i>~uC> include: the specifi
cation or mul1imcdin prc,cn1:11ion~ in a Lrans
ponable. muhi muchine environmem: Lhe defini 
Lion of hyper inform:uion link' in10 dma: pro10-
col rules for machine-machine nnd incerper~onal 
mul1imcd1a commumca1ion: d1Wibuted resource 
allocation algorithm,. 
Subject~: 
- Tran,ponahlc muh11ncdi;1 documem specifica
tion~ 

- CWI Muhimcdia l111crchunge Formal CCMU·l 
- Dynamic, hyper s1rucnired muhimedia docu-

mcnl generation 
- MAnagemcnt Games U1 ilities Suppon (MA-
G US) 

- Muhimedia dis1ribu1ed operming systems 
- Multimedia CoProccs;or (MmCP) 
Programme leader: D.C.A. Bulterman 

Multidisciplinary Programmes 

Mathematics & Lhc Envi ronment 
This programme comhinc' all CWI research 
groups wilh applic:uion~ 10 1he environmental 
science;,. 
Subjec1s: 
- Mathematical technique;, for the study oflhc 

popula1ion biology or i11fcc1inns 
- Syslem idc111ilica1ion of comp:mmcncal sys-

1ems ·a maLhcmaucal wol in public hcahh and 
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cnviro11111cmal prmec1ion 
- Anuly~i' or homs1rap rcsampling scheme:-.. wi1h 
applications 10 environmental da1a se1s 

- Swr1M1c' and oil pollurion in rhe Norrh Sea 
- Ma1hcma1ical modelling of global 1ran~port 

and chcmi,1ry of trace con~lilucnl• in lhc lmp<>
•phcrc 

• Algon1h1m for air pollu1ion mtxlch u'cd m 
'mog-pn:dic1ion 

. Par.1llcl \olu1ion 1echnique' for a 31) coupled 
o,hallow-w:uerllmn,pon model 

Prngr:.ammc leader: J.G. Vcrwcr 

Multimedia 
SIUdy of 1he coordinated use of various informa 
lion 'ln:am' wi thin a computing 'Y'lcm. 'ccking 
ways to supp<>n the capture. 1ransfcr and ,,IOr
agc of po1cn1ially vasl amounts of informa1ion 
aero" appropria1c u-;cr, sys1em and device m1er
facc,.Thc goal i~ 10 share rcsuhs ob1ained trom 
complcmcnlal) rc\earch activitie~. which '>pan a 
"ide range of interests from u!><:r inlcrfacc '>"•" 
1c111:-. 10 opcraling 'Y'lcm suppon. from d:naba~e 
modeb 10 nelwork prolocols, and from darn mod 
eh. for image' 10 daw models for sound. 
Subject;: 
- A'J>CCt~ of 1hc dcfini1ion 
• Manipulation 
• Presenwtion of mullimcdia dma 
Programme leader: O.C./\. Bul1erma11 
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INTERNATIONAL AND NATIONAL 

PROGRAMMES 

l'h" ch;1p1cr 'ummari1e' lhc major na11onal and 
imcma11onal projcc1s in "h1ch CWI pan1cipatc,_ 

While panicipaiion m European rc-.carch projcc1, 

(e.g. ESPRIT) remained on lhc ,,1me IC\el in 

I 99J. panicipation in European n.:'carch nc1-

work' and nmional projcc1' incrca,cd Mlb, tan
tially. 

The following dala arc given for each projec1: 

- ti1lc. 
- period. 
- c1x1pcrJ1ion "ith other in,mutc,. 

'pecial role of CWI (if any). 
- C'WI project leader('). 

Europcm1 IProgrammcs 

t:SPN/'J 

GTPF. TT (21 77): GcnerJllon of lmeracll\C 

Pro)?r.immmg Ennronmcnt-
J:inuary 1989 - Januar) 199-1 
SEM1\ METRA Group SA. flull SA. INRIA. 

Tcchni,d1c L lochschulc Danm.1adt. P1T Rc

'carch. Planc1 SA, GIPS I SA. Univ. Ams1crda111. 
PELAB 
P. Kh111 

COMPARE (5399): Compiler Gcncmlion for 
Parallel l\lachine' 
Janu<11')' 199 I - Januill) I 995 

Ace RV. STF.RIA. GMD. INRIA. I larlcquin Ltd. 

Univ. Saarlund 
P. Kli111 

MADE (6307): 'vl ultimcd1a Applicaiion De

\Clopmcm Environment 
'via) 1992 June 1995 
flull SA. SNI. helqui, Britl\h Acro,pacc. INESC. 

Gip'i SA. ESI. Barclay' Ban~. NR. FhG-IAO. 
INRI A 
P.J.W, ten I lagcn 

PEPS (6942): Performance ~v<1lu<1tion of Par
a llel Sy,tcms 
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July 1992 - July 1995 
TI101mon Sintra. lntcc\ S"tcm1, Snnulog. t;ni\. 

or Waru ic~. NPL <UK!. 1\l'NOR <France). C~R 

l lt:ily). PTB (Germany> 
J. Kol. 

CAFE (7023): Condilional Access for Europe 
December 1992 - December 1995 
Di!;!ica.,h. PIT. Cardwarc, Ocmplu~. SEPT. 

lngcnico. S INTEF-Delab. ln;titut for Sozial
for;chung Frankfun. ln\titut fur lnforrnatil 

I llldc,hcim. Siemen,, Unl\cr;1t1c\ of Lcuvcn and 

A:trhu' 
C'oordmator 
R.A. ll ir~chfcld 

PYTHAGORAS (7091}: Performance Qual 

ity A\scssmcm of Advanced l).,1aba\e System' 

May 1992 - May 1995 
ICL. Bull SA, Heriot-Watt Um,., CCIP. Info;>'· 

IFATEC 
Coordinator 
M.L. Kcr\tcn 

t:Sl ' l(IT Basic Nesearclt 

SBMAGRAPH I1 (G:lit5) 
Oclobcr 1992 - October 1995 
llni'. Ea't Anglia, EC:RC GmbH. Unt\. Renne" 
Uni\ , 'liJmcgcn, lmpcn;il Cvllege 

J.W. Klop 

CONFER (6454): Concurrency and Func
t1C)n': Evalua tion and Rcouc11on 
S.:rtcml>cr 1992 - Septc.!111bcr 1995 
INRIA Rocqucncoun. ECRC Gmbl I. Uni,. 

r..dmburgh. C:"IRS-ENS. Imperial College. 

INRIA Sophia An11poh,, l.'111\. P""· SICS 
J.W. Klop 

COMPULOG II (6810): Formal Aspemof 
Prolog and Logic Programming 

August 1992 - August 1995 
Unh. LeU\en. ECRC Gmbl I. RWTH Aachen. 



INTCRNATIONAL AND NATIONAL PROGRAM MES 

Univ. Saarland, Univ. l'i>u, Uni v. Rome (La 
Sapienza). Univ. Rome (Tor Ycrgata), UNI NOVA 
Lisbon. Univ. Upps;ll;i, Imperial Colle£e. Univer
sities of Bnstol. Edinburgh and Aix-Marwillc II 
Coordinator 
K.R.Apt 

CONCUR 2 (7166): C;ilcuh and Algebr.isof 
Concurrency: Exten'>1011'. Tooh and Applica
tions 
September 1992 September 1995 
Universitie, of F.indhovcn. Aalborg, Edinburgh, 
Sussex and Oxford. lNRIA. SICS. !NPG, Sharp. 
Chalmers Univ .. ECRC 
F W. Vaandragcr 

QMIPS (7269): Quuntitativc Modelling In 
Parallel Sy;te1m 
October 1992- October 1995 
Univ. Rene Dc~cane., LAA. Uni,. Erlangcn
:\'iimberg, Uni,•. Torino. lmpcnal College. Unh. 
Newca...ilc. INRIA Sophia Anlipoli'> 
0.J. Boxma 

NeuroCOLT (8556): Neural and Computa
tional Learning 
Royal Holloway and Bedford New College. 
Univ. Mons. Rhcinisch· Wcstflilische Tech. 
Hochschulc, Univ. Po1npcu Fahra, Techn. l,Jniv. 
Graz. London School of Economie>, Hclsingin 
Yuopi'>tO. L.1b. de l'lnforn1a11que du Paral
lclisme. Uni, . .Milan 
P.:\1.B. Vit:lny1 

BRfTE/F.URAM 

AERO II {AE R 2-CT92-0040): Solution 
adaptive N<ivicr-Stokc' 'olvcr;. U\111£ multidimen
sional upwind ~chcmc' and multigrid accelcra
lion 
January 1993 - January 1996 
Von Kannan ln~titutc for Fluid Dynamics, Free 
Univ. llnMcl,, Politccnico di Bari. Technical 
Univ. Denmark. Royal ln,titutc of Technology. 
Dornier Dcut»ehc Acro'>pace, fokker 
Aircraft B. V .. Aero~patiale. Briti'>h Aerospace. 
Dassault A'iation 
P.W. Hemker 

UR/VI:.' 

DYN A (V2036): A Dynamic trallic model for 
real t imc application., 
Janua ry 1992 January 1995 
Hague Con\ulting Group. CSST, Uni\. NaplC'>. 
Ela\i,. RWS. Univ. Lanc3"ter. Um\. Libre llrux· 
cite,, Uni\. Delft 
J.11. van Schuppcn 

MAST Morine SC'ie11ce and 1ec/1110/011y 

N OWESP : North-West fau-opean Shelf Pro· 
gramme 
September 1993 - September 1996 
RWS, ln..iitut fiir Mccrcskundc. Univ. Lcuven. 
NIOZ. Proudman Oceanographic L.tbomtory 
Brid\ton, Sir Alli~tcr Hardy Foundation for 
Ocean Science. Institute of Marine Re~carch. 
lnM. fur 0~1\~'Cfor'>Chung. Delft Hydraulic'>. 
BSll. lfBM. II-REMER, MUMM, Uni•. Delft. 
Tri1111y College, Unive~ities of Bordeau:>. and 
Li,erpool 
P.J. van der lfouwen 

BOO ST (2076): Broadband Object-Oriented 
Service Technology 
Janmtr) 1992 · January 1995 
MARI Computer Systems Ltd. lPSYS Software 
Pie, Bull S.A .. Societe Franpi' de Genie Log1cicl 
S.A .. GIL Emcraude. De1econ Tcchni~hc, Zen 
trum. lntra'>oft S.A .. Telefonica. lmecs S1~1em1 
Spa. Standard Elektnk Loren.1. AG, Akatcl SEL. 
Ce111ro de E'tudu' de Telecomunica~oe~. Un iv. 
C'ollcgc of Wales. Urmcr;,itie~ or At hen' ;ind 
Aveim 
F. W. V:1andrngcr 

L1/1r111·i1'1 Pmgromme 

RIDDLE(l038): Rapid Information Dt~play 
and Di,'>emination in a Library Environment 
February 1993 • Oc1obcr 1994 
Longman Cancrmill Ltd, Rutherford Appleton 
l...abomtory 
F.A. Roo; 
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SCIENCt 

Evolutionary Systems: Dcicnmni~tic and 
Stocha,tic Evolution Equation~. Control Theory. 
and Mathematical Biology (CT90-04MJ 
March 1990 - March 1993 
Univer,itics ofTilbingen.13esanyon. Gra7. Mons 
and Zurich, Scuola Normalc Superiore Pisa 
0 . Dickmann 

Algorithmic Approaches 10 Large and Complex 
Combinatorial Optimi7..ation Pmhlenl'. (C'T9 l -
0620) 
October 1990- October 1993 
Universities o f' Leuven. Augsburg. Grcnohle 
(Un iv. Joseph Fourier) and Valencia, CNR Rome 
A. Schrijvcr 

MASK: Mathematical Structures in Semantics 
for Concurrency (CT92-0776) 
September I. 1992 - September I, 1995 
Univ. Pisa, CNRSflNRIA, Univcr-itic' of Udinc, 
Mannheim and Kohlcnz 
Coordinator 
J.J.M.M. Runen/J.W. de Bakker 

System Identification: Modcling, Realization 
and Parameter fatimation for Problem' of Engi
neering. Economics and Em mm mental Science 
July 1992 - June 1995 
Univ. Groningcn. Technical Univ. Wien. Univ. 
Lcuvcn. INRIA, Univ. Rennes I, Univ. Cam
bridge, LADSEB-CNR. Linkoping Univ. 
CWI participates through the SyMcm> & Control 
Thcor) Network of Univ. Groningcn. sca1 of1he 
coordinator 
J.H. van Schuppen 

H1111w11 Capiwl a11d Mobility N('fWOl'h 

EXPRESS: Expressivenes of languages for 
concurrency (CT93-0406) 
1994-1997 
Free Uni' . Arm.terdam, SICS, Unrv. Genova, 
Umv. Rome ( La Sapicn1a), Univ. I lildcshcim. 
Univ. Am,1crda111, INRIA. GMO. Univ. Sussex 
Coordinator 
f".W. Vmmdragcr 

Stati,1ical inference for stochas1ic procc;,-,c;, 
(CT92-0078) 
1993 - 1996 
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Univcri.itic' of Puri' VI , Rerlrn. Aarhus and 
l'rcrburg, INRlA 
K.O. DL11aparidzc 

EUROFOCS: Europew1 in,1i1u1c in 1hc logical 
foundations or compu1er science (CT93-0081) 
199-1-1996 
Univ. Edinburgh, INR1A. Univcr-itics of Pisa 
and Cambridge. ENS 
J. \\/. de Rakkcr 

ll1c equation~ of Hu id mechanic; and related lop· 
ics (CT93-0407) 
1994-1996 
CMAP, Univ. Paris VI, IX, XI II, Univ. Pisa, 
Univ. Ferrara, Vniv. Nantcs. IST (Lisbon). Uni· 
vcrsitics of Trento. Pavia. Grenoble. Coimbra. 
London and Valladolid 
J.G. Vcrwcr 

Algebraic combinatoric> (CT93-0400) 
1993-1996 
Univ. Magdcburg, KTl-1 Stockholm. Univ. Pe
rugia, Univ. Cagliari, Univ. Bielefeld, Univ. 
Strn\bourg. Univ. Bayrcuth, Univ. Vienna. Uni\. 
Paris VI. Univ. College of Wales. Universities of 
Copenhagen. Erlangen and Bordeaux I. Konrad 
ZU\C Inst. 
M.A.A. van Lccuwcn 

DO NET: Discrete op1imin 11ion and application> 
(CT93-0090) 
1993-1996 
Univ. Joseph Fourier. ZOR Bonn. Univ. Oxford 
A. Schrijver 

ERCIM computer graphic., ne1work (CT93-0085) 
1993-1996 
P.J . W. ten Hagen 

HRCIM advanced databases technology network 
199-1-1997 
M.L. Kcmcn 

l!t1mpem1 Science Fo1111datio11 Nefll'orb 

Dynamics of complex systems in biosciences 
0. Dickmann 

1 lighly structured >locha,lic '>y\lcms 
A.J. Raddclcy 



I NTERNATIONAL AND NATIONAL PROGRAMMES 

National Programmes 

S/ON (Netherlands Fo1111patio11.for Compwer 
Scimce) 

Incremental program generators 
1990-1995 
P. Klim 

Maihcmatical morphology in hiernrchici~ graph 
representations of images 
1990-1994 
Inst. voor Zintuigfysiologie TNO. Univ. Am
sterdam 
H.J.A.M. Heijmans 

Design implementat io n and application or a 
transparant distributed computing system 
1990-1994 
Un iv. Twente 
M. L. Kersten 

Nonwellfoundcd sets and semantics of program
ming languages 
1991-1995 
J.J.M.M. Rutten 

Extensions of orthogona l rewrite systems - syn
tactic properties 
1992-1995 
J.W. Klop 

Computational Learning Theory 
1992- 1996 
P.M.B. Vitanyi 

Math Views - Functional and architectural aspects 
of mathematical objects in an Integrated System 
1992-1996 
A.M. Cohen 

Logic progrnmming and non-monotoni<.: rca:son
ing 
1992-1996 
K.R.Apt 

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

Themes for collaboration in mathematics and 
computer science 

1993- 1997 
Uni versities o f Nijmegen and Eindhoven 
H.P. Barcndrcgt. J. W. Klop. M. Hazewinkcl. 
A.M. Cohen 

Design theory for autonomous databases 
1993- 1997 
A.PJ.M. Sichcs 

Incremental parser generation and disambigua
tion in con1ext 
1993-1997 
Univ. Amsterdam 
D.J.N. van Eijck 

MDL Neurocomputmg 
1993-1998 
P.M.B. Vitanyi 

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

Generic tools for progmm analysis and optimiza
tion 
1994-1998 
P. Klint 

Checking verification of concurrent systems wi1h 
type theory tools 
1994-1996 
Univ. Utrecht 
F.W. Vaandragcr 

Constraints in object-oriented in1crac1ivc graph ics 
1994-1998 
Univ. F.indhcwcn 
P.J. W. ten Hagen 

Higher-order and object-oriented processes 
(llOOP) 
1994-1999 
Universities o f Eindhovcn and Leiden 
J.W. de Bakker 

MAGNUM. Database 1echnology for mul1i111edia 
information systems 
1994-1998 
Universities ofTwente and Amsterdam 
M.L. Kersten 
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1993· 1996 
Uni\. Eindho•cn 
A \1. Cohen. L.G.L.T. Mccrtcni> 

POTS I Pmgrt111111mti.Khe Bedrijfsgerichte Teclr-
1111/ogiP Sti11111/eri11g) 

MAG US: Management Games Utilities Support 
January 19\12 - December 1993 
La;crmcdia B. V .. Open Univ. 
D.C.i\. Bullcrma.n 

FERSA: Facial expression Recognition as a 
driver i'or lip-Synchronous Animation 
January 1992 - December 1993 

Valkic;.cr Groep 
P.J.W. ten Hagen 

Cmr Re>l'<m h Graf//\ 

Cmy Y-MP4 'Ol'l\\;lrc for a three <limcn,ional 
1mnsport model ror ;hallow >Ca' 
February 1993 - l'cbruury 1994 
P.J. van dcr Houwcn 

Numerical 'imul.11ion of brine Oow for predicting 
the pmcniial rmn,pon of mdioacrivc pollur:un,, 
The 30 ca<c 
February 1993 • Fclmiary I \194 
J.G. Vcrwcr 
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1993-1996 
Uni\. Eindho•cn 
A .. \1. Cohen. l..G.LT. Mcencn' 

PBTS ( Pm11mmnu11i1che Bedrijfsgerichte Tech-
110/oxie S1111111/eri1111) 

MAG US: Man:igcmcm Game- U1ilities Suppon 
January 1992 - December 1993 
l:l\crmcdia B. V .• Open Un iv. 
D.C.A. 13uhcnnan 

FERSA: f'acial Expression Recogni1ion as a 
driver for l ip-Synchronous Animation 

January 1992 - December 1993 

Valldcscr Groep 
P.J.W. ten Hagen 

Cray Reuarr/1 Grtmt.r 

Cray Y-MP-1 ,oflwarc for a three dimcn,ional 
tran'port model for \li;illow 'ea' 
February 1993 - Fctiruary 199-1 
P.J. van dcr Houwcn 

Numcricul >i111ul;nio11 of brine now for pn.:di<:ting 
the potcn1ird transpo1i of radioactive pollutaill,, 
T he 3D case 
February 1993 - February 1994 
J.G. Vcrwcr 
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RESEARCH STAFF 

A ualysis, Algebra & Geometry 

M. I lazcwinkel (head ot' department) 
M. van Bicmond A.A. de Kueijer 
A.E. Brouwer T.H. Koornwinder 
A.M. Cohen Yu.A. Kumelsov 
0. Diekmann A.M.A. van Lccuwen 
M .S. D ijkhuizcn M.A.A. van Lccuwcn 
N. Elhoussif J. van de Lune 
1-'.C.A. Groen (advisor) J.A.J. Metz (advisor) 
T.W. Hantke A.B. Olde Daalhuis 
N. van den Hijligenberg M. Roelofs 
R.A. l lirschfeld A.M. de Rous 
R. l loksbcrgcn J.A. Sanders 
W. Huyer R. Sommcling 

Operations Research, Statistics & System Theory 

0.J. Boxma (head of department) 
l\.J. Baddeley 
J. van den Berg 
S.C. Borst 
R.J. Boucheric 
A.J. Cabo 
J_ Coelho de Pina 
J.W. Cohen (advisor) 
M.B. Combe 
J. de Dues 
r.A. van der Duyn Schouten 
K.0. Dzhaparidzc 
A.M.H. Gcrards 
R.O. Gill (advisor) 
A. Gombani 

Numerical Mathematics 

H.J.A.M. Hcijmans 
R. Helmers 
J .M. van den Hof 
H. van dcr Holst 
R.H.P. Janssen 
G.M. Koole 
M. Laurent 
J .K. Lenslra (advisor) 
M.N.M. van Licshou1 
P. Nackcm 
A.A.F. Overkamp 
M.C.J. van Pul 
A. Sehrijver 
J.M. Schumacher 

P.J. van der I louwen (head of department) 
11. Boender Nguyen huu Cong 
A. Booten H.J.J. te Rielc 
P.W. Hemker B.P. Sommeijer 
K.J. in 't Hout A. Stewart 
R.-M. Huizing W.J.11. Sttortclder 
W.H. Hundsdorfer J.J.B. de Swart 
J. Kok R.A. Trompert 
B. Koren A. Ualit 
C.-H. Lai P. Wessel ing (adv isor) 
M. van Loon W.A. van der Veen 
P.L. Montgomery J.G. Verwer 

56 

N.M.'lcmmc 
S.M. Vcrduyn Lunel 
J. de Vries 
O.J.M. Weber 

progm111111ers: 
J. Faux 
B. Lisser 

J.H. van Schuppen 
A.A. Stoorvogcl 
P.R. de Waal 
P. Wanenhorst 

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

1rainees: 
F.M. Kouwenhoven 
R. van der Geesl 
Ch. Jonker 

I I.A. van der Vorst (advisor) 

programmers: 
J.G. Blom 
C.T.H. Everaars 
W.M. Liocn 
M. Loulcr-Nool 
D.T. Winter 
P.M. de Zccuw 



Soft.ware Technology 

J.W. de Bakker (hcud of dcpartmclll) 

K.R. Apl 
11.C.M. Bakker 
H.P Barcndrcgt 
D Ben-Shalom 
J.A. lktgstra (adv1'or) 
M. Bon,angue 
D. lfo;,,chcr 
F. van Brcugel 
A. Bouali 
C. Brovcdani 
G. Ccpparello 
A. van Dcun.en 
T.B. Dine;.h 
S. Etalle 
D.J .N. van Eijck 

Algorithmics & Architccttrre 

M.L. Kersten (head of depanmc111) 

T. Fcrn:mdo 
W.J. Fokkink 
M. Gabbrielli 
J. Ganzc,·oort 
A. V. U1uc11i11k 
J. llccring 
J.F.T. Kampcm1nn 
P. Klint 
J.W. Klop 
H.P. Koner 
A.S. Klusener 
f:. Marchiori 
M . Marchiori 
E.A. van der Mculcn 
W. Meyer Viol 

J.F.P. 1an den Akkcr L.G.L.T. Meertcn<. 
C.A \'an den Bel'.; S.J. Mullender (advi\or) 
E.D.G. Boe\'e J. Pcllenkoft 
S.A. Brand; S. Pemberton 
D. Chaum L.A.M. Schocnrnt1kcrs 
R.J.I'. Cramer A.P.J.M. Sid>c' 
N T. Ferguson A. Takano 
R.A. llir..chfeld C.JI~. Thieme 
J.-11. lloepman J.T. Tromp 
M. Hohheimer P.M.B. Vitanyi 
J. Keller M.11. van dcr Voort 
F. Kwakkel 0.J.M. Weber 
11.A.N. van Maancn 

Interactive Systems 

P.J . W. ten Hagen (hem! of depanmenl) 
~. Arbab T. van Rij 
P.A. Grinin J.C.A. Smit 
M. ~lamdl D. Soede 
~.C. Hccrnan P. Spilling 
I. I Jerman R.C. Veltkamp 
J.E.A. van Hintum J.J. van Wijk 
A.A.M. Kuijk 
R. 1an Liere 
J.U. Mulder 
G.J . Reynold; 

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

Computer Systems & Telcmatics 

D.C.A. Buhem1an (head of department) 

L. lfordman pm8rammer.t: 
G. v11n Rossum A.J. fan~cn 

RESEARC ll 

F. van Raamsdonk 
J.J.M.M. Rullcn 
V. Stchlet;,m a 
F. Tcu~in~ 
F.1ip 
D. Turi 
E W. V<1andragcr 
F.-J. de Vric;. 
11.R. Walter\ 
H. Wiklicky 

trainee: 
1 .. M.F. Moonen 

programme1~ 

F. 1an Dijk 

trainees: 
11.11. Ehrenburg 
P.O. Cri.inwukl 
H. Jonker 
J.H.W. Oudcjan~ 
R. Romellap 
F.J. van Wingcrdc 

M.A. Gurav;igc 
H. Noot 
M.M. de Ruiter 

1mi11ees: 
N.A. Aguirre 
V. van Dijk 
I. Diu de Ewra 
J.M. in 't Veld 

K.S. Mullendcr 
D.T. Wimer 

S TA F F 
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ADVISORY COMMITTEES CWI 

Analysis, Algebra and Geometry 

G. van Dijl.. 
\1.A. Kaa;hoel.. 
E.J.N. Looijcnga 
L.A. Pclc1icr 
M. van dcr Pu1 
t::.G.F. Thornas 

CKUL) 
(VUA) 
(UvA) 
(RUL) 
(RUG) 
(RUG) 

Operations Research, Statistics and 
System Th eory 

R.D. Gill 
P. Grocncboom 
11.C.Tijrm 
11.L. Trcntelman 
W.11.M. 7.ijrn 

Numerical Mathematics 

A.0.H. A<cl\Wn 
M .. Spijkcr 
I-I.A. van dcr Vorst 
G.K. Vcrboom 
T.M.M. Vcrhcggcn 

Software Technology 

J.J. \Ull All15tcl 
C. llcmcrik 
II. Brinksma 
11.J. van den Herik 
J. l.nnd,.hergen 
A. Ollongren 
W.P. Wcijland 

<RUU) 
(TUD) 
(VUA) 
(RUG) 
(UT) 

( KU ) 
(RUL) 
(RUU) 
(WL, Delft) 
(l<SLA) 

(Philips Natlab) 
(TUE) 
( UT) 
(RI.) 
( IPO) 
(RUI.) 
(PTT, Groningcn) 

Algorithmics and Architeclure 

II. Bnnk\ma 
H.11. Eggenhuisen 
S D. Swicr;.tra 
L. Torenvl i et 
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( lJT) 

(Philip;, Natlab) 
(RUU) 
(UvA) 

Interactive Systems 

l'.W. Jam.cn 
G.R. Joubert 

F. Klok 
W. Lc>eve 
C.W.A.M. Ovcrvcld 
11.J. Sip' 

f fUD) 
(TU. Clausthal. 
Germany) 
(Philips) 
(NLR) 
(TUE) 
(TUD) 



FOREIGN VISITORS 

A11alysis, Algebra and Geometry 

W. Arendt (France) 
R. A>kC} (USA) 
W. \jll A~sche (Belgium) 
F. Buekenhout (Belgium) 
C. Ca\ti llo ChavC£ (USA) 
A. Champncys CUK> 
E. Docdcl (Canada) 
A f:Ja,hvili (Georgia) 
B Fiedler (Germany) 
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