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Foreword

Welcometo this two-yearissueof theCERFACSScienti�c Activity Report.This issuedoesindeedcover
both2000and2001,asit appearsthatsuchaperiodicitymightbemoresuitedto thepaceof progressionof
scienti�c activities thanthemoreusualyearlypublication.

Whathavebeenthemajorscienti�c achievementsof thesepasttwo years? Readingthroughthereportwill
hopefullyprovidethereaderwith verymany answersto thisquestion,but let mejustselecta few resultsfor
eachteamasanappetizer:

ParallelAlgorithms
Many tools developedby teamhave found applicationswithin simulationmethodsdevelopedby other
teamsand/orpartners(domaindecompositionmethodfor CFD andfor Dassault-Aviation;preconditioning
techniquefor electromagneticsolvers,bothin-houseandatEADS).Following aworkshoporganizedin late
2000,a methodfor controlling the numericalquality of solverswith both internalandexternal iterations
hasbeensuccessfullyvalidatedwith EDF.

ComputationalFluid Dynamics
The NSMB solver developedcooperatively by the teamis now in the productionmodeat AIRBUS and
is usedfor the designof the A380. The future of aerodynamicssimulationcodesis alsoprepared,with,
e.g.,theagreementsignedwith ONERA to make CERFACSa full partnerfor thedevelopmentof thenew
elsA software. The quality of the work hasbeenrecognizedthroughthe highly-competitive BMW prize
which wasawardedto B. CARUELLE, a thenCERFACS Ph.D.student.Progressin thedevelopmentof
simulationmethodsfor turbulentcombustionhasbeenvery rapid,with alsonew applicationsin the�eld of
two-phase�o w andtheAVBP code,now recognizedasthemainFrenchcodefor unsteadycombustion.

ComputationalElectromagnetism
A more ef�cient, two-level, methodfor usewithin the fast multipole codehasbeendevelopedby the
team,allowing oneto addressvery large sizedproblemswith morethan1,000,000degreesof freedom.
A successfulapplicationhasbeenrealizedwith thesimulationof theinteractionbetweena satelliteandits
antenna.Progressis still taking placesimultaneouslyin the �eld of processingsingularintegralswithin
electromagnetismcodes.

ClimateModellingandGlobalChange
It hasbeenshown by theteamthatthestructureof thesurfacetemperature�eld in thenorthAtlantic ocean
is a six-monthprecursorof theNorth-AtlanticOscillation(NAO), a key factorfor Europeanclimate. The
prototypefor theseasonalclimatepredictionsystembasedonacoupledocean-atmospheremodelwith full
oceanicdataassimilationis progressingagainat a rapid pace,after full scienti�c documentationof the
key role of variationaldataassimilation.TheMERCATOR groupsuccessfullyprovidedtheMERCATOR
projectwith a fully testedAtlantic oceanmodelat intermediateresolution,which is now usedoperationally
every weekfor providing oceanicforecasting.Thesuccessorfor this model,theso-calledPAM model,is
in its �nal stageof validation,beforereplacingthe former onein the operationalsuite. The PALM tool,
developedfor allowing dataassimilationmethodsto beeasilyimplementedandupgraded,is includedin a
numberof applications,includingthosefor MERCATOR.

CERFACSACTIVITY REPORT ix
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SignalandImageProcessing
Theteamhasdevelopedaverypowerful methodfor betterGPSprocessing,basedonanovel mathematical
approachfor theresolutionof integerambiguities.Thedevelopmentof theSMOS1simulatoris progressing
rapidly, andshouldbecomeanimportantbuilding block for thegroundsegmentof this satellitemission.

TechnologyTransfer
Theso-calledN'S'3 platform,including thepackagefor collaborative working, is now fully testedandin
theprocessof beingcommercialised.

Computingresources
Thanksto specialfunding, it hasbeenpossibleto replaceCERFACS' maincomputer, which provides32
G�op/s peakin 2001,with a5-fold increasebeingplannedfor 2005.
CERFACSscienti�c productionis still high:

� the numberof high-standardpublications,i.e. in internationally-refereedjournals,is 65, a number
closeto themeanrateof 30publicationsperyear;

� CERFACS' researchershaveproducedyearlymorethan120technicalreports,bookchapters,papers
in conferenceproceedings;

� they areveryactive in trainingnew researchers,with 13Ph.D. thesesbeingawardedovertheperiod,
andwith 4 ”Habilitations Diriger desRecherches”(HDR) over thesameperiod.

� they have alsovery actively developedappliedresearch,with a total of approximately60 grantsper
yearbeingheldover theperiod,approximately20 of themcomingfrom theEuropeanCommission
throughits variousprogrammes,andthe rest,of the orderof 40, beingawardedby other funding
agenciesand,or industrialpartners;

� CERFACS web site is experiencinga very rapiddevelopment,with thenumberof monthlyhits by
externalvisitorsincreasingfrom 100,000in early2000to 200,000at theendof theperiod(seeFig.1),
demonstratingCERFACS' steadily-improving attraction.Anotherinterestingfeaturecanbeseenin
Figs.2 and3, wherethe”ParallelAlgorithms” teamis theonewith thelargestnumberof accesses;

� let usalso�nally mentionthatCERFACSwide-interestseminarshave attractedhigh-level andwell-
known externalscientists(seebelow).

At the endof 2001,the numberof peopleworking at CERFACS was80 (full-time equivalent)scientists
(seeTablesii to viii), with a globalbudgetof 5.6M.

I sincerelyhopethatyouwill havesometime to readthroughthedetailedactivity reportsof theteams,and
thatyouwill �nd thereenoughinterestto pursueyourcollaborationwith us,or to initiate somenew ones.

Enjoy your reading.

Jean-ClaudeANDRÉ
CERFACSDirector

x Jan.2000– Dec.2001
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Figure1: Mensualexternalhits onCERFACS' Webserverduringtheperiod2000-2001

External hits by domains
2000 : CERFACS' Web server

Climate Modeling
16%

Parallel Algorithms
38%

CFD
21%

Signal
2%

Electomagnetism
2%

Information Technology
11%

TTN
1%

Administration
9%
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CERFACS Structure

As a”Sociét́eCivile” CERFACSis governedby two bodies.Firstly, the”ConseildeGérance”,composedof
only 4 managers(in French,”Gérants”)nominatedby the4 shareholders(seetablei), followsquiteclosely
the CERFACS activities and the �nancial aspects.It met 8 timesduring the period (18 April 2000,11
July 2000,8 September2000,5 December2000,6 February2001,29 June2001,18 September2001and
6 November2001). Secondlythe Boardof Governors(in French”AssembĺeedesAssocíes”), composed
of representativesof CERFACSshareholdersandof 3 invited personalities,includingtheChairmanof the
Scienti�c Council. It met4 timesduringtheperiod(14January2000,21September2000,16January2001
and28September2001).

CERFACSScienti�c Councilmet for thefourth and�fth times,on 9 June2000andJune1st2001,under
thechairmanshipof Prof. Jean-Franc¸oisMINSTER.

Thegeneralorganizationof CERFACS is depictedin theCERFACSchart,wherethe two supportgroups
(AdministrationandComputing)areshown togetherwith theotherteams.

EUROPEANAERONAUTIC DEFENCEAND SPACE COMPANY (EADS) 22%
CENTRENATIONAL D' ÉTUDESSPATIALES (CNES) 26%
ÉLECTRICITÉ DE FRANCE(SYNERGIE,DÉVELOPPEMENT, SERVICES) 26%
MÉTÉO-FRANCE 26%

Tablei: Tableof Socíet́eCivile Shareholders.
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CERFACSSTRUCTURE
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CERFACS Staff

Thestaff of thescienti�c teamsandof thecomputingsupportgroup,consistingof, onDecember31,2001,
a total of 114 scientistsand technicalstaff (8 projectandgroup leaders,19 seniorresearchers,20 post-
doctoralfellows, 35 PhDstudents,22 engineersand4 technicians,and6 long-durationvisitorsof various
origins)is shown in Tablesii to ix.

NAME POSITION PERIOD
DUFF ProjectLeader 1988/11
CHATELIN Groupleader 1988/09
FRAYSSE Senior 1994/11-2001/08
GIRAUD Senior 1993/10
DALLAKY AN PostDoc 1998/12-2000/09
LEGER PostDoc 1999/03-2000/02
MESKAUSKAS PostDoc 2000/03
PLANTIE PostDoc 2000/04-2001/08
ROJAS PostDoc 1999/11-2001/11
TRAVIESAS PostDoc 2000/10

Ph.Dstudent 1997/10-2000/09
BOURAS Ph.Dstudent 2000/02-2000/09
CARPENTIERI Ph.Dstudent 1998/10-2001/12
LANGOU Ph.Dstudent 1999/10
MARTIN Ph.Dstudent 2001/10
ORBAN Ph.Dstudent 1997/10
RIOUAL Ph.Dstudent 1999/01
VOEMEL Ph.Dstudent 1999/10
ZAOUI Ph.Dstudent 1997/10-2000/10
BOUSQUET Student 2001/05-2001/07
DANIEL Student 2001/05-2001/08
LEBLOND Student 2000/03-2000/08
MANDRY Student 2001/05-2001/07
VALENTIN Student 2001/06-2001/08
YOUAN Student 2000/03-2000/08
TSHIMANGA Visitor 2001/04-2001/08

Tableii: List of membersof thePARALLEL ALGORITHMS project.
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CERFACSSTAFF

NAME POSITION PERIOD
LANNES ProjectLeader 1994/01
PICARD Ph.Dstudent 2001/10
ANTERRIEU CNRS 1993/07
RAMILLIEN CNRS 2001/02

Tableiii: List of membersof theSIGNAL & IMAGEPROCESSINGproject.

NAME POSITION PERIOD
POINSOT ProjectLeader 1992/09
CHEVALIER Senior 1999/11
CUENOT Senior 1996/10
DARRACQ Senior 1999/04
DUCROS Senior 1998/02-2001/07
JOUHAUD Senior 2001/10

PostDoc 2000/03-2001/08
KOURTA Senior 1987/10-2001/06
MONTAGNAC Senior 2000/11

PostDoc 1999/11-2000/11
NICOUD Senior 1995/11-2001/08
SCHONFELD Senior 1993/12-2001/07
BENKENIDA PostDoc 2000/01-2001/01
ESCRIVA PostDoc 2001/11
GICQUEL PostDoc 2001/05
GRONDIN PostDoc 2000/03
JIMENEZ PostDoc 1999/12-2001/04
MARQUEZ PostDoc 1999/12-2000/11
PAOLI PostDoc 2001/04
PUIGT PostDoc 2001/10
STIRIBA PostDoc 2000/10-2001/10
BENOIT Ph.Dstudent 2001/10

Student 2001/03-2001/08
BOHBOT Ph.Dstudent 1998/09
CARUELLE Ph.Dstudent 1997/07-2000/09
CORMIER Ph.Dstudent 1998/09-2000/09
DABIREAU Ph.Dstudent 1999/09
DELBOVE Ph.Dstudent 2001/10

Student 2001/02-2001/09

Tableiv: List of membersof theCOMPUTATIONAL FLUID DYNAMICS project(1/2).
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CERFACSSTAFF

KAUFMANN Ph.Dstudent 2000/09
Student 2000/03-2000/09

KOZUCH Ph.Dstudent 1998/09
LAPORTE Ph.Dstudent 1998/09-2001/12
LARTIGUE Ph.Dstudent 2000/10

Student 2000/03-2000/06
LEGIER Ph.Dstudent 1999/01-2001/10
MASSOL Ph.Dstudent 2000/10
MOET Ph.Dstudent 1999/12
MOSSA Ph.Dstudent 2001/10

Student 2001/03-2001/07
PRIERE Ph.Dstudent 2001/10

Student 2001/03-2001/08
SCHLUTER Ph.Dstudent 1997/09-2000/09
SELLE Ph.Dstudent 2000/09
SOULERES Ph.Dstudent 1999/10
TRUFFIN Ph.Dstudent 2001/09

Student 2001/02-2001/07
BUIS Engineer 2000/08
CHAMPAGNEUX EngineerResearch 1997/11
JONVILLE Engineer 2000/03-2000/09
MARTIN Engineer 2000/10
PASCAL-JENNY Engineer 2001/03
PIRAS Engineer 2001/03
SOMMERER Engineer 2000/10
STRUIJS Engineer 1999/02-2000/08
BOHM Student 2001/04-2001/08
CADENE Student 2000/04-2000/07
COUSIN Student 2001/02-2001/08
FIALA Student 2001/02-2001/07
GARNIER Student 2000/03-2000/08
LE SAINT Student 2000/06-2000/08
PADEY Student 2001/03-2001/08
PASUTO Student 2001/03-2001/08
RAFFARD Student 2001/03-2001/09
ROCHE Student 2000/07-2000/09
SCHMITT Student 2001/03-2001/07
WINTREBERG Student 2000/03-2000/08
MULLER Visitor 1997/11
NICOUD Visitor 2001/10
RIZZI Visitor 1987/10
RUDGYARD Visitor 1995/04-2001/04

List of membersof theCOMPUTATIONAL FLUID DYNAMICS project(2/2).
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CERFACSSTAFF

NAME POSITION PERIOD
THUAL ProjectLeader 1991/09
PIACENTINI ResearchEngineer 1996/10
VALCKE ResearchEngineer 1997/02
ROGEL Senior 1998/10
TERRAY Senior 1992/10
WEAVER Senior 1999/11
DELON PostDoc 2000/10
MACHU PostDoc 2000/11
CASSOU Ph.Dstudent 1998/02-2001/06
CIBOT Ph.Dstudent 2001/08
DREVILLON Ph.Dstudent 1998/09
JOUZEAU Ph.Dstudent 2001/10
MASSART Ph.Dstudent 1999/11
RICCI Ph.Dstudent 2001/01
VIDARD Ph.Dstudent 1998/12-2001/11
DECLAT EngineerResearch 2001/08

Engineer 1999/11-2001/04
GUEVARA Engineer 2000/08-2001/07
LAGARDE Engineer 2000/05-2000/06
MAISONNAVE EngineerResearch 2000/12

Engineer 1999/02
MOREL EngineerResearch 2000/03
AUFFRAY Student 2000/06-2000/08
BESSIERES Student 2001/04-2001/07
CAILLEAU Student 2000/02-2000/06
CAUBEL Student 2001/03-2001/09
CREPIN Student 2001/01-2001/06
CREVOISIER Student 2001/07-2001/09
ESTIVALS Student 2000/04-2000/09
KAMIL Student 2001/03-2001/07
LACOSTE Student 2000/06-2000/08
MONNERIE Student 2001/02-2001/06
ROMAN Student 2000/04-2000/06

Tablev: List of membersof theCLIMATE MODELLING & GLOBAL CHANGEproject.

NAME POSITION PERIOD
MONNIER ProjectLeader 1996/12
D'AST Engineer 1996/10
LAPORTE Engineer 1988/04
DEJEAN Technician 1990/11
FLEURY Technician 1999/10
PARISELLE Student 2000/04-2000/06
RAYNAL Student 2000/06-2000/09

Tablevi: List of membersof theCOMPUTERSUPPORT group.
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NAME POSITION PERIOD
FLEURY Senior 2001/03

PostDoc 1998/09-2000/08
SIEFRIDT Senior 2000/01
TRANCHANT Senior 2001/07

PostDoc 1999/07-2001/07
LELLOUCHE PostDoc 2000/09
REMY PostDoc 2001/11
DRILLET EngineerResearch 1999/03
LOTRONG Engineer 1999/04-2000/10
MAES Engineer 2000/02-2000/06
PEREZ Engineer 1999/07-2001/01
DOUAZAN Student 2000/04-2000/06
GAUFFRE Student 2001/04-2001/06
MARTIN Student 2000/03-2000/09
GONDET CNRS 2000/12

Tablevii: List of membersof theMERCATORgroup.

NAME POSITION PERIOD
BENDALI ProjectLeader 1996/01
FARES Senior 1992/06
MILLO T Senior 1995/11
BARTOLI EngineerResearch 2000/02

Ph.Dstudent 1997/12-2000/01
BOUBENDIR Ph.D.student 1997/01
CANOUET Student 2000/03-2000/07
LABOURDETTE Student 2001/06-2001/08
LANGLOIS Student 2001/06-2001/08
LIGNERES Student 2000/06-2000/07
TAILLANDIER Student 2001/05-2001/08
COLLINO Visitor 1994/04

Tableviii: List of membersof theCOMPUTATIONAL ELECTROMAGNETISMproject.

NAME POSITION PERIOD
CROS Projectleader 1997/04
BAUBE Chargemission 1998/09-2001/07
GRES Chargemission 2000/09-2001/08
BARDY Technician 2001/02-2001/09
BOUREBABA Technician 2000/03-2001/12
JONVILLE Engineer 2000/10
LE GOULVEN Engineer 2001/09-2001/09

Student 2001/04-2001/08
MOINAT EngineerResearch 2000/03

Tableix: List of membersof theTECHNOLOGYTRANSFERgroup.
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CERFACS Wide-Interest Seminars

Pierre Sagaut(ONERA, Châtillon) : Unsteadysimulationof turbulent �ow: fromLESto multiresolution
algorithms.(Feb. 3, 2000)

Charles Meneveau(JohnsHopkinsUniversity, Baltimore):A scale-dependentdynamicmodelfor LESof
turbulence. (Feb. 11,2000)

StéphaneLanteri (INRIA, Sophia-Antipolis): Parallel multigrid algorithmson unstructured meshand
applicationsin CFD. (Apr. 6, 2000)

C. Despreand J.L. Gobert (ONERA):Flow activecontrol activitiesat ONERA.(May 4, 2000)

Alexis Coppalle (CORIA, Rouen):Subgridmodellingof point sourcedispersionin theatmosphere. (Jun.
8, 2000)

C. Roberto Mechoso (Departmentof AtmosphericSciences,University of California, Los Angeles,
USA): TheEl Niño-Southernoscillation modelsimulationsand exploration into the underlyingcoupled
atmosphere-oceanprocesses(Oct. 23,2000)

G. Montseny (LAAS, Toulouse):Diffusiverepresentation:basesandapplications.(February27,2001)

John J.H. Miller (MathematicsDepartment,Trinity College, Dublin, Ireland): Robust layer-resolving
methodsfor thenumericalsolutionof laminarproblemsin �uid mechanics.(March15,2001)

Patrick Gillier on (Directiondela Recherche,RenaultSA): Thecontrol of the �ows in thecar. (April 26,
2001)

Mar c Thiriet (Laboratoired'analysenumérique,Universit́e Pierreet Marie Curie et INRIA): Bio�uid
mechanicsandits role in physiology, in pathophysiologyandin cybermedecine. (May 31,2001)

Thierry Georjon (Directionde la Rechercheet del'InnovationAutomobile,PSA- AutomobilesPeugeot
Citroën):CFD Computationsfor modernpistonengines.(November21,2001)
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Parallel Algorithms Project





1 Introduction (I. S. Duff)

The researchprogrammeconductedby the Parallel AlgorithmsProjectcombinesthe excitementof basic
researchdiscoverieswith their use in the solution of large-scaleproblemsin scienceand engineering
in academicresearch,commerce,and industry. We are concernedboth with underlyingmathematical
and computationalscienceresearch,the developmentof new techniquesand algorithms, and their
implementationona rangeof highperformancecomputingplatforms.

The descriptionof our activities is presentedin several subsections,but this is only to give a structureto
the reportratherthanto indicateany compartmentalizationin thework of the Project. Indeedoneof the
strengthsof theParallelAlgorithmsProjectis thatmembersof theTeamwork very muchin consultation
with eachotherso that thereis considerableoverlapandcross-fertilizationbetweentheareasdemarcated
in the subsequentpages.This cross-fertilizationextendsto formal andinformal collaborationwith other
teamsat CERFACS,theshareholdersof CERFACS,andresearchgroupsandenduserselsewhere.In fact,
it is very interestingto mehow muchtheresearchdirectionsof theProjectareincreasinglyin�uenced by
problemsfrom thepartners.

Membersof the Teamvery much play their full part in the wider academicand researchcommunity.
They areinvolvedin ProgrammeCommitteesfor majorconferences,areeditorsandrefereesfor frontline
journals,andare involved in researchandevaluationcommittees.Theseactivities both help CERFACS
to contribute to thescienti�c life of France,Europeandtheworld while at thesametime maintainingthe
visibility of CERFACS within thesecommunities.Somemeasureof the visibility of CERFACS canbe
found from the statisticsof accessesto the Algo Web pagesat CERFACS wherewe have recordedmore
than100,000hits during the reportingperiod. On our publicationpagesalone,peoplehave requestedno
fewer than233differentreportsin 2001.

Our main approachin the direct solutionof sparseequationscontinuesto be the multifrontal technique
originally pioneeredat Harwell in the early 1980s. During this last period we have further developed
theMUMPS packagein conjunctionwith our colleaguesat ENSEEIHTandelsewhere. Thecodeis now
very robust and hasbeendownloadedby over 150 researchersfrom the MUMPS website. Extensive
comparisons,conductedwith thesupportof funding from theFrance-Berkeley Fundhave shown that the
performanceof MUMPS is on a paror betterthanany similar codefrom theUnitedStates.TheMUMPS
code has beenusedextensively within domain decompositionsoftware both at CERFACS and in the
DDM codeat Parallabin Bergen. It hasalsobeenevaluatedpositively for useby Dassault-Aviation. As I
write this, preparationsarewell underway for a signi�cant new releasethat will includebetterintegrated
orderingoptionsandmoresophisticatedschedulingstrategies.Recentwork hasincludedanin-depthstudy
of the MPI send/receive mechanismandinvestigationof techniquesto make the MUMPS coderobust in
thepresenceof differentimplementationsof MPI. We have alsoexploredthedynamicschedulingstrategy
to avoid a severeoverestimateof storagerequirements.TheMUMPS Projectis alsoresponsiblefor some
secondaryor spin-off research,anexamplebeingthework on incrementalnormestimationwhich should
proveto beveryusefulin thecontext of rankrevealingfactorizations.

At the level of internationalefforts for standardsin numericallinearalgebra,we have beenvery involved
in the developmentof a new standardfor theBasicLinearAlgebraSubprograms(or BLAS) coordinated
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throughthe BLAST TechnicalForum. The reporton the standardwill appearasa specialissueof the
journal “High PerformanceComputingApplications”. We have beenthe developerfor the Fortran 95
instantiationof the SparseBLAS from within this project,andthe resultingsoftwareis availableon the
CERFACSwebandhasbeendownloadednearly150times.We havesubmittedpapersbothon theFortran
95 implementationof thesparseBLAS andon thedesignof thesparseBLAS to ACM TransMathSoftw.

Although iterative methodsremove many of the bottlenecksof direct approaches,particularly regarding
memory, it is now well establishedthatthey canonly beusedin thesolutionof reallychallengingproblems
if the systemis preconditionedto createa new systemmore amenableto the iterative solver. During
this last period we have continuedour work on developing such preconditioners,including two-level
schemesthat have beenusedsuccessfullyin both denseelectromagneticsapplicationsand in domain
decompositionmethodsfor solvingpartialdifferentialequationsin device modelling.Work hascontinued
on the useof the MUMPS direct solver asa preconditionerwithin a domaindecompositionschemeand
the resulting algorithm and code have beenusedwith successin the solution of problemsfrom drift
diffusion in semiconductordevice modelling in a joint collaborationwith INRIA. On a moretheoretical
but very practical track, the loss of orthogonalitywhen performinga QR factorizationusing modi�ed
GramSchmidthasbeenextensively analysed.TheGMRESandFGMREScodesthatwerediscussedin a
previousactivity reportareavailablethroughtheCERFACSweb andhave attractedover 600downloads,
somefrom importantestablishmentsincluding partnersof CERFACS.Our useof sparsepreconditioning
techniqueswithin a fastmultipole codefrom our partnerEADS hasresultedin the ef�cient solutionof
denseproblemsin over1 million unknownsfrom highly challengingmodelsof anAirbusaircraft.

The main areaof interestfor the Qualitative ComputingGroup concernsa deepunderstandingof the
in�uence of �nite-precision computationon complex scienti�c numericalapplications.Oneof themajor
areasstudiedhasbeenthatof inner-outeriteration,two principalandimportantapplicationsbeingtheuse
of Krylov solvers(inner iteration)within an eigensystemcalculation(outer iteration),and the useof an
iterative solver on the Schurcomplementin a domaindecompositioncontext (outer iteration)where,at
eachiteration,a subproblemor preconditionermight requirea systemsolution (inner iteration). It was
shown experimentallythat,almostcounter-intuitively, it is possibleto relaxtheaccuracy of theoperatoror
inner iterationin a controlledway without affectingoverall convergence.A projectwith our partnerEDF
hasinvolved moving this work from a researchenvironmentto oneof their major industrialcodes. The
Grouphasalsocollaboratedcloselywith CNESin the context of the Jasonproject,principally studying
thesolutionof integer least-squaresproblems.Thesecondareaof importantresearchhasbeenon Inexact
Computing,which is basedon thetheoryof homotopicperturbations.A global theoryhasbeendeveloped
which allows oneto understandwhy numericalartifactsoccurwhenpseudospectraarecomputedin �nite
precision.Thirdly, on a morefundamentallevel, algorithmsandtheoryhavebeendevelopedfor theuseof
hypercomplex numberswhich canbea morenaturalway of representingactualphysicalprocesses.Other
work includesmorerobustterminationcriteriafor Arnoldi-basedmethods,thedevelopmentof morerobust
eigensolversusinghybridalgorithmsin a joint effort with INRIA, andwork on thesolutionof Schr̈odinger
equationsandtriple-deckboundarylayerproblems.

Currentareasof researchinclude major work on an approachfor solving ill-posed problemswherea
regularizedsolutionis obtainedafter thesolutionof a subsidiaryeigenproblem.Recentwork includesthe
developmentof ef�cient preconditionersfor the eigenproblemandthe useof the algorithmandsoftware
in medicaltomographyand imagerestorationapplications. On the latter application,extensionswhich
respectnonnegativity constraintsare being developed. A major researchkernel in optimization is the
primal-dual trust-region interior point method. This has beenextensively analysedand an approach
de�ned thathascomponentwisefastasymptoticconvergence.Thework hasbeenextendedto thecaseof
parametrizedvariantsof Newton's method. An importantrequirementof the internationalcommunityin
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thedevelopmentanduseof optimizationtechniquesis theexistenceof a versatiletestingenvironmentand
setof testexamples.Work hasbeenconductedat CERFACSinto theexpansionandreorganizationof the
well known andrespectedCUTE packageto producethe forthcomingCUTEr (r for revisited) package.
Thework on theuseof largescaleoptimizationandtheuseof state-of-the-arttechniquesin meteorological
dataassimilation,in conjunctionwith our shareholdersfrom Mét́eo-France,thePALM andMERCATOR
Teamhascontinued.

The Parallel Algorithms Project is heavily involved in the AdvancedTraining aspectsof CERFACS'
mission. We ran internal training coursesfor new recruits to all Projectsat CERFACS to give them a
basicunderstandingof high performancecomputingandnumericallibraries.This coursewasalsoopento
theshareholdersof CERFACS.Following aspeci�c requestof CNESthroughits CCT“calcul scienti�que”
we organizeda threeday training courseentitled “Outils de programmationef�cace et robustepour le
logiciel scienti�que” targetedat CNESengineers.We arealsoinvolvedin trainingthroughthe“stagiaire”
systemandfeel that this is extremelyuseful to youngscientistsandengineersin both their training and
their careerchoice. It canalsohelp us to focusour researchefforts andthuscanbene�t the work of the
Team.A win-win situation.Membersof theTeamhave assistedin many lecturecoursesat othercentres,
including ENSICA, INPT, Mét́eo, Toulouse1 andUPS.During this pastyear, both Valérie Fraysśe and
Luc Giraudsuccessfullydefendedtheir habilitationtheses(HDR). Valériesummedup hermany activities
undertheumbrellaof thepower of backwarderroranalysisandLuc describedwith greatclarity his many
contributionsto theiterativesolutionof linearequations.Four otherTeammemberssuccessfullydefended
their PhD theses.ThesewereElisabethTraviesaswith a thesison matrix spectra(andpseudo-spectra),
AminaBourasontheconvergenceof embeddedKrylov solversin eigensystemor linearsystemcalculation
andAhmed Zaoui on his contributions to eigensolversand hypercomplex computation,andDominique
Orbanon “Interior-point methodsfor nonlinearprogramming”,a cotutellethesisbetweenINPT andthe
Universityof Namurin Belgium.

We run a regular seriesof “internal seminars”that areprimarily for Teammembersto learnabouteach
other's work andarealsoa goodforum for youngresearchersto honetheir presentationalskills. We run
a seriesof seminarsfrom externalpeoplewho arevisiting theTeamthatattracta wider audienceandthis
hasbene�tedgreatlyduringthisperiodthroughanextensivevisitor programme.Indeed,our list of visitors
is a veritablewho's who of numericalanalysts,includingmany distinguishedscientistsfrom Europeand
the United States. We have includeda list of the visitors at the end of this introduction. JohnGilbert
from Xerox Parc in California was one of our longer stayingvisitors 2001 and was involved in many
interactionsaswitnessedin Section2.10of this report.As always,it wasapleasureto hostGeneGolubfor
a weekwhenhecamefor theAnniversarymeeting.He is particularlyhelpful andinspiringto our younger
researcherswith his enthusiasmandinterest.

The Parallel Algorithm Teamhostedtwo signi�cant internationalmeetingsduring the reportingperiod.
OnewastheWorkshopon inner-outeriterationsorganizedat the requestof threeof our shareholdersand
held at CERFACS in September2000. GeneGolub gave the keynote address,and therewere invited
presentationsfrom AndreasGriewank and Sven Hammarling. The programwas completedby several
contributionsfrom CERFACS researchersandthe shareholders'representatives. The Parallel Algorithm
ProjectalsoorganizedandhostedaSparseDaymeetingheldin June2001.Wewereableto takeadvantage
of our visitors to designa very interestingprogrammethatattracted38 participantsfrom not only outside
Toulousebut alsooutsideFrance.Someresearchersfrom thepartnersof CERFACSalsoparticipated.The
speakersandprogrammearedescribedfurtherin Section6.2of this report.We werealsostronglyinvolved
in theCERFACSAnniversarymeetingin October2001.GeneGolubfrom StanfordUniversityandGérard
Meurant from CEA gave invited talks and two PhD students,Bruno Carpentieriand Jean-Christophe
Rioualhadthechanceto presenttheirwork to adistinguishedaudience.
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I am very pleasedto report that, over the reportingperiod,we have continuedour involvementin joint
researchprojectswith shareholdersandotherCERFACS' partners,andwith otherteamsatCERFACS.We
areinvolved in researchcommitteessuchastheCCT of CNES.We have successfullycompleteda major
projecton orbitographywith CNES.We have two projectswith EADS on preconditioningtechniquesin
electromagneticsanda sponsoredPhDon thestudyof iterativesolutiontechniquesfor multiple right-hand
sides. We areinvolved in the training programmefor the Mastere,organizedby ENM at Mét́eo-France.
Oneof the two active collaborationswith INRIA hasbeensuccessfully�nished by thedefenceof a PhD
andtheotheron domaindecompositionwill hopefullyyield anotherthesisin thespringof 2002. We are
involvedin a contractwith EDF to utilize our �ndings on inner-outeriterationwithin their Astercode.We
helptheotherProjectsat CERFACSonalmosta daily basis,for examplein giving adviceto CFD andTSI
on OpenMP, but sometimescollaborateon a moresubstantiallevel asfor instancein thePALM projector
on theoptimaluseof ourpublicdomainlinearsolverswith EMC. Thework on theperformanceevaluation
on clusterswas also of great interestfor both other CERFACS Projectsand shareholders(in particular
CNESandMét́eo-France).

Visitors to Parallel Algorithm Project in 2000-2001

In alphabetical order, our visitors during the years 2000 and 2001 included: MARIO AHUES

(St Etienne University), FILOMENA DIAS D' ALMEIDA (Porto University), NERSES ANANIKYAN

(Armenia), NECULAI ANDREI (ResearchInstitute for Informatics, Roumania), MARIO ARIOLI

(RAL, UK), CHARLES AUDET (Rice University), ROBERT BEAUWENS (ULB, BrusselsUniversity),
MATTHEUS BOLLHÖFER (Berlin), TONY CHAN (UCLA), EDMOND CHOW (Lawrence Livermore
National Laboratory), JOHN DENNIS (Rice University, Houston,Texas), QUANG V. DINH (Dassault
Aviation), JAQUELINE FLECKINGER (Toulouse I), M ICHAEL FRIEDLANDER (Stanford University),
ANDREAS FROMMER (WuppertalUniversity), JOHN GILBERT (Xerox Parc, California, USA), GENE

GOLUB (StanfordUniversity), NICK GOULD (RutherfordAppletonLaboratory),ANDREAS GRIEWANK

(DresdenUniversity), LAURA GRIGORI (INRIA-LORIA, Nancy), ANDREAS GROTHEY (Edinburgh
University), GUNDOLF HAASE (Institute for ComputationalMathematics,Austria), ELDAD HABER

(University of British Columbia, Canada),SVEN HAMMARLING (NAG), PER CHRISTIAN HANSEN

(TechnicalUniversityof Denmark, Denmark),JOHN HAWS (Raleigh),GARY HOWELL (FloridaInstitute
of Technology),ABDERRAZAK ILAHI (Tunisia), ERRICOS KONTOGHIORGHES (NeuchatelUniversity),
JACKO KOSTER (Parallab,Bergen), JEAN-YVES L' EXCELLENT (INRIA-ENSL, Lyon), MARTIN VAN

GIJZEN (TNO, The Netherlands),ERRICOS KONTOGHIORGHES (Universityof Neuchatel,Switzerland),
ALAIN LARGILLIER (St EtienneUniversity), RASMUS LARSEN (StanfordUniversity), SVEN LEYFFER

(DundeeUniversity), DANIEL LOGHIN (University of Oxford, UK), MARDOCHEE MAGOLU (ULB,
BrusselsUniversity),LUIZ CARVALHO (IME-UERJ,Rio de Janeiro,Brazil), OSNI MARQUES (NERSC,
Berkeley), EMERIC MARTIN (IRISA, Rennes),GÉRARD MEURANT (CEA), JOHN M ILLER (Dublin
University, Dublin), SHANE MULLIGAN (Dublin University, Dublin), JORGE NOCEDAL (Northwestern
University), BERESFORD PARLETT (UC Berkeley), BERNARD PHIL IPPE (IRISA, Rennes), M IRO

ROZLO �ZNÍK (Academy of Sciencesof the Czech Republic, Prague),YOUSEF SAAD (Minneapolis
University), ANNICK SARTENAER (FUNDP, Namur), JENNIFER SCOTT (RAL, UK), DAN SORENSEN

(Rice University, Houston, USA), MASHA SOSONKINA (Minnesota University), PIERRE SPITÉRI

(ENSEEIHT), TROND STEIHAUG (University of Bergen, Norway), GUILLAUME SYLVAND (INRIA-
CERMICS,Nice), DANIEL SZYLD (TempleUniversity), PATRICK LE TALLEC (Ecole polytechnique),
PHIL IPPE TOINT (FUNDP, Namur), JEAN TSHIMANGA (University of Namur, Belgium), M IROSLAV

T 	UMA (Academyof Sciencesof the CzechRepublic,Prague),andSTEVE WRIGHT (ArgonneNational
Laboratory, Illinois, USA).
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2 Dense and Sparse Matrix Computations

2.1 Updates to the Rutherford-Boeing sparse matrix collection
(I. S.Duff and D. Orban)

The Rutherford-Boeingsparsematrix collection [1] extendsits predecessor, the Harwell-Boeingsparse
matrix collectionin a numberof respects,including therepresentationof theproblemsin theRutherford-
Boeingsparsematrix format.
With asssistancefrom a stagiaire,PierreValentin, all the data from the Harwell-Boeingsparsematrix
collection have been converted into Rutherford-Boeingformat and are documentingthis data and
incorporatingother relevant data. Ultimately, the collection will consistof a comprehensive archive of
testmatrices,storedin Rutherford-Boeingformat,alongwith therelevantrelateddata,suchasright-hand
sides,solutionestimates,orderings,etc.
In order to leave as much latitude as possibleand to allow older solvers to solve problemsfrom the
Rutherford-Boeingcollectionwithout modi�cation, a numberof conversiontools, to andfrom theMatrix
Market format, theMatlab formatandtheHarwell-Boeingformat,will alsobeprovided. Tools to plot or
view on thescreenthesparsitypatternof thematriceshavebeendesigned.

[1] I. S.Duff, R. Grimes,andJ.G. Lewis, (1997),TheRutherford-BoeingSparseMatrix Collection,TechnicalReport
RAL-TR-97-031,RutherfordAppletonLaboratory, OxonOX11 0QX, UK.

2.2 Rank-revealing and incrementalnorm estimation
(I. S.Duff and C. Vömel)

An incrementalapproachto
�

-norm estimationfor triangular matriceshas been developedwhich is
importantfor thedetectionof ill-conditioning,oneof thebasicproblemsarisingin thenumericalsolution
of linear systems.Applicationsof the schemeincludethe calculationof forward error boundsbasedon
theconditionnumber, robustpivot selectioncriteriaandrank-revealingfactorizations,in particular, when
inversefactorsarisein thefactorization.In [ALG53], sucha schemeis introduces,it is applicablefor both
denseandsparsematriceswhichcanarisefor examplefrom aQR,a Cholesky or aLU factorization.If the
explicit inverseof atriangularfactoris available,asin thecaseof animplicit versionof theLU factorization,
this resultscanbe relatedto incrementalconditionestimation(ICE) presentedin [2]. Incrementalnorm
estimation(INE) extendsdirectly from thedenseto thesparsecasewithout needingthemodi�cations that
arenecessaryfor thesparseversionof ICE. INE canbeappliedto complementICE, sincetheproductof
thetwo estimatesgivesanestimatefor thematrix conditionnumber. Furthermore,whenappliedto matrix
inverses,INE can be usedas the basisof a rank-revealingfactorization. The quality of this resultson
standardtestcasesis consistentlyhigh anddemonstratesthegeneralreliability of the scheme.A revised
versionof [ALG53] whichcontainsalsoa theoreticalanalysisof thisschemewill appearin BIT.

[2] C. H. Bischof,(1990),IncrementalConditionEstimation,11, 312–322.
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2.3 The sparseBLAS (I. S.Duff , M. A. Heroux and R. Pozo)

The effort by the BLAS TechnicalForum to producean updatedversionof the Basic Linear Algebra
Subprogramshascontinuedfor many yearsandit waswith somerelief thateverythingcameto aconclusion
in 2001. The standarditself [3] shouldbe appearingas two partsin The InternationalJournalof High
PerformanceComputingApplications and an article on the standard[4] has beensubmittedto ACM
TransactionsonMathematicalSoftware.Major extensionsto theearlierBLAS includeaddedfunctionality,
mixedprecisionBLAS, andsparseBLAS.
We discussthe interfacedesignfor theSparseBasicLinearAlgebraSubprograms(BLAS), thekernelsin
therecentstandardfrom theBLAS TechnicalForumthatareconcernedwith unstructuredsparsematrices.
Themotivationfor suchastandardis to encourageportableprogrammingwhile allowing for library-speci�c
optimizations.In particular, this interfacecanshieldonefrom concernover thespeci�c storageschemefor
thesparsematrix. This designmakesit easyto addfurtherfunctionalityto thesparseBLAS in thefuture.
In the report [ALG56], the useof the SparseBLAS with examplesin the threesupportedprogramming
languages,Fortran95,Fortran77,andC is illustrated.A Fortran95 implementationof thesparseBLAS is
describedin thereport[ALG55].

[3] BLAS Technical Forum Standard,The International Journal of High PerformanceComputing
Applications, 15, (2001).

[4] S. Blackford, J. Demmel,J. Dongarra,I. Duff, S. Hammarling,G. Henry, M. Heroux,L. Kaufman,
A. Lumsdaine,A. Petitet,R. Pozo,K. Remington,andR. C. Whaley, (2002),An UpdatedSetof Basic
LinearAlgebraSubprograms(BLAS), Submittedto TOMS.

2.4 Development of kernels for sparse numerical linear algebra
(I. S.Duff and C. Vömel)

The BasicLinear AlgebraSubprogramsfor sparsematrices,theSparseBLAS, arede�ned by the BLAS
TechnicalForumandconsistof a setof kernelsproviding basicoperationsfor sparsematricesandvectors.
A principal goal of the SparseBLAS standardis to aid in the developmentof iterative solversfor large
sparselinearsystemsby specifying,on theonehand,interfacesfor a high-level descriptionof vectorand
matrix operationsfor thealgorithmdeveloperand,on theotherhand,leaving enoughfreedomfor vendors
to providethemostef�cient implementationof theunderlyingalgorithmsfor their speci�c architectures.
The SparseBLAS standardde�nes interfacesandbindingsfor the threetarget languages:C, Fortran77
andFortran95. OurFortran95 implementationis intendedasa referencemodelfor theSparseBLAS. The
designis basedon the ideaof matrix handlesso that the userneednot be concernedwith the detailsof
the underlyingstorageschemes.It is envisagedthat thesekernelswill be widely usedin the solutionof
sparseequationsby iterativemethods.Ourwork is documentedin [ALG54], [ALG55] and[ALG57]. The
softwaretogetherwith its description[ALG55] hasbeensumbittedfor publicationasalgorithmto ACM
Trans.Math. Softw.

2.5 Analysis and comparison of distrib uted memory sparsesolvers
(P. R. Amestoy, I. S.Duff , J.-Y. L'Excellent and X. Li)

Thisworkwasawardedagrantfrom theFranceBerkeley fundfor teamsatENSEEIHT-IRIT andCERFACS
to collaboratewith NERSCat LawrenceBerkeley NationalLaboratoryon distributedsparsesolvers.This
grantstartedin January1999andwasextendeduntil May 2000,enablingDuff to visit Berkeley twice for
discussionswith Li andAmestoy (whowasonsabbaticalleave for theyear).
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Themainresultwasanin depthanalysiscomparingthemeritsof a supernodalsolver (SuperLU)[5] with
MUMPS (see � 2.9). This showed broadly that MUMPS generallyoutperformedSuperLUalthoughthe
latter showed somewhat betterscalabilityand wascompetitive on a large numberof processors.Many
ideasfor improvementsto bothcodesweregeneratedduring this investigationandbothwill beenhanced
asaresult.
The main report to the France-Berkeley Fund [ALG37] was acceptedand a shorterversion has been
submittedto the ACM Transactionson MathematicalSoftware[ALG36]. The work hasbeenpresented
at theSIAM ParallelProcessingConferencein March2001[ALG38].

[5] J. W. Demmel,J. R. Gilbert, and X. S. Li, (1999), An asynchronousparallel supernodalalgorithm for sparse
Gaussianelimination,SIAMJ. Matrix AnalysisandApplications, 20, 915–952.

2.6 Study of the effect of matrix orderings on MUMPS and a code
fr om Ar gonne National Laboratory (I. S.Duff , S.Leblond and
H. Tufo)

In this work, two differentsolversfor thedirectsolutionof sparseequationson multiprocessormachines
wereexamined.This investigationwasconductedby a stagiaireSimonLeblond[ALG68], primarily under
theguidanceof Duff.
The �rst part of the investigationdealswith the MUMPS multifrontal methodfor an LU factorization
computation. The phasesof this approachweredescribedand resultson a few large testsmadeon the
supercomputerCOMPAQ IXIA were analysed. The main study concernedthe effect of the ordering
algorithmon theanalysisandtheperformanceof thecodewhenanorderingwasinput by theuser. Some
suggestionsfor futureimprovementsto MUMPS arepresented.
The secondpart concernedan approachusing an ����� factorizationdevelopedby Tufo and usedin a
massively parallelenvironmentto obtainfactorsof the inverseof a large sparsematrix [6]. The �ndings
showedthatthecurrentversionof thecodewasratherslow in thefactorizationphasebut veryquick for the
backsolves. This hadbeenthedesignintentionof Tufo who, partly asa resultof this study, is tuning the
factorizationpartof his algorithm.

[6] H. M. TufoandP. F. Fischer, (2001),Fastparalleldirectsolversfor coarsegridproblems,J. Parallel andDistributed
Computing, 61, 151–177.

2.7 Useof orderings for largeentries on the diagonal (I. S.Duff and
J. Koster)

Althoughtheoriginalwork of theauthoronthissetof algorithmsfor permutinglargeentriesto thediagonal
wascompletedsometime agoandtheresultingcodeMC64wasplacedin theHSL mathematicalsoftware
library in 2000,themostrecentjournalpaperonthiswork appearedin 2001[ALG14] andthealgorithmand
codehasbeenusedextensively over this pastyearby many peoplein thesolutionof largesparsesystems
of equationsandin preconditioningtechniquesfor sparsematrices.
In many cases,the routinecanbe very helpful whenfactorizingvery unsymmetricsystemsashasbeen
the experiencewith MA41andMUMPS[ALG2]. It hasalsoproven almosta necessarypreprocessorfor
algorithmsthatusestaticpivoting strategiesasin SuperLU [9]. More recently, Gupta[8] hasreaf�rmed
theimportanceof sucha permutationin his work onsparsedirectsolversandBenziandhis colleagues[7]
havefoundthatit is absolutelynecessaryto useMC64if preconditioningtechniquesareto besuccessfulon
highly inde�nite andnonsymmetricmatrices.
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[7] M. Benzi, J. C. Haws, andM. T	uma,(2000),Preconditioninghighly inde�nite andnonsymmetricmatrices,22,
1333–1353.

[8] A. Gupta,(2001), Improved symbolicandnumericalfactorizationalgorithmsfor unsymmetricsparsematrices,
Tech.Rep.RC 22137(99131),IBM T.J.WatsonResearchCenter, Yorktown Heights,NY.

[9] X. S. Li andJ. W. Demmel,(1999),A ScalableSparseDirect Solver usingstaticpivoting, In Proceedingsof the
Ninth SIAMConferenceonParallel Processingfor Scienti�c Computing, SanAntonio,Texas.

2.8 Candidate-baseddynamic scheduling for a distrib uted dir ect
linear solver (P. R. Amestoy,I. S.Duff and C. Vömel)

Theasynchronousdistributedmemorymultifrontal solverMUMPS ([ALG2, ALG37]) exploits threetypes
of parallelismwhena sparsematrix is factorized. A �rst naturalsourceof parallelismis establishedby
independentbranchesof theassemblytree.Furthermore,treenodeswith a largeenoughcontributionblock
canbeupdatedin parallelby splitting theupdatebetweenseveralslavesof themasterthatis factorizingthe
blockof fully summedvariables.Finally, theroot nodecanbetreatedin parallelif it is big enough.

While the masterprocessorof eachnodein the tree(i.e. the onethat is responsiblefor the factorization
of the block of fully summedvariables)is chosenduring the analysisphase,the slavesfor the parallel
updateof large contribution blocks are only chosenduring the factorizationphase. This dynamictask
schedulingtakesplacein orderto balancethework loadof theprocessorsat run-time.Problemsarisefrom
offering too muchfreedomto thedynamicscheduling.If every processoris a candidatefor a slave then,
on eachprocessor, enoughworkspacehasto be reservedduring the analysisphasefor the corresponding
computationaltasks.However, duringthefactorization,typically not all processorsareactuallyneededas
slaves(and,ona largenumberof processors,only a very few areneeded),sothepredictionof therequired
workspacewill beoverestimated.Thusthesizeof theproblemsthatcanbesolvedis reducedunnecessarily
becauseof this differencebetweenthepredictionandallocationof memoryin theanalysisphaseandthe
memoryactuallyusedduringthefactorization.

With theconceptof candidateprocessors it is possibleto addressthis issue.Theconceptoriginatesin an
algorithmpresentedin [10] andextendsef�ciently to MUMPS. For eachnodethat requiresslavesto be
chosendynamicallyduring the factorizationbecauseof the sizeof its contribution block, a limited setof
processorsfrom which theslavescanbeselectedis introduced.While themasterpreviously choseslaves
from amongall lessloadedprocessors,the freedomof the dynamicschedulingcan be reducedso that
theslavesareonly chosenfrom thecandidates.This effectively allows oneto excludeall non-candidates
from the estimationof workspaceduring the analysisphaseand leadsto a more realistic predictionof
workspaceneeded.Furthermore,thecandidateconceptallowsoneto betterstructurethecomputationsince
it is possibleto explicitly restrict the choiceof the slavesto a certaingroupof processorsandenforcea
`subtree-to-subcube'mappingprinciple.

Preliminarytestswith a prototypeversionhave shown the bene�ts of the conceptthat is currentlybeing
integratedinto a compactschedulingmodulefor MUMPS. It uni�es staticanddynamicmappingwhile at
thesametime takingaccountof treemodi�cationsby nodeamalgamationandsplitting.

[10] A. PothenandC. Sun,(1993),A MappingAlgorithm for ParallelSparseCholesky Factorization,14(5), 1253–
1257.
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2.9 An analysis of MPI send/receive in the context of MUMPS
(P. R. Amestoy,I. S.Duff , J. Y. L'Excellent and X. S.Li)

This work wasdevelopedfrom the researchperformedaspart of the France-Berkeley project [ALG37]
andis intimatelyassociatedwith thetuningof theMUMPSandSuperLU sparsedirectsolversondistributed
memorycomputersusingMPI for messagepassing.
The sendand receive mechanismsof MPI are examinedin detail and the questionhow to implement
messagepassingrobustlysothatperformanceis not signi�cantly affectedby changesto theMPI systemis
addressed.Thediscussionof this is madewithin thecontext of two differentparallelalgorithmsfor sparse
Gaussianelimination:amultifrontalsolver(MUMPS), andasupernodalone(SuperLU ). Theperformanceof
initial strategiesbasedon simpleMPI point-to-pointcommunicationprimitivesis verysensitive to theMPI
system,particularlytheway MPI buffersareused.Usingmoresophisticatednon-blockingcommunication
primitivesimprovestheperformancerobustnessandscalability, butatthecostof increasedcodecomplexity.
Thereport[11] hasbeensubmittedto thejournalParallelComputing.

[11] P. R. Amestoy, I. S.Duff, J.-Y. L'Excellent,andX. S.Li, (2001),Impactof theImplementationof MPI Point-to-
PointCommunicationson thePerformanceof Two GeneralSparseSolvers,Tech.Rep.RT/APO/01/4,ENSEEIHT-
IRIT.

2.10 Structure prediction and symbolic factorization for partial
pivoting (J. R. Gilbert , senior visitor)

The answersto several theoreticalquestionsaboutnonzerostructureandcolumndependenciesin sparse
���

factorizationwith partialpivoting couldhave consequencesin theanalysisphaseof
���

factorization
codes.LauraGrigori, co-worker, is a graduatestudentat LORIA in Nancy.
A symbolic all-at-oncelower boundfor the structureof the column elimination tree hasbeenrecently
describedin a technicalreport[ALG59] submittedfor publication.This lowerboundappliesto thecaseof
so-calledstrongHall matrices.
The proof of a symbolic lower boundresult for the structureof

�

and
�

underpartial pivoting for all
nonsingularmatriceshasbeengiven. This resultwasalreadyknown for the caseof strongHall matries.
However, thegeneralcaseis of interestbecausemany nonsymmetric

���

codesdonotpreprocessthematrix
to blocktriangularform. Thehopeis thatit will bepossibleto extendthiswork to getanexactlowerbound;
if this is donewith anef�cient way to implementit, it is plannedto experimentit asanimprovementto the
currentstructurepredictionin SuperLU.
An othergoalis to extendthecolumntreeresultfrom asymbolicboundto anexactbound.

2.11 Weighted matching for symmetric inde�nite factorization
(J. R. Gilbert , senior visitor)

Theobjective hereis to useweightedbipartitematching(asin Duff andKoster's MC64code)to identify
goodstatic(or at leastinitial) pivotingordersfor symmetricinde�nite factorizations.Suchorderingsmight
alsobeusefulfor incompletesymmetricinde�nite factorizationsor for the iterative solutionof symmetric
inde�nite systems.
A maximumweightmatchingmaynot besymmetric,evenfor a symmetricmatrix. Onemayaskto what
extentonecancapturetheelementsof sucha matchingin smallsymmetricblock pivotsby permutingthe
matrixsymmetrically. Theanswerturnsout to dependon thecyclestructureof thematchingpermutation.
The experimentstartedwith the ideaof �rst permutingthe matrix symmetricallyto have small diagonal
blocks with large elements,then following this with anothersymmetricpermutationthat is chosenfor
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sparsity, thenusingthis asinput to MA57, a symmetricinde�nite multifrontal factorization.The sparsity
permutation,approximateminimumdegree,is computedon thequotientgraphby thediagonalblocks,in
ordernot to breakup the block pivots. It is plannedto reporton the resultsof theseexperimentsduring
2002.

2.12 Support theory for preconditioning (J. R. Gilbert , senior
visitor)

Supportgraphsandsupporttheoryarea combinatorialapproachto preconditioningsparselinearsystems
thatdatefrom theearly1990sbut haverecentlyseensomepromisingnew developments.A survey lecture
on the topic, coveringbothour work andothers',wasdoneat theSparseDay at CERFACSin June,with
the intentionof gettingmore researchersinterestedin working on it. Trond Steihaugof the University
of Bergenpointedout a connectionto a spanningtreepreconditionerfor network problemsthathasbeen
studiedby Resendeandothersin theoptimizationcommunity. The SparseDay talk alsoled to a visit to
JeanRoman's groupat LABRI in Bordeaux:it is plannedto collaborateon theseandrelatedideasin the
context of theblock incompletepreconditionersthatRoman'sgroupis designing.
A workshopon combinatorialpreconditioning,during which the sparselinear systemscommunitycan
exploretheseandrelatedproblems,is on theway to beorganised,perhapsat CERFACS.

2.13 Matlab toolboxes(J. R. Gilbert , senior visitor)

TheMatlabmeshpartitioningtoolbox,which Shang-HuaTengandJohmGilbert wroteseveralyearsago
andwhich Tim Davis hadmostrecentlyupdatedto run underversion5 of Matlabhasbeenupdated.The
newly updatedtoolbox includesan interfaceto METIS andrunsunderMatlab 6. The updatedtoolbox is
now availableat http://www.cerfacs.fr/algor/Softs/MESHPART/index.html
With the collaborationof Gary Howell (of the Florida Institute of Technology, visiting CERFACS),
successfullexperimentswith using f2c asan intermediaryin connectingFortransparsematrix codesto
Matlabhasbeenmade.A routineto readsparsematricesin Rutherford-Boeingformatinto Matlabhasbeen
developped.The routineis not yet comprehensive (it currentlyhandlessix of theR-B matrix types),but
it demonstratesthat usingthe new format with Matlab will be considerablysimplerthanusingthe older
Harwell-Boeingformat.StudentPierreValentinhelpedagooddealwith samplematricesfrom hissummer
work on theRutherford-Boeingcollection.
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3 Iterative Methods and Preconditioning

3.1 Loss of orthogonality in the modi�ed Gram-Schmidt algorithm
(L. Giraud, S.Gratton and J. Langou)

Duringthepasttwo yearsmany effortshavebeenputonthestudyof themodi�ed Gram-Schmidtalgorithm.
The modi�ed Gram-Schmidt(MGS) algorithmis a well known orthogonalizationmethodusedin many
linear algebraalgorithms. For example,it is a fastway to computea ��� factorization. Although this
methodis widely used,sometheoreticalquestionson its behaviour in �nite precisionarithmeticarestill
open.
On a computer, the modi�ed Gram-Schmidtorthogonalizationis appliedto a matrix in �nite-precision
computation,this introduceserrorsthatonewantsto control. This subjecthasalreadybeenconsideredby
Björck in 1963[13], thencontinuedby Björck andPaigein 1992[12]. They give usefulboundson the
orthogonalityobtainedin term of norms. Their resultshasbeenextendedto provide boundson singular
values. The resultsobtainedcan be viewed in term of numericalrank. This fact enablesto develop a
reorthogonalizationalgorithmthatgivesimpressiveresultsin termsof speed.This algorithmis particulary
ef�cient in anArnoldi context. Experimentsarestill goingon to control thequality of theobtainedresult
in a moregeneralframework.
It is well known that the setof computedvectorsmay loseorthogonality;however, it is experimentally
observed that this set hasfull rank. In [ALG60], a theoremthat givesa theoreticalexplanationof this
phenomenonis given. This theoremappliesto a large set of matrices. This is the set of not “too ill-
conditioned”matrices.To completethis theorem,a ��� � matrix, calledCERFACS, is given, this matrix
doesnot belongto this setbut is indeedvery close. On that matrix, MGS generatesa numericallyrank
de�cient setof vectors.This justi�es thesharpnessof thedomainof validity of thetheoremgiven.Finally,
the combinationof it with a well known result from Björck gives that two sweepsof MGS are indeed
enoughto get a matrix whosecolumnsareorthogonalup to machineprecision. We recover the famous
sentenceof W. Kahan[14] : “ twiceis enough.”

[12] A. Björck and C. Paige, (January1992), Loss and recaptureof orthogonalityin the modi�ed Gram-Schmidt
Algorithm, SIAMJ. Matrix AnalysisandApplications, 13, 176–190.

[13] A. Björck, (1967),SolvinglinearleastsquaresproblemsusingGram-Schmidtorthogonalization,BIT, 7, 1–21.

[14] B. Parlett,(1980),Thesymmetriceigenvalueproblem, PrenticeHall.

3.2 Robustpreconditioningof denseproblemsfr omelectromagnetics
(B. Carpentieri, I. S.Duff and L. Giraud)

In recentyears,therehasbeenasigni�cant amountof work doneonthesimulationof electromagneticwave
propagationphenomena,addressingvarioustopics rangingfrom radarcrosssectionto electromagnetic
compatibility, to absorbingmaterials,and antennadesign. To addresstheseproblemsthe Maxwell
equationsare often solved in the frequency domain leading to singular integral equationsof the �rst
kind. The discretizationby the boundaryelementmethod(BEM) resultsin linear systemswith dense
complex matriceswhich are very challengingto solve. In this project new preconditioningstrategies
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for the iterative solution of thesesystemsare proposed. In a �rst study [ALG22] a comparisonof
differentpreconditionersof both implicit andexplicit form in connectionwith Krylov methodsis done.
Particulatemphasisis putonsparseapproximateinversetechniquesbasedonFrobeniusnormminimization
that usea static nonzeropatternselection. The novelty of this approachcomesfrom using a different
nonzeropatternselectionfor the original matrix from that for the preconditioner, and from exploiting
geometricor topologicalinformationfrom the underlyingmeshesinsteadof usingmethodsbasedon the
magnitudeof theentries.An extract from this work hasbeenacceptedfor publicationin theProceedings
of theSecondConferenceon NumericalAnalysisandApplications(Rousse,Bulgaria). Theresultsof the
numericalexperimentssuggestthat thenew strategiesareviableapproachesfor thesolutionof large-scale
electromagneticproblemsusingpreconditionedKrylov methods.In particular, this strategie is applicable
when fast multipole techniquesare usedfor the matrix-vector producton parallel distributed memory
computers.A paper[ALG5] relatedto this researchhasbeenacceptedfor publication. The numerical
scalabilityof this preconditionerimplementedin EADS' FMM code,is currentlytestedon largeproblems.
In a secondproject [ALG43], implicit preconditionersbasedon incompletefactorizationalgorithmsare
used. Imaginarydiagonalperturbationsareincorporated,which signi�cantly improvesthe performance.
Thisprojectis still ongoing.

3.3 Sparse symmetric preconditioners for denselinear systemsin
electromagnetism (B. Carpentieri, I. S.Duff , L. Giraud and
M. Magolu mongaMade)

In order to further develop the study presentedin [ALG5], reseachhas been done on symmetric
preconditioningstrategies for the iterative solutionof densecomplex symmetricnon-Hermitiansystems
arisingin computationalelectromagnetics.In particular, numericalbehaviour of theclassicalIncomplete
Cholesky factorizationas well as someof its recentvariantsare reportedbut well-known factorized
approximateinversesare considered.This illustratesthe dif�culties that thesetechniquesencounteron
the linearsystemsunderconsiderationandgive somecluesto explain their disappointingbehaviour. The
propositionconsistsin two symmetricpreconditionersbasedon Frobenius-normminimizationthat usea
prescribedsparsitypattern. The numericalandcomputationalef�ciency of the proposedpreconditioners
are illustratedon a setof modelproblemsarisingboth from academicand from industrialapplications.
Moredetailson thiswork areavailablein [ALG43].

3.4 Combining fast multipole techniquesand approximate inverse
preconditioners for large calculations in electromagnetism
(B. Carpentieri, I. S.Duff , L. Giraud and G. Sylvand)

For largeelectromagneticcalculationsthatinvolveseveraltensof thousandsor afew million unknowns,the
useof fastmultipoletechniquesismandatoryto evaluatethematrix-vectorproduct.Forsuchsimulations,an
investigationof thenumericalscalabilityof theapproximateinversepreconditioner[ALG5] implemented
in aparalleldistributedcode[15] hasbeendone.Becausethepreconditionernaturallybecomesmorelocal
whenthesizeof theproblemis increased,eventhoughtheGreenfunctionsdecayrapidly, theobservation
is that the convergenceratedeteriorateswhenthe sizeof the linear systemincreases.To overcomethis
drawbackand improve the numericalrobustnessof the linear solver an embeddedschemeis applied; it
consistsof a FGMRESKrylov solver for theouteriterationsanda preconditionedGMRESinnerscheme.
For thisoutersolver, anaccuratefastmultipolecalculationfor thematrix-vectorevaluation,preconditioned
by afew innerpreconditionedGMRESiterationsis used.For theinnerGMRESscheme,alessaccuratefast
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multipolecalculationfor thematrix-vectorcomputationandtheFrobeniusnormminimizationapproachas
preconditioneris used. The ef�ciency of this numericalschemeis demonstratedon large testproblems.
Thebene�t of thenew schemeis highlightedin Table3, wherethenumberof outerandinnerfastmultipole
matrix-vectorproductsaswell astheelapsedtime to solve a problemwith aroundonemillion unknowns
arisingfrom a simulationof an Airbus aircraft arediplayed. GMRES(30)andFGMRES(5)/GMRES(20)
areconsideredbecausebothusethesameamountof memory. Thetargetcomputeris a CompaqSCAlpha
server.

Spherewith 1.0 � ��� degreesof freedoms
GMRES(30) FGMRES(5)+ GMRES(20)

# accurateFMM Elapsedtime # accurateFMM # lessaccurateFMM Elapsedtime
1196 11hours 17 260 1 hour30mn

Airbusaicraftwith 1.1 � ��� degreesof freedoms
GMRES(30) FGMRES(5)+ GMRES(20)

# accurateFMM Elapsedtime # accurateFMM # lessaccurateFMM Elapsedtime
noconvergence – 19 300 4 hour20mn

Table3 : Numericalbehaviour observedona 16processorAlphaCompaqServer.

[15] G. Sylvand, (2002), RésolutionItérative de Formulation Intégrale pour Helmholtz3D : Applicationsde la
MéthodeMultipôle �a desProbl�emesdeGrandeTaille, PhDthesis,EcoleNationaledesPontsetChausśees.

3.5 Grid transfer operators for highly variable coef�cient problems
in two-level non-overlapping domain decomposition methods
(L. Giraud, F. Guevara Vasquezand R. S.Tuminaro)

A robust interpolationschemefor non-overlappingtwo-level domaindecompositionmethodsappliedto
two-dimensionalelliptic problemswith discontinuouscoef�cients is proposed.This interpolationis used
to designa preconditionerclosely relatedto the BPS schemeproposedin [16]. The de�nition of this
interpolationis naturalon structuredmesheswith uniform rectangularsubdomainsanda generalization
to unstructuredmeshesis proposed.This generalizationpreservestheconstantfunctionwhile taking into
accountpossiblediscontinuities.Theunstructuredgrid interpolationwasinspiredby AMGe [17] andalso
by the fact that it reducesto the original operatordependentinterpolationon uniform meshes.Through
numericalexperiments,it is shown on structuredandunstructured�nite-element problemsthat the new
preconditioningschemereducesto the BPSmethodon smoothproblemsbut outperformsit on problems
with discontinuouscoef�cients. In particularit maintainsgoodscalableconvergencebehaviour evenwhen
thejumpsin thecoef�cients arenotalignedwith subdomaininterfaces.Thisworkhasbeenpresentedduring
the Preconditioning2001Conference,andwas completedduring a visit to SandiaNationalLaboratory,
Livermoreaftertheconference.Resultsrelatedto this work arereportedin [ALG62]
[16] J.H. Bramble,J.E. Pasciak,andA. H. Schatz,(1986),TheConstructionof Preconditionersfor Elliptic Problems

by SubstructuringI., Math.Comp., 47, 103–134.

[17] M. Brezina,A. Cleary, R. Falgout, V. Henson,J. Jones,T. Manteuffel, S. McCormick, and J. Ruge,(2000),
AlgebraicMultigrid basedon elementinterpolation(AMGe), SIAMJ. Sci.Comput., 22, 1570–1592.

3.6 Domain decomposition methods in semiconductor device
modelling (L. Giraud, J. Koster, J.-C. Rioual and A. Marr occo)

In the framework of a joint researchproject betweenINRIA (A. Marrocco), Parallab (J. Koster) and
CERFACS (L. Giraud, J. C. Rioual), the authorsare developinga parallel domaindecompositioncode
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for the solutionof the drift diffusionequationinvolved in semiconductordevice modelling. A nonlinear
time dependentproblemhasto be solved whereeachnonlineariterationrequiresthe solutionof a linear
mixed�nite-elementproblemresultingin a largesparselinearsystem.
In orderto solve theselinearsystemsin a paralleldistributedmemoryenvironmentusingmessagepassing,
direct and iterative substructuringtechniquesare investigated.Thesetechniquesimply the computation
of the local Schur complementmatricesassociatedwith eachsubdomain. If a classicalsparsedirect
solver is used,the computationof the local Schurcomplementmatricesis usuallycostly in computation
time. Somefunctionalitiesof themultifrontal parallelsolver MUMPS [ALG2] areusedto computethem
ef�ciently . Having anexplicit distributedformulationof theSchurcomplementit is possibleto implement
substructuringmethods,direct or iterative. Direct substructuringis ef�cient and numerically stable.
Iterative substructuringrequiresa goodpreconditionerfor theSchurcomplementsystem.In collaboration
with Parallabfrom BergenUniversity, theParallabimplementation[18] of aBalancedNeumann-Neumann
preconditioner[18, 19] hasbeentestedandcomparedwith anothertwo-level preconditionerdesignedat
CERFACS[ALG6, ALG7]. Variousscalingtechniqueson theSchurcomplementto improvethenumerical
stability of the methodhave also beeninvestigated.The joint work with Parallabwas partially funded
by an EgideAuroragrant,thatenabledJ.-C.Rioual to visit BergenandreciprocallyJ. Kosterto cometo
CERFACS.This work waspresentedduring the � �

���

conferenceon DomainDecompositionMethodsin
Scienti�c Computingandmoredetailsareavailablein [ALG61, 20].

[18] P. E. Bjørstad,J. Koster, andP. Krzy�zanowski, (2000),Domaindecompositionsolversfor largescaleindustrial
�nite elementproblems,In PARA2000Workshopon Applied Parallel Computing, vol. 1947, LectureNotes in
ComputerScience,Springer-Verlag,373– 383.

[19] J.Mandel,(1993),BalancingDomainDecomposition,Comm.Numer. Meth.Engrg., 9, 233–241.

[20] J.-C.Rioual,(2002),Solvinglinear systemsin semiconductordevicemodelingon parallel distributedcomputers,
PhDthesis.

3.7 Spectral two-level preconditioners(B. Carpentieri,
I. S.Duff , L. Giraud and J.-C. Rioual)

Whensolving the left preconditionedlinear system ���

���

� ���
	 with a Krylov method,the smallest
eigenvaluesof �

�

�

often slow down the convergence. In the symmetricpositive de�nite casethis
situationis well-understoodandargumentsexist for unsymmetricsystemsto explain thebadeffect of the
smallesteigenvalueson the rate of convergenceof the unsymmetricKrylov solver. A classof spectral
two-level preconditionersbasedon a low rank updateis proposed. It aims at shifting thesesmallest
eigenvaluesof �

�

�

closeto one. Consequentlythe resultingtwo-level preconditionerdoesnot suffer
anymorefrom theeffect of thosesmall eigenvalues.Our techniquerequirestheexplicit computationof a
few eigenvaluesthatmakesit independentfrom theKrylov solver beingused.Symmetricandsymmetric
positive de�nite variantscanbe derivedfor symmetricandsymmetricpositive de�nite linearsystems.In
thatlattersituation,theresultingpreconditioneris similar to thoseproposedin [ALG7] in theframework of
domaindecompositionfor elliptic equationswheretheshapeof thesmallesteigenvectorsmightbea priori
approximated.Theeffectivenessof thenew preconditionersis demonstratedon symmetricnon-Hermitian
problemsarising from electromagnetism[21] (similar problemsto thoseconsideredin Section3.3) and
on symmetricpositive de�nite andunsymmetriclinear systemsarising in domaindecompositionfor the
simulationof semiconductordevices[22] (similar problemsto thoseconsideredin Section3.6). Although
describedfor left preconditionersin thisshortsection,thisspectraltwo-level techniqueappliesalsofor right
preconditioners.

[21] B. Carpentieri,(2002), Sparse preconditioners for denselinear systemsin electromagnetic applications, PhD
thesis.

[22] J.-C.Rioual,(2002),Solvinglinear systemsin semiconductordevicemodelingon parallel distributedcomputers,
PhDthesis.
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3.8 Real/complexKrylo v solverspackagefor sequentialand parallel
computation (V. Fraysśe, L. Giraud and J. Langou)

To completethe GMRES packagedevelopedin 1997 [23] (downloadedmore than 280 times so far),
and the Flexible-GMRESpackagedevelopedin 1998 [24] (downloadedmore than 61 times so far), a
set of conjugategradientssolvers for Hermitian linear systemshas beendevelopedfor both real and
complex, singleanddoubleprecisionarithmeticsuitablefor serial,sharedmemoryanddistributedmemory
computers.For the sake of simplicity, �e xibility andef�ciency, theconjugategradientsolvershave been
implementedin Fortran77 usingthereversecommunicationmechanismfor thematrix-vectorproduct,the
preconditioningandthedot productcomputations.Finally theimplementedstoppingcriterionis basedon
anormwisebackwarderror.
The sourcecodesandthe user's guide[ALG58] canbe accessedfrom the CERFACS Web server at the
following URL address:

http://www.cerfacs.fr/algor/
This public domainsoftwarehasreceivedmuchinterest.Amongstthedownloaders,e.g. Bell-Lab,CRS4,
EDF, INRIA andONERA.
In somecases,somesupportuponrequesthasbeengivento thedownloaders,this haspermittsto improve
therobustnessof thecodeandtheclarity of theUser'sGuide.
The solution of densecomplex non-Hermitianlinear systemsarisesin computationalelectromagnetics.
In this context, iterative methodsare appealingbut with several right-handsidesiterative methodsmay
becomelessattractive thana singlefactorization(directmethod).A solutionis to adaptiterative methods
for multiple right-handsides.

A block GMRESsolver anda seedGMRESsolver have beendevelopedandinterfacedwith the EADS
code. To extendtherangeof applicability, they arebasedon reversecommunicationandareavailablein
realandcomplex, singleanddoublearithmetics.
Somepromisingpreliminaryexperimentshave beendoneon the testcaseCETAF with 5391degreesof
freedomandnineright-handsides.Eachof theright handsidescorrespondto adifferentanglefor thewave
illuminatingtheobject.In thatexperiment,thedifferencebetweentwo successiveanglesis onedegree.The
seedGMRESmethodconvergesin 226 iterationsagainst718accumulatediterationsfor GMRESapplied
successively to eachof thenineright-handsides.

[23] V. Fraysśe, L. Giraud,andS. Gratton,(1997),A Setof GMRESRoutinesfor RealandComplex Arithmetics,
Tech.Rep.TR/PA/97/49,CERFACS.

[24] V. Fraysśe, L. Giraud, and S. Gratton, (1998), A Set of Flexible-GMRES Routinesfor Real and Complex
Arithmetics,Tech.Rep.TR/PA/98/20,CERFACS,France.

3.9 Combining OpenMP and MPI on clusters of symmetric
multipr ocessors:somebasicpromising experiments(L. Giraud)

Someexperimentsondifferentclustersof SMPshavebeendone,wherebothdistributedandsharedmemory
parallel programmingparadigmscan be naturally combined. Although the platformsexhibit the same
macroscopicmemoryorganization,it appearsthattheir individualoverallperformanceis closelydependent
on the ability of their hardwareto ef�ciently exploit the local sharedmemorywithin the nodes. In that
context, the cacheblocking strategy appearsto be very importantnot only to get goodperformanceout
of eachindividual processorbut mainly to getgoodperformanceout of theoverall computingnodesince
sharingmemorylocally might becomea severebottleneck.A simplebenchmark,representative for many
large simulationcodes,shows throughnumericalexperimentsthat mixing the two programmingmodels
enablesto get attractive speedups that competewith a pure distributed memoryapproach. Thereare
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many possible�elds of applicationfor this embeddedparallelismincludingthedevelopmentof numerical
librairies [25]. This can also be of central interestfor large industrial codesthat have beendevelloped
for yearsonvectormachinesandarethenported,with asigni�cant manpowereffort, to paralleldistributed
vectorcomputersusingmessagepassing.In many casesthosecodesareef�cient onlyonamoderatenumber
of processorsasthey werenot initially designedfor parallelcomputers.UsingOpenMPto parallelizemost
of thevectorialloops,in combinationwith MPI, might bea viableopportunityfor smoothlymoving these
codesontotheemergingandpromisingplatformsfor intensivescienti�c computingthataretheclustersof
SMPs.Anotherillustrationis from numericallinearalgebrawhereonecanmentiondomaindecomposition
or moregenerallyblockpreconditioningtechniquesfor thesolutionof largesparselinearsystems.For those
techniques,thenumericalscalabilityis often relatedto thenumberof blocksor subdomains.In classical
parallel distributed implementations,one assignsone block per processor. Consequentlyincreasingthe
numberof processorsfor solvinga givenproblemresultsin a lessef�cient numericalsolver thatdoesnot
fully takeadvantageof thecomputingpowerof all theprocessors.Combiningthetwo programmingmodels
enablesto ef�ciently exploit someparallelismat ablock level, throughtheuseof paralleldirectsolversfor
sharedmemoryfor instance.In thatcontext, thenumberof processorsusedto performa givensimulation
canbeincreasedwithout deterioratingthenumericalpropertyof thenumericalalgorithmsincethenumber
of blocksdoesnotneedto beincreased.For moredetailson thatwork onemayreferto [ALG63].

[25] J. J. Dongarra,S. Moore, andA. Trefethen,(2001),Numericallibrariesand tools for scalableparallel cluster
computing,Int J. of High PerformanceComputingApplications, 15, 175–180.
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4 Qualitative Computing

Group members: Françoise Chaitin-Chatelin, Amina Bouras, Sargis Dallakyan, Valérie Fraysśe,
Clair eMandry, TadasMe�skauskas,Laur ent Plantié,ElisabethTraviesasand Ahmed Zaoui.

The work of the Qualitative ComputingGroupis a collaborative effort to assessthe validity of computer
simulations.Thecentralquestionis to give meaningto computerresultswhich areseeminglywrongsuch
asin chaoticcomputations.Thisgoalcanbereachedby uncoveringthelawsof computationwhichgovern
�nite precisioncomputationsin theneighbourhoodof singularities.

Someof theselawsarenow well understood.For example,onecancitei) theroleof thenormwisebackward
error to assessthe reliability of numericalsoftwarein �nite precision,ii) the role of nonnormalitywhich
makesapproximatedsingularitiesappearmuchcloserthanthey arein exactarithmetic.

A numberof new laws have emergedmorerecently, which have beenthefocusof theGroup'sattentionin
recentyears.Thenew lawsconcernin particular:

a) inexact computingand the associatedhomotopicpseudospectrumandbackward error asa fruitful
framework to understandapproximatenumericalmethods,in exactarithmetic,

b) theunreasonablerobustnessof Krylov-typemethodsto perturbationsin thedata,

c) the(underestimated)roleof Geometryin Scienti�c Computing.

This researchandunderstandingis vitally nourishedby work on practicalnumericalsoftwareapplications
in PhysicsandTechnology, which comefrom CERFACS partners.The work accomplishedin the years
2000and2001in severalrelatedareasis reviewedbelow.

In 2000 a particular focus was on embeddediterative solvers. A workshop on this topic
(http://www.cerfacs.fr/algor/iter 2000. html ) was organisedat CERFACS, September
11-12,2000,with thesupportof SMAI, following a requestof CERFACS shareholdersEADS, EDF and
CNES.This broughttogetherseveralmatureresearchersin thearea.

4.1 Inner-Outer iterations

It is well known thatasymptoticmethods,suchasNewton-likemethodsfor systemsandthepowermethod
for eigenvalues,needto beperformedwith moreandmoreaccuracy asonegetscloserto thesolution.

On the contrary, direct methodssuch as Krylov-type methodsexhibit a remarkablerobustnessto
perturbationsin the data. The only requirementis that, when the incompleteKrylov methodis used
iteratively, asin therestartedversions,the�rst stepsin eachnew iterationlooparecomputedto full working
accuracy, whichcanbelaterrelaxedastheconvergenceproceedsinsidetheloop[ALG30, ALG31, ALG39,
ALG40, ALG41, ALG42].

This amazingpropertyresultsin substantialsavings in the overall costof runninga 2 level-solver, when
the outer iterationis of Krylov type: it wasoneof the highlightsof the talks presentedat the Workshop
“Inner-Outeriterations”at CERFACS,11-12September2000.

Althougha theoreticalproof is still lacking,moreandmoreempiricalevidenceexists,they arecon�rmed
by similar resultsfrom researchersworldwide.
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In 2000,theconceptof inexactKrylov methodwasusedby V. Fraysśe [ALG31, ALG39] in thecontext of
aGMRESmethodwith inexactmatrix-vectorproducts.It wasappliedto eigenvaluecomputation[ALG40]
and to domain decomposition[ALG42]. Methodssuch as domain decompositionare used to solve
discretizedpartialdifferentialequationsandconsistsin solvingacondensedsystemwhosematrix,theSchur
complement,involvesthelocalmatricesassociatedwith thesubdomains.TheSchurcomplementis positive
de�nite whenthematrixassociatedwith thewholedomainis positivede�nite. Then,thecondensedsystem
canbe solved usingthe conjugategradientmethodwhich is of Krylov type. However, inversematrices
appearin theSchurcomplement.Then,linearsystemsat eachstepof theconjugategradientmethodhave
to besolved. Thesolutionof thesesystemsformsthe inner loop andit is possibleto apply the relaxation
strategy exposedabove. This work is describedin [ALG42]. The numericalexperimentsshow that a
signi�cant numberof localmatrix-vectorproductscanbesaved.

In 2001,T. Me�skauskashasworked on inner-outeriterationsfor modesolversin structuralmechanicsin
researchsupportedby EDF. Heinvestigatedanimplicitly restartedArnoldi methodwith shifts,coupledwith
a preconditionedconjugategradientlinearsolver. This algorithmis appliedto thegeneralizedeigenvalue
problemand�ts into thegeneralframeworkof inner-outeriterationswhenoneiterativesolver, referredto as
theinnersolver, is embeddedinto anotherone,referredto astheoutersolver. In thiscase,eachouterstepof
theeigensolver(animplicitly restartedArnoldi methodwith shifts)requiresthesolutionof a linearsystem,
providedby aniterative linearsolver (preconditionedconjugategradient),which is the inner iteration. As
expected,the accuracy of the inner iterationcanbe relaxedwhenthe outerprocesscomescloserto the
solution[ALG44]. Therelaxationstrategywasimplementedin theCode Aster codeandtestedon large
industrialproblems.

[26] A. Ilahi, (1998),Validationducalculsurordinateur:applicationdela théoriedessingularit́esalgébriques, Ph.D.
dissertation,Universit́e ToulouseI. TH/PA/98/31.

[27] R. A. McCoy and V. Toumazou,(1997), PRECISEUser's Guide - Version 1.0, Tech. Rep. TR/PA/97/38,
CERFACS,Toulouse,France.

4.2 Ar noldi methodand the happy breakdown

A convincing theory of the convergenceof an iterative Arnoldi methodis still a tantalizing goal for
numericalanalystsin LinearAlgebra.This questionis approachedby consideringthe incompleteArnoldi
methodon a matrix of order � asa �nite , or direct (asopposedto iterative or asymptotic)method.In this
approach,it is of primeimportanceto understandtherelationbetweenthestartingvector � � andthehappy
breakdown at step

�����

� . This requires,in particular, eliminatingtheconventionalassumptionthat the
matrix is non-derogatory. Because,if thematrix is non-derogatory, no early happy breakdown canoccur
unlessthestartingvectorliesexactly in aninvariantsubspacein exactarithmetic.

In �nite precisioncomputations,it is well known that detectingthe exact happy breakdown is dif�cult.
Usingtherelationbetween� � and

�
�

, two differentheuristicstoppingcriteriahavebeenproposed[ALG26,
ALG69]. The quality of the eigenvaluescomputedby the Arnoldi methodhasbeena topic of studyfor

more than four yearsin the Qualitative ComputingGroup [ALG51, ALG26, ALG69, ALG34]. These
studiesshow that,for someinitial vectors,it is notdesirableto stoptheArnoldi algorithmin �nite precision
at the sametime as in exact arithmetic. Theseparticularinitial vectorshave certaincomponentsin the
eigenvectorbasiswhich aretoo small to beconsideredin �nite precision;only thecomponentswhich are
suf�ciently largewith respectto machineprecisioncanbeconsidered.Sothenotionof aneighbourhoodof
ahappy breakdown is introduced.

A comparison between results from homotopic perturbations and results using the toolbox
PRECISE[ALG24, 27] and[26] hasbeenperformed.The softwarePRECISEhasalsobeenupdatedin
orderto becompatiblewith MATLAB 6.
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At the beginning of 2001, with S. Gratton from CNES, a condition numberformula was established,
which expressesthe sensitivity to the initial vector for the Arnoldi process[29]. In collaborationwith
Prof. B. N. Parlett from Berkeley University, California (USA), an attemptto apply it to determinethe
numberof distinct eigenvaluesof a symmetricmatrix usingthe Lanczosprocesshasbeendone. Sucha
problemwasposedby Prof.Lax (CourantInstitute,New York).

[28] F. Chaitin-ChatelinandV. Fraysśe,(1996),LecturesonFinite PrecisionComputations, SIAM, Philadelphia.

[29] F. Chaitin-Chatelin,E. Traviesas,andS. Gratton,(2001), Sensitivity from the initial vector for Krylov based
methods.Work in progress.

4.3 Inexact Computing

InexactComputingcanbedescribedasfollows: given two matrices
�

and
�

suchthat � �

���

�

, the
problemto is solve �������
	
�
� ��� . Theruleof thegameis thatit is allowedonly to use

�

andtheresolvent
�eld �����

�

����	����

� to solve thesystem.

To play sucha game,it is useful to introducethe homotopicfamily
�

����� �

���

�

�

, ����� , suchthat
�

� ��� �

�

and
�

� ��� ��� . Thisdescribesin its simplestform thehomotopicperturbationtheorywhichhas
beenstudiedandput to useby F. Chaitin-Chatelinin variousguisesfor morethan30years[30, 31, 28].

The homotopicperturbationtheorycanalso be interpretedfrom a purely information theoretic point of
view. Thisallowsoneto:

i) interpretthecomputingactivity in termsof knowledgeacquisition,

ii) structurethe�eld of singularitiesof �

�

���������
	
� �

� with two familiesof curves:thesingularraysand
thesingularorbits,

iii) give a global geometricview of the resolvent �eld for the family
�

�!��� �

�"�

�

�

, when thereis
no restriction on

�

. In particular #

�

# canbearbitrarily large. This is a big stepforwardsinceall
previouslyknown perturbationtheorieswerelocal [30].

Suchananalysisprovidesanef�cient conceptualtool to understandhow well separatedeigenvaluescanbe
groupedby thedeviationmatrix

�

inducedby anumericalmethod,in exactarithmetic.

It alsoputsinto fuller light thedifferencebetween
�

of rank � and
�

of rankgreaterthan � [ALG34]. In
thesecondcase,eigenvaluescangooutof phasein astriking manner[ALG52].

An early versionof theseideaswaspresentedin [ALG34], togetherwith an importantapplicationto the
happy breakdown of Arnoldi (seepreceedingSection4.2). Thiswaspublishedin [ALG10].

[30] F. Chaitin-Chatelin,(1983),Spectral approximationof linear operators, AcademicPress,New York.

[31] F. Chaitin-Chatelin,(1988),Valeurs propresdematrices, Masson,Paris.

4.4 Geometricaspectsof Computing

In conventionalscienti�c computingthe four arithmeticoperations(
�

, � , � , $ ) areusuallyde�ned on
scalarsor real numbers,that is 1D vectors. Linear Algebra is performedon matricesand vectorsof
potentially very large dimension,but the numbersthemselves are either real scalars(1 dimension)or
complex scalars(2 dimensions).Hypercomplex scalarsareusuallynot usedin NumericalLinearAlgebra.
However, it is known since the days of Hamilton and Graves that one can multiply and divide real
vectorsof dimension

�
%

,
�

� �'& ��&

�

& � � � , which de�ne algebrasof hypercomplex numbers.This requires
introducinganadditionalgeometricoperation,theconjugation.These( operationsde�ne thearithmetic-
geometriccoreof Nature's Computation.For example,thelaws of ClassicalMechanicsandof Maxwell's
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electromagnetismcanbewritten mostef�ciently by usingproductsof quaternions,which are4D vectors.
TherealcomponentcanbeinterpretedasTimeandthe � imaginarycomponentsasSpace.

This suggestsusinga quaternionparameter� with � dimensions,ratherthana complex onewith only 2
dimensions,to extractmeaningfrom thesingularitiesof

�

�!��� �

� �

�

�

. Sucha line of thought,which
complementsthepointof view developedin Section4.3,is currentlyunderdevelopmentandis expectedto
becompletedin 2002.

A similarapproachcanbetakenwith 8D-octonions.Preliminarydiscussionshavetakenplacewith theTTN
Group(seePart 6), in orderto usethepotentialof theVirtual Realitymachineto visualizethedynamicsof
knowledgeacquisition,whencomputationis analysedby meansof a multidimensionalparameter� with

� or � D in which one dimension,the �rst, is “felt” but not seen,the next � dimensionsare spatial,
hencevisible, andtheremaining� arenonvisible. Several invited talkshave beenpresentedon this topic
[32, 33, 34, 35, 36, 37].

The researchin this areaconductedin 2000 can be describedas follows. The focus has beenmade
on the principle of recursive constructionof the hypercomplex algebras[ALG47]. This little known
constructionpermitsto recover � andthequaternionandoctonionalgebrasfrom � but canbe continued
inde�niti vely yielding algebrasof dimension

��%

. It providesmoresyntheticformulaethan the classical
onesandhighlightstheessentialroleof thegeometricalnotionof conjugation.This recursiveconstruction
principleis alsoappliedto thebinaryalgebras,theinitial algebrabeingthen �

�

��� � & ��� .

In connectionwith this �rst aspect,the quadraticiteration
�

���

�

� � �

�

� have beenexploredover the
quaternionsand octonionsin �nite precision[ALG23, ALG35, ALG48]. Other aspectsof the role of
geometryin thecomputationof algebraicsingularitiesarepresentedin [ALG8, ALG25].

[32] F. Chaitin-Chatelin,CalculQualitatif et Sensdela vie. Ecoled'IngénieursCPE,Lyon,10May 2001,
talk.

[33] F. Chaitin-Chatelin,Computing Thoughts. Workshop on Numerical methodsfor evolutionary
problems,Peschici,Italy, 17-21Sept.2001,talk.

[34] F. Chaitin-Chatelin,Hypercomplex Computation.IBM, New York, USA, 27Dec.2001,talk.

[35] F. Chaitin-Chatelin, Life Computation. The Institute of EcotechnicsConferenceon Time:
Metapatterns,ThePresentMomentandEvolution.Aix-en-Provence,26-29Oct.2001,talk.

[36] F. Chaitin-Chatelin,Nature'sComputation:a theoryof QualitativeComputing.CERFACS,Toulouse,
France,30March2001,talk.

[37] F. Chaitin-Chatelin,Qualitative Computing. IFIP WG 2.5 Meeting, Amsterdam,the Netherlands,
26-27May 2001,talk.

4.5 Eigenvaluecomputations- Collaboration with INRIA

This researchconcernsthestudyandthe implementationof thesoftwareISABeL: ItérationsSimultańees
et Arnoldi BLoc. Theproblemconsistsin computingthe � closesteigenvaluesto a givencomplex value.
Theprojectionmethodsof Krylov (Arnoldi) andof subspaceiterationareused.TheArnoldi methodis fast
but might not yield all thedesiredeigenvalues.On theotherhand,subspaceiterationis reliablebut slow.
ThesoftwareISABeL couplesbothmethodsandcombinestheir advantages.In this software,theArnoldi
methodhasa role of a “predictor”. Moreover, a safetyprinciple(computationof morethan � eigenvalues)
whichenablesto controltheseparationconditionin thesubspaceiterationmethodis used.

This work formsthe�rst partof thePh.D thesisof A. Zaoui [ALG35], which endsa 3 yearcollaboration
betweenCERFACSandINRIA: October1997– October2000,seealso[ALG29].
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4.6 Integer ambiguitiescorrection - Collaboration with CNES

An overview of carrier phasedifferential GPShasbeenconducted. The main obstaclesfor using this
techniqueto achieve centimetre-levelsof accuracy arethedif�culties relatedto correctintegerambiguity
estimation(seealsoPart2). TheLAMBDA methodprovidesintegerleast-squaresestimatesfor ambiguities
which provides the bestunbiasedestimates.This methodwas the main subjectof theseinvestigations.
Apart from a minor bug (noninteger result)which was�x ed, the algorithmfor the � -transformationhas
beenimproved.

However, workingwith thetestcasesprovidedby CNESit wasshown thattheLAMBDA methodis unable
to �nd correctinteger ambiguitiesin a reasonabletime. To overcomethis obstaclethe searchalgorithm
hasbeenmodi�ed. Our modi�ed searchalgorithmallowsanexponentialspeed-upwhich is a considerable
achievement[ALG46]. This modi�ed searchalgorithmmaybeusedfor static/kinematicapplicationsand
may allow oneto processthe datafrom regionalnetworks of GPSstationsaswell asthedatafrom Low
EarthOrbitingsatellitesfor orbitographicpurposes.

4.7 Other work

4.7.1 Analysisof the boundary layer problem of triple deck type

The canonicalproblemof the boundarylayersof triple deck type is studied. This problem,introduced
in 1969, is closeto the classicalPrandtlproblembut the pressureis unknown. The physicaldatais the
asymptoteof the longitudinalvelocity, which is a straightline of nonzeroslopein thesemodels,andthe
pressurecannotbe deducedfrom it directly. In [ALG28], theassociatedVon Misesproblemis analysed;
the existenceof a solutionandstudythe asymptoticbehaviours is proved. An original methodbasedon
a semi-discreteschemeis used.A non-uniquenessresultobserved in numericalsimulationsis presented.
Detailsaregivenin [ALG73, ALG74].

4.7.2 Numerical analysisof Schrödinger problems

Numericalanalysisof two differentinitial boundary-valueproblemsfor aderivativenonlinearSchr̈odinger
equationwaspresentedin [38, ALG70]. The boundaryconditionswereDirichlet or generalizedperiodic
ones.A two-stepalgorithmwasproposedfor thenumericalsolutionof this problem.Themethodconsists
of Bäcklundtype transformationsanddifferenceschemes.The convergenceandstability in � and �

�

normsof Crank–Nicholson�nite differenceschemefor the transformedproblemis proved. Thereare
no restrictionsbetweenspaceandtime grid steps.For thederivative nonlinearSchr̈odingerequation,the
proposednumericalalgorithmconvergesandis stablein the �

� norm.

4.7.3 Electrocardiogram processing

A method, basedon � $�� noise analysis,which measuresslopesof spectral functions derived from
electrocardiogram(ECG)hasbeenproposed[ALG71]. Statisticaltestsshow thatspectralslopesarecardiac
indicators,separatingnormal (NRM) subjectsfrom thesesuffering idiopathic dilated cardiomyopathy
(IDC).

[38] F. IvanauskasandT. Me�skauskas,(Vilnius,Lithuania,2000),Onthenumericalalgorithmsfor derivativenonlinear
Schr̈odingerequation,In Finite differenceschemes:theoryandapplications, M. S.R. �Ciegis,A. Samarskii,ed.,89–
98.

CERFACSACTIVITY REPORT 23



5 Nonlinear Systems and Optimization

5.1 High rates of convergence in primal-dual interior point
algorithms for nonlinear programming (N. I. M. Gould,
D. Orban, A. Sartenaerand Ph. L. Toint)

Local convergencepropertiesof the primal-dualtrust-region interior point methoddesignedto minimize
a nonlinear, possibly nonconvex, objective function subject to linear equality constraintsand general
inequalitiesby meansof a log-barrierapproachhasbeenanalysed.The analysispresentedfollows that
of [39, 41, 42, 43]. Asymptotically, for eachvalueof the barrierparameter, a singleprimal-duallinear
systemis solved, yielding a point that alreadymatchesthe barriersubproblemstoppingtolerances,and
Q-superlinearconvergence,which canbeascloseto quadraticasdesired,is achieved. Moreover, this fast
asymptoticconvergenceoccurscomponentwise.Sincetheinnerminimizationphase—usedin [ALG12] to
solve a barriersubproblem—isnot requiredasymptotically, theconclusionsdrawn hold independentlyof
the innerminimizationprocedure[ALG67]. This convergencerateis essentiallyasfastasthatpreviously
obtainedfor exteriorpenaltymethods[42].
Going further, the question is how fast the rate of convergencemay be when the aforementioned
extrapolationstep is followed by a numberof further Newton steps. In two frameworks, it hasbeen
shown thata convergenceratethat is asfastasdesiredmaybeobtainedprovidedoneis readyto compute
suf�ciently many Newton steps.The iteratesconvergeat a Q-ratewhich canbe chosenascloseto

�����

�

asdesiredif � Newton stepsaretaken,andasbefore,this convergenceoccurscomponentwise.The �rst
framework is thatin whichtheinneriterationis irrelevantin theasymptotics.Thesecondis thetrust-region
framework of [ALG12]. Thiswork resultedin thereport[ALG66].

[39] A. R. Conn,N. I. M. Gould, andP. L. Toint, (1994),A noteon usingalternative second-ordermodelsfor the
subproblemsarisingin barrierfunctionmethodsfor minimization,NumerischeMathematik, 68, 17–33.

[40] A. R. Conn, N. I. M. Gould, D. Orban,and P. L. Toint, (2000), A Primal-DualTrust-Region Algorithm for
Non-convex NonlinearProgramming,MathematicalProgrammingB, 87, 215–249.alsoappearedon Mathematical
ProgrammingB, OnlineFirst,DOI 10.1007/s101070000144,March2000.

[41] J.-P. Dussault,(1995), Numericalstability and ef�ciency of penaltyalgorithms,SIAM Journal on Numerical
Analysis, 32, 296–317.

[42] N. I. M. Gould,(1989),Ontheconvergenceof asequentialpenaltyfunctionmethodfor constrainedminimization,
SIAMJournalonNumericalAnalysis, 26, 107–126.

[43] S. J. Wright andD. Orban,(1999),Propertiesof the Log-BarrierFunctionon DegenerateNonlinearPrograms,
TechnicalReport TR/PA/99/36, CERFACS, Toulouse,France. Submittedfor publication to Mathematicsof
OperationsResearch.

5.2 SifDec: a lonesomeSIF decoder(N. I. M. Gould, D. Orban and
Ph. L. Toint)

The ConstrainedandUnconstrainedTestingEnvironment(CUTE) [44], brie�y describedin Section5.3,
strongly relieson a device usedto convert SIF-encodedoptimizationproblemsinto a set of Fortran77
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subroutines,which can in turn be usedby solvers to evaluatethe objective function values,constraint
functionsvalues,computetheir derivativesandsoforth. This device—theSIF decoder—hasbeenisolated
andportedto avarietyof popularplatforms,for avarietyof popularFortran77andFortran90/95compilers.
TheresultingpackagehasbeennamedSifDec.
Althoughthemainusageof SifDec is presentlyin conjunctionwith CUTEr (seeSection5.3),thefactthat
it is now isolatedopensnew doors,suchasthe implementationof a converterfrom SIF input format to
Ampl [45] input format.
ThegeneralSifDec documentationmaybe foundin thereport[46], thesoftwareis formally describedin
thereport[ALG64] andtheof�cial SifDec websiteis locatedathttp://cuter.rl.ac.uk/cuter-www/sifdec.

[44] I. Bongartz,A. R. Conn,N. I. M. Gould,andP. L. Toint, (1995),CUTE: ConstrainedandUnconstrainedTesting
Environment,ACM Trans.Math.Softw., 21, 123–160.

[45] R. Fourer, D. M. Gay, and B. W. Kernighan, (1993), AMPL: A Modeling Language for Mathematical
Programming, Scienti�c Press.

[46] N. I. M. Gould,D. Orban,andP. L. Toint, (2002),GeneralSifDec documentation,TechnicalReportTR/PA/02/14.

5.3 CUTEr: a Constrained and UnconstrainedTestingEnvir onment
revisited (N. I. M. Gould, D. Orban and Ph. L. Toint)

TheConstrainedandUnconstrainedTestingEnvironment(CUTE) [47] isaversatileenvironmentfor testing
smallto large-scalenonlinearprogrammingproblemsarisingfrom bothrealpracticalapplicationsandfrom
academiccircles. It providesFortran tools for computingfunction values,gradients,Hessians,matrix-
vectorproductsandhandlesboth denseandsparseproblems. It hasbeendesignedwith multi-platform
environmentsin mindandthetestproblemsarewrittenusingtheSIF (StandardInputFormat)description
language,formerly usedby LANCELOT [48]. CUTE alsoprovidestoolsto helptheusersbuild their own
interfaceto their optimizationpackage,aswell asready-to-useinterfacesto famousexisting packageslike
MINOS andOSL.
Thepurposeof thisresearchis to polishCUTEr, thenew versionof CUTE. CUTEr is availableonavariety
of popularplatforms,including thequickly growing Linux platforms,for a variety of popularFortran77
andFortran90/95compilersandis suitedto heterogeneouslocalnetworks. Its installationphase,drivenby
Imake�les make it portableacrossplatforms,is faster, easier, moreef�cient andmakesbetteruseof disk
spaceandmemoryasarchitecture-dependentpartshave beencarefully isolated. CUTEr providesmore
tools, with enhancedcapabilitiesthat implementrecentdevelopmentsin denseandsparselinear algebra
andinterfacesto morerecentoptimizationpackageslike KNITRO and�lterSQP. CUTEr relieson theSIF
decoder, describedin Section5.2.
ThegeneralCUTEr documentationmaybefoundin thereport[49], thesoftwareis formally describedin
thereport[ALG64] andtheof�cial CUTEr websiteis locatedathttp://cuter.rl.ac.uk/cuter-www/.

[47] I. Bongartz,A. R. Conn,N. I. M. Gould,andP. L. Toint, (1995),CUTE: ConstrainedandUnconstrainedTesting
Environment,Transactionsof theACM on MathematicalSoftware, 21, 123–160.

[48] A. R. Conn,N. I. M. Gould,andP. L. Toint, (1992),LANCELOT: a Fortran package for large-scalenonlinear
optimization(ReleaseA), SpringerSeriesin ComputationalMathematics,SpringerVerlag,Heidelberg, Berlin, New
York.

[49] N. I. M. Gould,D. Orban,andP. L. Toint, (2002),GeneralCUTEr documentation,TechnicalReportTR/PA/02/13.
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5.4 Componentwise fast convergence in the solution of full-rank
systems of nonlinear equations (N. I. M. Gould, D. Orban,
A. Sartenaerand Ph. L. Toint)

Following the good local convergencepropertiesof primal-dual interior point methodsfor nonlinear
programming[ALG67], the asymptoticconvergenceof parameterizedvariantsof Newton's methodfor
the solutionof nonlinearsystemsof equationsis considered.The original systemis perturbedby a term
involving thevariablesanda scalarparameterwhich is drivento zeroasthe iterationproceeds.Theexact
local solutionsto theperturbedsystemsthenform a differentiablepathleadingto a solutionof theoriginal
system,thescalarparameterdeterminingtheprogressalongthepath. A homotopy-typealgorithm,which
involvesaninneriterationin whichtheperturbedsystemsareapproximatelysolved,is outlined.It is shown
thatasymptoticallyasinglelinearsystemis solvedperupdateof thescalarparameter.
It turns out that a componentwiseQ-superlinearrate in the sequenceof iteratesmay be attainedunder
standardassumptions,andthatthis ratemaybemadearbitrarily closeto quadratic.Thetheoreticalresults
presentedin the original reporthave beenextendedto show that the exact sameconvergencerate,which
still appliescomponentwise,also occursin the residuals. Numericalexperimentshave beenaddedto
illustratethenew resultsandtherelationshipsthatthis methodshareswith interior methodsin constrained
optimizationhavebeendiscussed.Thiswork is in [ALG65].

5.5 Optimization techniques for the regularization of large-scale
discrete forms of ill-posed problems(M. Rojas, D. C. Sorensen,
T. Steihaug,D. Noll and G. Tanoh)

This projectconsistsof usingoptimizationtechniquesfor the numericaltreatmentof ill-posedproblems
from inverseproblemsin differentapplicationareas.Two of themainfeaturesof this typeof problemare
theill-posednessof theoperatorsinvolvedandthepresenceof noisein thedata.Regularizationmethodstry
to recoverusefulinformationaboutthesolutionof theseproblemsby solvinga relatedproblemwith better
conditioningwheretheeffectof thenoisein thedatais minimized.
The regularizationproblemcanbe formulatedin differentways. Oneof the mostpopularregularization
approachesis the classicalTikhonov regularizationwhich is equivalent to the problem of minimizing
a quadraticsubject to a quadraticconstraint. The latter is known in optimization as the trust-region
subproblem.
Methodsfor boththe linearandnonlinearformulationsof ill-posedproblemsaswell astheapplicationof
thosetechniquesto thesolutionof problemswith �eld dataareconsidered.At thecoreof this project is
the methodLSTRSfor the large-scaletrust-region subproblempresentedin [50]. LSTRSis an iterative
procedurethat requiresthe solution of a large eigenvalueproblemat eachstep. This givesrise to new
problemsin theareaof large-scaleeigenvaluecomputationandwill bedescribedlater.
Linear Regularization. This subjectdealswith the solution of large-scalelinear systemsand linear
least-squaresproblemswherethe coef�cient matrix is highly ill-conditioned and the right-handside is
contaminatedwith noise. Theseproblemsarise in importantareassuchas seismicinversion,medical
imagingandimagerestoration.Ourwork in this areaincludes:

� With DanSorensenfrom RiceUniversity, Houston:solvingseismicinversionproblemssuchasthose
presentedin [ALG75].

� With TrondSteihaugfrom theUniversityof Bergen,Norway: developinga methodfor theproblem
of minimizingaquadraticfunctionsubjectto quadraticandnonnegativity constraintsin a large-scale
andill-posedsetting[ALG76]. This kind of problemariseswhensolvinginverseproblemsin image
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restoration.Our techniqueis oneof thevery few methodsavailablefor theef�cient computationof
nonnegativerestorations.

� Somework on imagerestorationproblemswithout nonnegativity constraintshasbeendoneandthe
techniquesdeveloppedhasbeentestedfor linear regularizationon applicationsfrom magnetic�eld
reconstruction.

Nonlinear Regularization. There have been few attemptsto treat ill-posed problemsas nonlinear
problems,mostly limited to the nonlinearleastsquaresformulation. This is mainly due to the fact that
until now therewereno ef�cient methodsthat couldhandlethehigh-degreesingularitiespresentin these
problems. Very recently LSTRS has beenpresented,this is a methodfor the large-scaletrust-region
subproblemthat is able to handlesuchsingularitiesandhasproven to be very ef�cient in practice[50].
This methodcanbe usedat theheartof an optimizationmethodrelying on the trust-region globalization
strategy, andsuchanoptimizationmethodcanbeusedin turn to treatnonlinearill-posedproblems.
Our work in this areaconsistsof the developmentof a trust-region interior-point methodusingLSTRS
[50] to solve the subproblems.Applicationswill be in the areaof medicaltomography. This work is in
collaborationwith GermainTanohandDominiqueNoll from Universit́ePaulSabatier, Toulouse[51].
Preconditioning Lar ge-ScaleEigenvalue Problems. As alreadymentioned,the main computationin
LSTRS is a sequenceof large-scaleeigenvalueproblems. Thus, the successof the trust-region method
dependson how ef�ciently andaccuratelytheeigenvalueproblemsaresolved. This is especiallyrelevant
in theill-posedcasewheretheeigenvaluesof interesttendto bevery clusteredandtherefore,eigensolvers
basedontheLanczosmethod,suchasARPACK, will exhibit slow convergence.Onewayto overcomethis
problemis to preconditiontheeigenvalueproblems.With DanSorensenfrom RiceUniversityin Houston,
work is doneon thedesignof ef�cient preconditionersfor theeigenvalueproblemsarisingin LSTRS.By
takingadvantageof thespecialstructureof theseproblemsit is possibleto designef�cient preconditioners,
andsomepreliminaryresultsfor thesenew techniquesarepromising.

[50] M. Rojas,S. Santos,andD. Sorensen,(2000),A New Matrix-FreeAlgorithm for the Large-Scale
Trust-RegionSubproblem,11, 611–646.

[51] G. Tanoh,D. Noll, andM. Rojas,A Trust-Region Interior-PointMethodfor Large-ScaleNonlinear
Nonconvex Programming(working title), tech.rep.

5.6 Numerical optimization techniques for data assimilation
(A. Piacentini, A. Sartenaerand A. Weaver)

Variational data assimilationmethods(as usedin meteorologyor oceanographyfor instance)rely on
optimizationsolvers.In collaborationwith theClimateModellingandGlobalChangeteam(moreprecisely
thePALM projectandthe“oceandataassimilation”project,seeChapter5 in Part 5), a framework whose
goal is twofold hasbeenstarted.The�rst is to selectexisting numericaloptimizationtechniques(suchas
limited memorymethods,conjugategradientmethods,etc) adaptedto dataassimilation,andto compare
their numericalbehaviour andperformancewhenembeddedin thePALM software.Thesecondgoal is to
investigatethepossibility to enrichtheseexisiting optimizationtechniques,knowing that importantissues
arefor instancethedevelopmentof goodpreconditionersto acceleratetheconjugategradientmethod,multi-
level resolutiontechniques,and(weakly)non-quadraticformulationsof thedataassimilationproblem.
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[ALG26] F. Chaitin-Chatelin,E. Traviesas,andL. Plantíe, (2000),UnderstandingKrylov methodsin �nite precision,
In Proceedingsof theSecondConferenceon NumericalAnalysisandApplications,Rousse, Bulgaria.

[ALG27] F. IvanauskasandT. Me�skauskas,(2000),On thenumericalalgorithmsfor derivative nonlinearSchr̈odinger
equation,In Finite differenceschemes: theory and applications, A. S. R. Ciegis and M. Sapagovas, eds.,IMI,
Vilnius, 89–98.3rd InternationalConferenceFDS2000,Palanga,Lithuania.
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[ALG31] V. Fraysśe, (2000),Thepowerof backward error analysis, Habilitation �a Diriger desRecherches,Institut
NationalPolytechniquedeToulouse.TH/PA/00/65,CERFACS.

[ALG32] L. Giraud,(2000),OntheNumericalSolutionof Partial DifferentialEquations:IterativeSolvers for Parallel
Computers, Habilitation �a Diriger desRecherches,Institut National Polytechniquede Toulouse. TH/PA/00/64,
CERFACS.
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[ALG40] A. BourasandV. Fraysśe, (2000),A relaxationstrategy for theArnoldi methodin eigenproblems,Technical
ReportTR/PA/00/16,CERFACS,Toulouse,France.
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[ALG42] A. Bouras,V. Fraysśe, andL. Giraud,(2000),A relaxationstrategy for inner-outerlinearsolversin domain
decompositionmethods,TechnicalReportTR/PA/00/17,CERFACS,Toulouse,France.

[ALG43] B. Carpentieri,I. S.Duff, L. Giraud,andM. MagolumongaMade,(2001),Sparsesymmetricpreconditioners
for denselinear systemsin electromagnetism.,TechnicalReport TR/PA/01/35, CERFACS, Toulouse,France.
Submitted.

[ALG44] F. Chaitin-Chatelinand T. Me�skauskas,(2001), Inner-outer iterations for mode solvers in structural
mechanics:applicationto theCodeAster, ContractReportFR/PA/01/85,CERFACS.

[ALG45] F. Chaitin-ChatelinandE. Traviesas,(2000),PRECISE,a toolbox for assessingthe quality of numerical
methodsand software, TechnicalReportTR/PA/00/12, CERFACS, Toulouse,France. Proceedingsof the 16th
IMACSWorld Congress,Lausanne,Switzerland.

[ALG46] F. Chaitin-Chatelin,S.Dallakyan,andV. Fraysśe,(2000),GPSCarrierPhaseAmbiguity Resolutionwith the
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[ALG53] I. S. Duff andC. Vömel, (2000),IncrementalNorm Estimationfor DenseandSparseMatrices,Tech.Rep.
TR/PA/00/83.
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[ALG74] L. Plantíe, (2000),A semi-discreteproblemfor the boundarylayer of triple decktype (Part 2), Technical
ReportTR/PA/00/46,CERFACS,Toulouse,France.

[ALG75] M. Rojas and D. C. Sorensen,(2000), A Trust-Region Approachto the Regularizationof Large-Scale
Discrete Ill-Posed Problemsfrom electromagneticapplications, Technical Report TR/PA/00/57, CERFACS,
Toulouse,France.

CERFACSACTIVITY REPORT 31



PUBLICATIONS

[ALG76] M. RojasandT. Steihaug,(2001),An interior-point trust-region-basedmethodfor large-scalenonnegative
regularization,TechnicalReportTR/PA/01/11,CERFACS,Toulouse,France.July 6, 2001.RevisedDecember19,
2001.Submitted.

[ALG77] The Parallel Algorithms Project, (2001), Scienti�c Report for 2000, Technical Report TR/PA/01/23,
CERFACS,Toulouse,France.

[ALG78] The Parallel Algorithms Project, (2001), Scienti�c Report for 2001, TechnicalReport TR/PA/01/105,
CERFACS,Toulouse,France.

[ALG79] F. G. Vasquez,(2000), Internshipreport on Domain DecompositionMethodsfor the solution of Partial
DifferentialEquations,TechnicalReportTR/PA/00/98,CERFACS,Toulouse,France.

[ALG80] A. Zaoui and E. Traviesas,(2000), Sur la �abilit é et la robustessedu code ISABeL, TechnicalReport
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1 Introduction

A. Lannes

TheSignalandImageProcessing(SIP)teamis now involvedin two majorprojectsat theEuropeanlevel:

(1) EGNOS (for EuropeanGeostationaryNavigationOverlayService);

(2) SMOS (for Soil MoistureandOceanSalinity).

The internationalcontext of EGNOS is the following: The EuropeanSpaceAgency (ESA), the European
Commission(EC) and the EuropeanOrganisationfor the Safety of Air Navigation (Eurocontrol)are
cooperatingon the developmentand implementationof the �rst generationcivil navigation satellite
serviceEGNOS. Several Europeancivil aviation and other organisationsalso supportthe programme
throughtheEuropeanandInfrastructureGroup. By meansof additionalsignalsrelayedby geostationary
satellites,the military-basedconstellationsGPS(Global PositioningSystem)and GLONAS will become
usablefor a numberof safety-criticalapplications. EGNOS is being developedin the framework of the
ESA ARTES-9 programmeundera contractwith a European/Canadianconsortiumled by Alcatel Space
Industries.
SMOS is an ESA Earthexplorer projectwhosemain objective is to deliver a crucial variableof the land
surface: soil moisture.This projectwill alsoyield seasurfacesalinity �elds. At the relatedwavelengths
( ���

�

� cm), themeasuredsignalis directly relatedto thebrightnesstemperatureof thesurface(negligible
atmosphericcontribution),which in turn, throughtheemissivity, is directly linkedto thedielectricconstant
of thetarget(i.e., moistureor salinity). Actually, thesensitivity of brightnesstemperatureto soil moisture
andsalinity is optimumin theL band(1.4GHz, 27 MHz). Fromanexperimentalstandpoint,SMOS is the
resultof preliminarystudiesonM IRAS (MicrowaveImagingRadiometerby ApertureSynthesis),aprogram
in which theSIPteamis involvedsince1994.
Thephasecalibrationproblemsarisingin aperturesynthesis[SIP1, SIP2],andin particularfor theSMOS

antenna[1], andthoseof integerambiguityresolutionin high-precisionkinematicGPS,sharea common
feature[SIP3]: in both casesinteger ambiguitieshave to be raised, the rational numbersin question
being allocatedto the cycles of a graph,an interferometricgraphin the �rst case,and a GPSgraphin
the second. This surprisingconnection,which wasdiscoveredat CERFACS [SIP6, SIP3], is now under
extensive developmentin theSIPgroup. Theexperienceof theteamin phasecalibrationcanthereforebe
transmittedto the GPScommunity. The relatedapproachto GPSinteger ambiguityresolutionprovesto
bevery ef�cient in practice,especiallywhentherankof the integerambiguitylatticesto beconsideredis
large, in otherwordswhenthe numberof satellitesandreceiversis large. The preconditioningmethods
developedby the teamfor the radio imagingarrayssuchas the VLBA (Very Long BaselineArray) and
ALMA (AtacamaLarge Millimeter Array) can be transposedto the GPScontext. In the SIP approach,
the problemis solved in a global manner. As a result,several processorsmay tackle the sameproblem
simultaneously. It wasthereforequitenormalthatCERFACS beinvolvedin therelatedresearch.
Thephasecalibrationproblemhadbeenanalysedsofar in two extremesituations,theoneof nonredundant
arrays[SIP2], and the oneof full-phasearrays[1] (the SMOSantennais of this last type). The studies
conductedby theSIPteamin 2001concernedthegeneralcaseof partly-redundantinterferometricgraphs.
They completetheresultsalreadyobtainedin this �eld. Thecorrespondingtheoreticalframework is based
on theSmithnormaldecompositionof thespectralphaseclosurematrix. Two integerambiguityproblems
havethento besolvedsuccessively [2, 3].
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[1] A. Lannes,(1999),RedundantSpacingCalibration:phaserestorationmethods,J. Opt.Soc.Am.A, 16, 2866–2879.

[2] A. Lannes,(2002),Phasecalibrationin radio imagingandoptical interferometry. Part I: Phaseclosurealgebra,
submittedto theJournalof ModernOptics.

[3] A. Lannes,(2002), Phasecalibration in radio imaging and optical interferometry. Part II: Integer ambiguity
resolution,submittedto theJournalof ModernOptics.
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2 Integer ambiguity resolution on
interferometric and GPS graphs

A. Lannes

Thenotion of integerambiguityresolutionis associatedwith the following generalproblem: givensome
� in

���

, �nd thenode � in �

�

closestto � , thedistancebeingtheoneinducedby a givenquadraticform.
This classicalproblemof algebraicnumbertheoryis currentlysolvedby usingdiscretesearchalgorithms
in which the notion of reducedbasisplaysa key role. Thesealgorithmscanof coursebe appliedto the
particularsituationsarising in in ApertureSynthesisand in GPS,but the statementof theseparticular
problemsalso appealsto the notion of graph,and therebyto algebraicgraphtheory. The work of the
teamin this �eld wasto show thatpowerful preconditioningmethodscanthenbedeveloped,andtherefore,
from a moreconceptualpoint of view, that thereexistsa commontheoreticalframework which cannotbe
ignored.
The � verticesof an interferometricgraphare the pupil elementsof the aperturesynthesisdevice: the
antennasin radio imaging, the telescopesin optical interferometry. An interferometricgraph is not
necessarilycomplete: the number � of its edges,then called baselines,may be lessthan � � � � ��� $

�

.
Theverticesof a GPSgrapharethereceiversandthesatellitesof theGPSdevice (seeFig. 2.1).
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Figure2.1: Exampleof GPSgraph. Here, the numberof vertices, � � ���

�

��� , is equalto � ; bottom:
3 receivers;top: 4 satellites.In mostcasesencounteredin practice,thenumberof edges,� , is equalto ��� ��� .
The thick lines correspondto a spanningtree of this graph. The relatedloopsare characterizedby the
remainingedges.Here,we have6 loopsof order4.

A spanningtreeof a graph ��� &�� � ( � for vertex, � for edge)is a subgraphof � verticesand � � � edges
withoutany cycle in it (seeFig. 2.1).Here,acycle is saidto bea loop,sincethenotionof wavecycleplays
animportantrole in GPS.Thenumberof loopsde�ned throughagivenspanningtreeof theinterferometric
graph ��� &�� � , � , is thereforeequalto � ��� � � ��� , thenumberof loop-entryedges.In mostcasesencountered
in aperturesynthesis,theloopsareof order3, whereasthey areof order4 in GPS(seeFig. 2.1).
Let

�

����&

�

� bean � -function,i.e.,a functionthattakesits valueson theedgesof graph ��� &�� � . In thesense
of Kirchhoff, theclosuretermsof

�

arethecompilationsof thevaluesof
�

alongthedirectededgesof the
loopsof ��� &�� � . By de�nition, theclosureoperatorprovidesa vector �

�

�

�

whosecomponentsarethe
closureterms

� ��!#"

.
Thereferenceproblempresentedin Section2.1is exactly theoneof phasecalibrationin aperturesynthesis,
but only anintroductionto whatis referredto asDifferentialGPS.ThecompleteGPStranspositioncannot
beoutlinedhereby lackof space.
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INTEGERAMBIGUITY RESOLUTIONON
INTERFEROMETRICAND GPSGRAPHS

2.1 Referenceproblem

Let � be the biasoperator ����� � ����&

�

�

�

��� ����� ��� �

�

� , and � � � be the valueof � �

�

wrappedinto the
interval �
� � $

�

& � $

���

:
� � �

�

� � ��� �
	�& ( � �
	 : nearestintegerto � ) �

Oneachedge�#��&

�

� � � , theobject-datarelationshipis thenof theform:
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Clearly,
� 


is the object � -function,
� �

is the data � -function, �

�

is the experimentalbias, �

�

is an
experimental� -function, and

� �

is the error term. Given someapproximation
���

to
� 


(m for model),
thereferenceproblemis to specifyhow thedataallow this modelto beconstrained.
As ���

���

� �

�

� �

� �

� �

��� �

, in whichtheerrorterm
��� �

is apriori smallonall theedgesof thegraph,oneis
ledto searchabiasterm ��� (in therangeof � ) thatminimizesthesquareof thenormof
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Here, � is a weight functionwhosechoicetakesaccountof thesizeof theerror term
�

�
�

. Thequantity
�

�

�

� ���

�
�

� �
�

���

���

� is referredto astheoptimalmodelshift. Indeed,theconstrainedmodel
���

� is then
equalto

����� �

� .
Let !

� be thevectorwhosecomponentsarethe � closuretermsof
���

�

�
�

dividedby
��"

, and # $

�

be the
variancecovariancematrix of theclosureterms.By consideringtheunwrappedversionof theproblem,it
is easyto show that
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in which �*� is theintegerambiguityvectorthatminimizesthefunctional
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2.2 Intr oduction to the SIP approach

Themethodsthatarecurrentlyusedfor solvingthisproblemdonotbene�t from averynicepropertyof the
variance-covariancematrixof theclosureterms.Thispropertyresultsfrom thefactthattheproblemis then
to beanalysedin thespeci�c framework of algebraicgraphtheory. It canthenbeshown thatthefunctional
to beminimizedcanbewritten in theform

� ��� � �10&243

5

��687

7

7

�

�

!&%

�

'

�

��!#"

�
!

�

��!�"
(:9

!

� �

7

7

7

�

�

Here,
�

is therangeof � , and
9

! is thecharacteristicfunctionof the ;

.=<

loop-entryedgeof thegraph:
9

! is
equalto unity on thisedgeandvanisheson theothers.Theinterestof theexpressionaboveis relatedto the
factthatthe

9

! 'saremutuallyorthogonal.Theglobalpreconditioningmethoddevelopedin theteamis based
on a local alternateminimizationin � and � . In theGPScontext, therelatedmethodcanberegardedasa
relaxedbootstrappingtechnique:anerroron themostreliableambiguitiescanthusbecorrectedin global
manner. Moreover, several processorsmay tackle the sameproblemconjointly. GPSinteger ambiguity
resolutioncanthusbeachievedin realtime [SIP3].
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2.3 Phasecalibration of partly-r edundant interfer ometric graphs

In the generalcaseof redundantinterferometricgraphs, two integer ambiguity problemsP must be
successively solved: P1 and P2 [2, 3]. A problemsuchasP is to �nd the point � � of ��� closestto a
point ! � of

�

� , thedistancebeingtheoneinducedby a givenquadraticform � . Onethensaysthat � is the
numberof degreesof freedomof P. In thesituationswherethereexist several � suchthat � ����� ! � � is of the
orderof � ��� � � ! � � , theproblemis intrinsicallyunstable.Phasecalibrationinstabilitiesmaythenoccur.
Thenumberof degreesof freedomof P1 is equalto � ��� � , where � � is thedifferencebetween� , the
dimensionof thevariationalspectralphasespace	 , and �

�

, theoneof theintersectionof 	 with thebias
phasespace

�

. Notethat � is thenumberof spectralphasecomponentsto bedetermined.Thenumberof
degreesof freedomof P2is equalto � � .
In thecaseof full-phasearrays,� � is equalto � ; P2provesthento betrivial. In thecaseof nonredundant
arrays, � � is equalto � , so that P1 disappears.With regard to P2, asalreadymentionedandspeci�ed
in [SIP2, SIP3],thereexistsa particularinitialization procedurefor thesearchfor thenearestlatticepoint.
The relatedtechniquescan of coursebe appliedas they are to weakly-redundantsituations. The less
redundantthearrayis, themoreef�cient this initializationprocedure.
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3 Apodization functions for SMOS

E. Anterrieu , B. Picard, G. Ramillien

3.1 Intr oduction

The SMOS(Soil MoistureandOceanSalinity) spacemission,currentlyundergoing a phaseA study in
theframeof theEarthExplorerProgramof theEuropeanSpaceAgency, will bethe�rst attemptto apply,
to the remotesensingof theEarthsurface,theconceptof imaginginterferometricradiometryby aperture
synthesis,initially developedfor radioastronomy. For suchan instrument,theapodizationfunction to be
appliedto the complex visibilities shouldbe optimizedfor ensuringthe bestspatialresolutionat ground
level, accordingto criteriarelevantfor extendedsourcestypical of Earthsurfacescenes.

3.2 Hexagonalperiodic lattices

Interferometermeasurements,also referredto as complex visibilities, are obtainedby cross-correlating
signalscollectedby two spatiallyseparatedantennaswith overlapping�elds of view. In theSMOScase,
wherethesynthesizedantennaconsistsof aplanarY-shapedstructurewith equi-spacedradiatingelements,
the visibility functionsare sampledover an hexagonalgrid inside a star-shapedarea � in the Fourier
domain,sothathexagonalprocessingis thenaturalway for performingFouriersynthesisoperations[6].

���������
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�

�

���	�

���
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�

Figure3.1: Elementarycells involved in the processingof hexagonalysampledimages:Fourier domain
(left) and spatialdomain(right). The integer � is a power of

�

suchthat the star-shapedexperimental
frequency coverage� is containedin theelementarycell � � ����� . Accordingto a well known propertyof
reciprocallattices,theFouriersamplinginterval � � , aswell astheangularspectralbandwidth� � , is related
to theresolutionscale�

9

andto the�eld extension�

9

.
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By referringto Figure3.1,it hasbeendemonstratedthatthehexagonaldiscreteFouriertransformoperator
couldbeimplementedby re-usinga standardFFT algorithmdesignedfor Cartesiangrids,thusmakingthe
developmentof analgorithmspeci�c to hexagonalgridsunnecessary[5].

3.3 Apodization functions

Apodization,sometimesalsocalledtaperingor windowing, is a mathematicaltechniqueusedto reducethe
Gibbsphenomenonwhich is producedby thetruncationof theFouriertransformof asignal.In SMOS,this
cut-off is dueto the�nite extentof thestar-shapedexperimentalspatialfrequency coverage� . Sincethere
is no way of knowing thedegreeof discontinuityat theedgesof � for any particularscene,thetechnique
simplyreducestheFouriercomponentsattheboundariesin agradualmanner, sothatnonew discontinuities
areproduced.Eachapodizationfunction �

�

hasits own speci�c transitionfrom the centralfrequencies
to the outerones,and the result is a substantialreductionof the effectsdue to the sharpfrequency cut-
off. Nevertheless,this improvementcomesat somecost. Indeed,aswindowing is modifying theFourier
components,somereductionin the�delity of thespatialrepresentationis to beexpected.
The traditional one-dimensionalwindowing functionscan be adaptedwithout any dif�culty to the two-
dimensionalhexagonalcase. Indeed, it is well known that hexagonalapodizationfunctions may be
expressedasfunctionsof theradialvariable#�� # [5]. Thenaturalregionof supportof suchcentro-symmetric
windowsis practicallyadisk. However, in thespecialcaseof SMOS,it will betruncatedto thestar-shaped
experimentalfrequency coverage� . As a result,since� presentsa twelve-foldsymmetry,

�

will present
the sameorderof symmetry. More than twenty windowing functionshave beenstudied,someof them
dependona parameterleadingto a family of apodizationfunctions[4].
Amongall thefactorsof meritusedfor characterizingthespatialpropertiesof theFouriertransform

�

of a
windowing function,threedeserveattentionbecausethey haveaphysicalmeaningin thecontext of remote
sensing:the full-width at half-maximum(FWHM) of the main lobe of the window intensitypattern,the
highestsidelobelevel (HSLL) of thewindow intensitypattern,andthebeamef�ciency at half-maximum
(BEHM) which is the fraction of energy under the main lobe of the window power patternwithin the
FWHM. Shown on Figure3.2 arethe factorsof merit of theseapodizationfunctions. It is worthy of note
thatthespatialpropertiesof thesetraditionalwindowsin thetwo-dimensionalhexagonalcontext of SMOS
donotnecessarilyre�ect their qualitiesin aone-dimensionalproblem[4].
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�

, where
�

is thelengthof thearmsof thearray.
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An additionalfactorof merit provesto be signi�cant in thecasewhere2D scenesarelikely to includea
sharpdiscontinuityline (e.g. coastalline): thesideareacontribution radius(SACR). Assuminga straight
line is drawn throughoutthescene,this indicatesthedistance(away from thewindow's center)suchthat
therelative energy contribution from regionsbeyondtheline is smallerthana givenpercentage(asshown
onFigure3.3thisintegratedrelativecontributiondecreasesfromamaximumof ( ��� downto � ). Depending
on thenatureof the hypotheticalscenediscontinuity(forestversusgrasslandboundary, or coastline),the
percentagesto beconsideredrangebetween

�

� and � � ��(�� .
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�

is thelengthof thearms
of thearray.

3.4 Conclusion

Thiswork canbeviewedasabenchmarktestfor assessingtheperformancesof apodizationfunctionswhen
looking at extendedinhomogeneoustargets. The performanceof many apodizationfunctionshave been
assessed:it provesto be possibleto select,from a family of optimizedfunctions,the bestcompromize
betweenradiometricsensitivity and spatial resolutionperformances,accountingfor criteria relevant for
Earth's surfacescenes.Futurework is however neededto assessthe respective in�uences of the scene
structure,elementspacingratio andelementantennagain in recontructionerrors,in order to be able to
selectoptimalapodizationfunctions.

[4] F. Harris, (1978),On theuseof windows for harmonicanalysiswith thediscreteFourier transform,Proc. IEEE,
66(1), 51–83.

[5] R. Mersereau,(1979),Theprocessingof hexagonallysampledtwo-dimensionalsignals,Proc. IEEE, 67(6), 930–
949.

[6] P. Waldteufel,E. Anterrieu,J. Goutoule,andY. Kerr, (1999),Field of view characteristicsof a microwave 2D
interferometricantennaas illustratedby the MIRAS concept;6th specialistmeetingon microwave radiometry,
Firenze,Italia, MicroRAD'99, 477–483.
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1 Introduction

ThierryPoinsot

Year2000and2001havebeenveryactive for thethreeCFDsub-projects:

� Modelling. Developingadvancedsimulationcodesrequiresa knowledgeof thephysicsof the�o ws
andof the modelsusedto representthese�o ws. In 2000and2001,modellingat CERFACS has
concentratedonunsteady�o ws,heattransfer, near-wall turbulence,combustionandtwo-phase�o ws.

� UnsteadyFlow Calculationson Unstructured Grids (AVBP). AVBP hasbecomethe standardtool
for LES of reacting �o ws at CERFACS but also for CERFACS partners. Laboratories(such
as Ecole Centrale Paris, Institut Français du Pétrole, ONERA or Institut de Mécaniquedes
Fluides de Toulouse)have usedAVBP for their own research. Industrial partners(SNECMA,
Turbomeca,Siemens)have renewed or intensi�ed their collaborationwith CERFACS to increase
AVBP capabilities.New partnershave establishedcollaborationswith CERFACS(Alstom Power or
SNECMA DMF in Bordeauxfor example).

� AdvancedAerodynamicsandMultiphysics.CERFACSleadsanintenseresearchactivity onstructured
multi-block codes,both in theclassicalFortranframework (with NSMB which is now run routinely
at EADS)andin theObjectOrientedworld (with elsAwhich is developedjointly with ONERA).

Eachsub-grouphassummarizedits mainachievementsduring the last two yearsin thenext pages.
Generalremarksarelistedbelow:

– Most Europeancontracts(Framework programme,FP'5) acceptedin 2000 have startedin
2000 or 2001. Theseproposalsinclude wake vorticesstudies(C Wake, S Wake, Wakenet
2), LES of combustionin gasturbines(Icleac,Preccinsta,Molecules),atmosphericpollution
(Stopp),DirectNumericalSimulationsof partiallypremixed�ames in pistonengines(G-level).
Additional contracts(Fuelchief,Desire,Awiator) submittedandacceptedin 2001for the last
callsof theFP'5 will startin 2002.

– Thesizeof theteamcontinuesto increase:it gathered30personsin January2001andmorethan
40 at theendof 2001.At thesametime,many CFD groupmembershave left: B. Caruelleand
J.P. Légierhave joinedAirbus,B. MarquezandJ.Cormierwentto engineeringcompanies,G.
Jonville to theTTN team,O. Colin andA. Benkenidato InstitutFrançaisduPétrole,J.Schluter
to StanfordUniversity. The quality of the researchproducedby CERFACS seniorswasalso
recognized:Dr Nicoud moved to a professorposition in Applied Maths in Montpellier, Dr
Schonfeldto theAEA company andDr Ducrosto CEA. The departureof thesethreeseniors
hasput someadditionalconstraintson theteambut con�rms thehigh level of seniorscientists
trainedat CERFACS.

– New topics are also beginning as requestedby CERFACS partners: for example, in the
modellinggroup,two-phase�o w studieshavebegunin 2000for EDFin closecollaborationwith
Institut deMécaniquedesFluidesdeToulouse.In the�eld of aerodynamics,thecollaboration
with ONERA on elsA is growing rapidly: in 2001,six scientistswill beworking full time on
elsA.
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– In the �eld of reacting �o ws, AVBP has been now identi�ed by EADS, SNECMA and
Turbomecaasthemain frenchcodefor unsteadycombustionandthenationalprogram`PRC
Combustion' submittedto SPAE hasbeenaccepted(in collaborationwith ONERA and the
major french laboratoriesworking in this �eld) to develop AVBP for two-phase�o w LES
applicationsin thenext four years(startingin January2002).

– The collaborationwith laboratoriescontinues: in the �eld of rotating �o ws, the PhD thesis
of L. Kozuchwith EcoleCentralede Lyon will be completedin the �rst monthsof 2002and
the collaborationwith ENSICA in theOcmathregionalprojecthasalsoleadto many fruitful
interactions. In the �eld of combustion,AVBP andNTMIX arenow usedat IMF Toulouse,
EcoleCentraleParis and Institut Français du Pétrole. The CRCT (`Centrede Recherchesur
la CombustionTurbulente') is very active: CRCT meetingsorganizedin December2000(at
IFP) and2001(at ECP)gatheredmorethan40 scientistsfrom IMFT, PSA,CERFACS,Ecole
CentraleandIFP who collaboratedirectly or indirectly to CRCT. This collaborationwith the
academiccommunityalsoappearsthroughthehigh level of publications(25papersin refereed
journalsin 2000and2001)andthepresentationof two habilitationthesisin the teamin 2000
(Dr F. Nicoud andDr B. Cuenot). The quality of the formationwork at CERFACS wasalso
recognizedthroughtheLeopoldEscandeprize awardedby INP Toulouseto Olivier Colin for
his PhD and the �rst BMW prize awardedto B. Caruellefor the bestPhD in 2000 (world
contest).

– Becauseof themultiple contractsproposedto the team,it hasbeendecidedto transferstudies
which do not containenoughfundamentalwork to theTTN teamof CERFACS.This wasthe
casein 2000for theASICA projectwhich is now handledby TTN. It alsore�ects theobjective
of theteamto conservea highacademiclevel.

Figure1.1: Dr B. Caruellereceiving his BMW awardin Munich for thebestPhDwork of 2000.

48 Jan.2000– Dec.2001



2 Modelling

Turbulent �o ws needto bemodelledin orderto build truly predictive numericalcodesfor thedesignand
understandingof many industrial�o ws suchasthosearoundaircraftsor propellers,in gasturbines,piston
enginesorburners.Mostnumericaltoolsusedfor practicalcalculationsarebasedontheReynoldsAveraged
Navier Stokes(RANS)formulationwherethemodellingproblemis extremelydif�cult dueto intermittency.
LargeEddySimulation(LES)avoidsthisproblemsinceit computesthelargerturbulenteddiesandmodels
only thesmallerones.In bothapproaches,oneneedsto modelsubgridReynoldsstressesandheat�ux esas
well aschemicalsourcetermsin thecaseof turbulentreacting�o ws. To addressthemodellingproblem,it
is oftenconvenientto rely on referencedatacomingfrom accurateDirect NumericalSimulations(DNS).
At CERFACS, the DNS expertiseof the CFD groupis usedto proposenew modelsfor RANS andLES
techniquesfor bothreactingandnon-reacting�o ws. Thesemodelsarevalidatedandusedin theCERFACS
codespresentedin chapters3 and4. The sectionis divided in two mainparts: reactingandnon-reacting
�o ws.

2.1 ReactingFlows

2.1.1 DNS for Turbulent combustion (B. Cuenot, C. Jimenez, A. deLataillade,
T. Poinsot)

In 2000two FP'5 Europeanprojectshavestarted,andcontinuedin 2001:Glevel andSTOPP.
Relatedto the topic of turbulent strati�ed combustion, the project Glevel is now focusing on Direct
NumericalSimulationsof octane/airstrati�ed �ames (seeFig. 2.1). PerformingsuchDNS with complex
chemistryschemesis oneof theuniquecapacitiesfoundin theCFDteam([CFD43]). Theoctanechemical
kinetic schemehasbeenprovidedby RWTH Aachen,partnerof theproject.Diagnosticsareperformedto
analysetheeffectof a non-homogeneousreactantmixtureon theprimary�ame front andon thesecondary
or post-�ame. The complexity of chemicalkineticsmakesit dif�cult to identify simplestructuresin the
secondary�ame, anda particulareffort in modelingthis reactionzonehasto be done. In parallelwork
is still goingon with Prof. Dan Haworth (PennStateUniversity)on propanestrati�ed combustion(2000
CTRSummerProgram).
Thesetwo projectsprovidea uniquedatabaseof theprocessesinvolvedin strati�ed combustion.Thenext
stepis to develop models,which is the comingpart of Glevel. Suchmodelingis alreadyin progressin
collaborationwith PSA andUniversity of SouthernCalifornia (Pr. Egolfopoulos)who studiedstrati�ed
combustion in Direct Injection engines[CFD14]. The teamis still involved in the americanITR/ACS
project, �rst submittedto NFS, later to AFOSR,coordinatedby D.Haworth and involving Dr. S. Pope
(Cornell)andDr. J.Chen(Sandia).Theaimof thisprojectis to implementtheISAT techniquein ourDNS
code,to computecomplex chemistryata reducedcost.

TheResearchTrainingNetwork STOPP, coordinatedby CERFACS,is alsofully operational.Sevenyoung
researchershave beenhired up to now in the Network, andat leasttwo otherpersonsshouldjoin in the
comingmonths. The scienti�c objective of the project is a betterunderstandingof pollution processes:
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pollutantemissionsby industrialsystemsaswell asdispersionandreactionin theatmospherearestudied.
The contribution of CERFACS in this project is to studyLES of turbulent combustion,anda PhD thesis
(A. Kaufmann),hasstartedin September2000to work on this topic.

ThePRIDEproject(FP'4) hasbeenterminatedin March2000.Direct NumericalSimulationsof turbulent
diffusion�ames with NOx formationhave beenachievedandusedfor assessmentof turbulentcombustion
models. This projecthasalsogiven the opportunityto develop the chemistryreductionprocedureICC,
now coupledto theAVBP codefor anoperationalusein complex con�gurationscomputations.

Figure 2.1: DNS of strati�ed octane/aircombustion: heatrelease. Left: homogeneousmixture, right:
strati�ed mixture.

2.1.2 LES of turbulent combustion (J-P. L égier, G. Lartigue, L. Selle, K. Truf�n ,
C. Pri �ere, L. Gicquel, B. Cuenot, C. Jimenez, F. Ducros, F. Nicoud,
T. Poinsot)

Thethickened�ame modelfor LESof turbulentcombustiondevelopedin collaborationwith EcoleCentrale
Paris[CFD4] is now routinelyusedin AVBP calculations[CFD127, CFD134]. Howeverits assessmentand
validationstill needsomework, which will bemainly basedon DNS.An exampleis thework doneon the
problemof the subgridscalevarianceanddissipationof a scalar�eld [CFD41]. Anotherexampleis the
studyof diffusion�ames stabilisationprocessesin a turbulentenvironment[CFD46].
To incorporatemorerealisticchemistryinto AVBP [CFD102], multi-reactionschemesareneededin order
to reproducenot only thepollutantsformationbut alsothe �ame temperature(seeFig. 2.2). To this end,
a new collaborationwith IFP (A. Torres,G. Gauthier)hasstartedin early2000. A prototypemultispecies
versionof AVBP, suitablefor theimplementationof multi-reactionkinetics,is now availableatCERFACS.
In the�eld of LES, �ame transferfunctionshave beencomputedfor variousgeometries.This information
is the key data neededin global acousticmodels for predicting the stability map of the combustion.
Transferfunctionsobtainedfrom AVBP calculationsarebeingcomparedto measurementsperformedon
both academic(ICLEAC europeanprojectandSNECMA CIFRE thesis,experimentdoneat EM2C) and
moreindustryorientedburners(SiemensKWU, experimentdoneatUniv. of Karlsruhe).
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CERFACS is also involved with Ecole Centrale de Paris (Laboratoire E.M2.C.) and CORIA in a
project supportedby the COS (Comit́e d'OrientationSupersonique)program,to study new combustion
technologiesfor supersonic�ight. CERFACSandCORIA developmodelsandEcoleCentraleperformsan
experimentalinvestigationto validateLES models.

Figure2.2: LESof combustionin agasturbine(temperature�eld).

2.1.3 Reducedkinetics for LES of combustion (K. Truf�n , G. Lartigue)

Beingableto includemorecomplex kineticsinto LES is a necessaryconditionfor the future. CERFACS
hasinvestigatedvariousreducedschemesto reachthisgoal,�rst for methane/ air combustion,startingfrom
two stepsschemesup to four steps.Resultsobtainedwith theclassicalJonesLinstedtschemehaveproved
to beinterestingsincethey providecorrect�ame structuresat a reasonablecost(Fig. 2.3). Theseschemes
will beimplementedinto AVBP in 2002.

2.1.4 Flame/acousticsinteractions (A. Kaufmann, L. Selle, F. Nicoud)

In practice,it is possibleto introduceacousticperturbationsin many differentwaysin a stablecalculation.
Not all thesetechniqueslead to reliable resultsin termsof �ame transferfunction. Both analyticaland
numericalwork havebeendonein orderto studythewaya �ame shouldbeexcitedin aLES [CFD98].

2.1.5 Flame/wall interaction (F. Dabireau, A. deLataillade, B. Cuenot, T. Poinsot)

CERFACS hasdevelopeda strongexpertisein the �eld of �ame/wall interactionsince1995, both for
piston enginesand rocket enginesapplications. Thesestudieshave addressedthe caseof premixed
�ames interactingwith cold walls. Since2000,a new projecthasbeenstarted,supportedby CNESand
SNECMA/DMF, to performDNS's of H2/O2�ames interactingwith anisothermalwall. This mechanism
is essentialfor thedesignof nozzlesin rocketengines.
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Figure2.3: Premixed�ame structurefor a methane/ air �ame computedwith a full chemicalscheme(1)
andwith a four stepscheme(4).

2.1.6 Atmospheric pollution (B. Cuenot, R. Paoli, F. Laporte, F. Cousin)

Two projectssupportthe activity relatedto atmosphericpollution. One is a regional project PREPA
(coordinatedby Mét́eo-France,CNRM Toulouse),startedin january2000. Work hasbeenperformedon
theproblemof thesubgridscalesegregationof reactive species[CFD77]. This work is now continuingat
CNRM andLaboratoired'A érologiethroughaPhDthesis(supportedby CNRSandADEME).
The other project is supportedin the framework of the Comit́e d'Orientation Supersonique(COS).
CERFACSis involvedto performreactivesimulationsof airplanewake,asstartedin April 2001.

2.2 Non-ReactingFlows

2.2.1 DNSof two phase�o w modelling (A. Massol, F. Ducros)

Themodellingactivity in the �eld of two phase�o w hasstartedthroughthecollaborationwith EDF and
IMFT (O. Simonin). The issueis to measurethe transfercoef�cients (momentumand passive scalar)
betweenthe�o w andanarrayof particles.Theanalysisis conductedthroughDNS performedwith AVBP
(Fig. v in the appendix). The underlyingmotivation is to improve the heuristiclaws generallyusedfor
suchtransfersfor both the Lagragian/Eulerianand the Eulerian/Eulerianmodellings. The �rst stephas
beento estimatethevalidity of existingdraglaws for �uidized beds,in orderto proposenew andimproved
correlations.

2.2.2 Assessmentof U-RANS and related V-LES techniques: (B. Caruelle,
F. Ducros)

The main resultshereshow a comparisonbetweenLES, U-RANS usingtheSpalart-Allmarasmodeland
the DetachedEddy Simulation(DES) approacheson varioustestcasesfrom attachedboundarylayer to
full transonic2,5airfoil pro�le. TheDESis shown to behave betterthanotherinvestigatedmodellingsfor
buffeting (underrestrictionsthat have beendeterminedanddiscussed[CFD60]). As alreadysaid in the
introduction,thePhDthesisof B. Caruellereceivedthe�rst BMW scienti�c awardcontest.
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2.2.3 LES modelling fundamentals: (C. Jimenez, B. Cuenot, F. Ducros, F. Nicoud)

Theoreticalwork onLESmodellinghascontinuedin orderto proposeand/orimprovenew formalismswith
highpotential.

� a formerwork relatedto the�ltered standardmodelsbasedonresolvedturbulentsscaleshascometo
anendwith theassessmentof a clearformalism([CFD66]). This kind of modelis routinelyusedin
AVBP (on the�ltered Smagorinsky form) for many contracts(seeFig. i in theappendix).

� ageneralizedrelaxationprocedurehasbeensetupin orderto stabilizeandcontrolthevariationof the
constantcomingalongwith thestandarddynamicprocedure.Thisproducesanew family of dynamic
models,strictly local in spaceandstableenoughto beusedwithoutclippingor averagingprocedures
([CFD10]).

Thesetwo workshavebeendonein collaborationwith ONERAChatillon.

� The previous model for the subgridscale(SGS)variancehasbeenchecked againsta-priori tests
([CFD41]). Moreover it hasbeenextendedto take into accountthenumericaldissipationbroughtup
by theschemeasasourcetermin theSGSvariancetransportequation([CFD37]).

� The DES techniqueproposedby Spalart(Boeing)sometimesagohasbeenassessedasa meanof
treatingthe wall problemin LES. This fundamentalcollaborative work [CFD18] underlinedsome
of theresolutionrequirementsof this techniqueandhelpedto understandsomeresultsof Caruelle's
thesis(seeabove).

� The fundamentalwork startedin collaborationwith the Centerfor TurbulenceResearch(Stanford
University)aboutthedesignof optimallaw-of-the-wall for LES[CFD116] hasbeencontinuedduring
the2000Summerprogram[CFD26], leadingto a betterunderstandingof the limitationsof law-of-
the-walls for LES's.

2.2.4 Heat transfer calculation in RANS formulation (F. Dabireau, F. Nicoud)

The taskof deriving law-of-the-wall is mucheasierfor steadyRANS thanfor LES. However, almostall
the previous studiesavailable in the literatureassumethat densityis constantin the processof deriving
the relationshipbetweenthe velocity �eld and the wall shearstress. Two formulations accounting
for the thermophysicalvariations [CFD17, CFD82] have been testedagainstDNS data for subsonic
[CFD115, CFD15] andsupersonic�o ws. Theselaw-of-the-wall formulationshave beenimplementedin
AVBP andin N3S-NATUR, andperformanceshavebeencompared.
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3 Unsteady Flow Calculations on Hybrid
Grids – The AVBP Project

This projectcoverstheunsteady�o w activities of theCFD teamon unstructuredandhybrid grids. These
studiesaremainly basedon the CERFACS in-housesolver AVBP, which is a parallel �nite-v olumeCFD
solver of thecompressibleNavier-Stokesequations.Structured,unstructuredor hybrid grids arehandled
for 2-D, 3-D andaxi-symmetriccon�gurations. AVBP is primarily usedto solve problemsin the �elds
of unsteadyturbulenceandcombustion. Throughtheseactivities theAVBP projectis stronglyinterlinked
to the“Modeling” projectof theCFD-group.Sincethemodellingaspectsof many of theseprojectshave
alreadybeendescribedin the“Modeling” section2, this partfocusesonnumericalissues.

Thesuccessof theAVBP projectwascon�rmed in 2000and2001by severalfactsof bothacademicaland
moreappliednatureresultingin severalpublicationsin CFDjournals[CFD4,CFD3,CFD22]andthePhD-
thesisdefensesof O. Colin [CFD61], J. Schl̈uter [CFD66] andJ.P. Légier[CFD64]. The participationof
CERFACSwith AVBP to theturbulencesummerprogramatStanfordUniversityrepresentsasecondmajor
scienti�cal event[CFD46].

Ontheindustrialsidethecurrentcontractwith SiemensKWU hasendedin 2000to anoverallsatisfactionof
bothpartners,whichhasresultedin afollow-onprojectof similarsizein 2001.Discussionswith SNECMA
and Turbomecahave lead to the selectionof AVBP as the main LES code in the PRC Combustion, a
nationalprogramfundedby DGA. This con�rms the interestin AVBP expressedby Frenchgasturbine
manufacturersto performLES.Similardiscussionsareunderwaywith InstitutFrancaisduPétroleandPSA
to useAVBP for LES in pistonengines.

Two-phase�o ws arenow becomingoneof theessentialresearchtopicsfor AVBP. CERFACSshareholder
EDF hasmanifestedhis interestthrougha PhDthesisconductedin the �eld of two-phase�o ws. Thenew
PRCcombustiondiscussedabove alsofocuseson LES for two-phase�o ws. On a morepolitical level, a
decisionwasmadeat ONERAto evaluatethecapabilitiesof AVBP andto collaborateon two-phase�o ws:
thecodewasdeliveredandinstalledin ToulouseandChatillon in 2000. Finally, preliminaryactivities in
thechallengingdomainof bio-medicalblood �o w simulations(conductedin collaborationwith Toulouse
UniversityHospital)hasbroadenedtheapplicationspectrumof theAVBP solver.

Currentbilaterallinks to industryhave beenpursuedwith EADS MissilesDivision, SNECMA, SEPand
SiemensKWU in Germany, while contactswith AlstomPower in Switzerlandhaveresultedin aPhDthesis
startedin 2001andtwo additionalPhD in the framework of the EC projectFuelchiefacceptedin 2001.
Therefore,theAVBP solver is now employedin multipleongoingFP'5 EuropeanProgrammes.Finally, the
codeis proposedasmoduleof thehands-ontrainingcoursefor �nal yearmasterstudentsin �uid mechanics
atENSEEIHTengineeringschoolin Toulouse.

Theseincreasingactivities have resultedin thebeginningof four new PhDstudentsat CERFACSin 2000
andsix in 2001togetherwith theopeningof a �rst softwaresupportengineeringposition. In 2001,more
than 25 peoplewere working full-time on AVBP, amongstthem 15 PhD thesesat CERFACS, Institut
Françaisdu Pétrole,IMFT andEcoleCentraleParis. Theoverall codemanagementandintegrationtasks
arecentralizedatCERFACS.

54 Jan.2000– Dec.2001



COMPUTATIONAL FLUID DYNAMICS

3.1 CodeEngineering (Y. Sommerer)

The rising importanceof code engineeringaspectswas expressedin 2000 through the openingof an
engineerposition,re�ecting the needto provide a complex softwaretool, that is reliableandfast,robust
anduser-friendly (whereall conditionshave to be seenin the context of a researchcode). Although in
2001a preliminaryprototypeversionof a two-phase�o w modulein AVBP waswritten, no spectacular
modi�cations were incorporatedinto the releasesof AVBP 4.4, 4.5, 4.6 and4.7. Both two-phase�o w
capabilities(AVBP TFP) andalsomultiple-speciesfeatures(AVBP 5.0) constitutethenext major release
scheduledin 2002.

The“QPF - Quality Program”for theveri�cation andvalidationof AVBP hasbeenpursued.This enables
to continuouslyensurethesolutionquality of thesolver. Thenumericalmethodsandphysicalmodelsare
validatedonacademictestcasesbeforetheirapplicationto complex geometries.

Thecurrentversionof AVBP is still built upontheparallellibrary COUPLwhich wasdevelopedinitially
in collaborationwith the Oxford University Computing Laboratory (OUCL). This generic library of
subroutinesaims to free the non-specialistuserfrom the needto consideraspectsof high performance
computingsuchasdatapartitioningor messagepassing.

3.1.1 Pre- and postprocessing tool and documentation (A. Kaufmann,
T. Scḧonfeld, Y. Sommerer)

In 2000an importantactionwasinitiated to further improve andharmonizethe pre- andpostprocessing
toolsaroundAVBP. Thesetoolsareessentialfor theexploitationof time-dependent�o wsandallow to post-
processesthesolution�les: statisticsof unsteadyturbulence(LES), recordingand�o w tracingat selected
points,evaluationof integral mass�ux valuesacrossin- andoutletboundaries,etc. Thetoolboxhasbeen
partially rewritten in Fortran90language,which renderstheroutinesindependentfrom theCOUPLlibrary
andsigni�cantly increasestheir portability.

Thedocumentationhasfollowedthegeneraltrendaway from papersupporttowardsInternethelpmenus:
theprevious“AVBP User's Manual” hasbecomeon-line andtheresulting“AVBP Help Desk” containsa
summaryof varioushelpmenus,bug reports,news infos, FAQsanda �o w chart. In addition,the “AVBP
HandBook”,thatrepresentsa collectionof individual technicalnotes,hasbeenupdatedandis availablein
classicalpaperform whichcanbedownloadedaspdf-File.

3.2 Numerical Methodsand Grids

3.2.1 Numerical schemesand boundary conditions (O. Colin, F. Nicoud)

A setof several new boundaryconditionshasbeenimplementedinto AVBP [CFD15], in orderto satisfy
thevariousaspectsrelatedto unsteady�o w simulationsin internalgeometries:pulsatinginlet conditions,
relaxationof all threevelocity componentsand the temperaturetowardstarget values(while preserving
a non-re�ectingbehavior), swirled �o ws conditions,etc. A novel integral formulationallows to impose
integral valuesfor themass�ux at inlet andoutletboundaries.Themainareaof applicationfor this new
boundaryconditionarecombustioninstabilities,whereoftenonly integral valuesof theexperimentaldata
areavailableat inlet sections.
Anotherdevelopmentwastestedto increasethecomputationspeedfor low velocity �o ws by rescalingthe
soundvelocity: it enabledsigni�cant CPUreductionfor thesecases[CFD6].
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3.2.2 Computational grids (J.-D. Müller , T. Scḧonfeld)

Oneof themaincharacteristicsof AVBP is thecapabilityto handlecellsof differenttypeswithin theframe
of thesamemesh.With theuseof thesehybrid grids,oneaimsto combineadvantagesof structuredand
unstructuredgrid methodologies.Oneof theclearbene�tsof usinghybridmeshesis theability to minimize
thenumberof grid pointsandto optimizetheir positionin theglobalgrid.

Most grid relatedaspects(like grid adaptationor theextrusionof 2-D grid towards3-D grids)arehandled
by thegrid manipulationtool 'hip', developedby J.-D.Müller (now at BelfastUniversity). New features
areimplementedfrequentlyinto hip, suchasnew �le formatsbut alsoroutinesthatallow for generic1-D
cutsin anunstructuredgrid or theinterpolationbetweentwo arbitrarygrids.

In a feasibility study, conductedin 2000,the existing adaptive local grid re�nement tool for steadystate
external �o ws hasbeenextendedto time dependentcases[CFD51]. The methodhasbeenappliedto
unsteady�o ws throughthe usageof a C-shellscript that couplesthe grid re�nementmoduleof hip with
the CFD �o w solver AVBP. Fig. 3.1 shows the locally re�ned domainsof the computationalgrid for the
reactive �o w in a combustionchamber. Thegrid is adaptedon thegradientof the temperatureandnicely
capturesthesteepgradientsacrossthe�ame front. Thework hasevidencedcertainlimitationsof thelocal
grid re�nementmethodwhenappliedto unsteady�o ws. Most importantly, theverysmallcellscanresultin
unrealisticallysmall time steps.Further, in thecontext of rapidly moving �o w features(like a �ame front)
de-re�nementcapabilitiesandfrequentadaptationstepsarecrucial,but slow down theoverall computing
times. The entireproceduremustbe developedin a parallelframework. This work will be intensi�ed in
collaborationwith IFP: anALE formulationis now availablein AVBP to compute�o w in moving meshes
andthe strategy to handlevariablemeshesnow becomescritical; it will be the topic of a PhD thesisat
CERFACSstartingin 2002with thesupportof IFP.

Figure3.1: Globalview of temperature�eld and�nal adaptedgrid (zoomof inlet section).
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3.3 SelectedApplications

Many projectsperformedwith AVBPhavealreadybeendescribedin the“Modelling” chapter2. Thepresent
sectiononly presentssomeadditionalspeci�c examplesinvolving issuesrelatedto numericaltechniques
andAVBP.

3.3.1 Bio-medicalblood �o w simulations (JB. Mossa, F. Nicoud, T. Schönfeld)

Flow simulationsin the�eld of bio-medicalapplicationsrepresentanew activity exploredin 2000[CFD53].
Thenew integral boundaryconditionspresentedabove, have beensuccessfullyappliedfor theblood�o w
simulationsin cardio-vascularsystemssuchasthethoraxaortashown in Fig. 3.2.

Figure3.2: Surfacegrid of thoraxaorta(left) andvelocity vectorsindicatinga recirculationzone.

3.3.2 Development of a two-phase�o w Euler / Euler LES solver (A. Kaufmann,
JB. Mossa, F. Ducros, B. Cuenot)

Thecapacitiesof AVBP for gaseousreacting�o ws arenow suf�ciently clearto recognizethata stepmust
be taken to move to two-phase�o ws. The choiceof CERFACS hasbeento addressthis problemfrom
a novel point of view: insteadof usinga Lagrangianformulationfor dropletsandcoupling it to the gas
equations,it was decidedto write a full Euler Euler code. This involves �rst a numberof numerical
challengeslinked to the coupldresolutionof the two phasesetof equations.A beta-versionof the code
resolvingthe basicEulerian/Euleriancompressibletransportequationsfor particlesladen�o ws hasbeen
written in AVBP andtestedin 2001,mainly to checknumericalstability issues.Many pointshave been
discussedwith O. Simonin(IMFT/EDF). A moreelaboratedimplementationhasbeenstartedmotivatedby
anenhancedinterestexpressedby industry. Therelatedwork will be thebasisof thePRCcombustionin
collaborationwith ONERA-Toulouse:duringthis program,bothEuler / Lagrange(at ONERA) andEuler
/ Euler formulations(at CERFACS) will be testedfor LES in AVBP. This will also allow comparisons
betweenbothapproaches.
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3.3.3 LESFOIL – Unsteadycomputationsover an airf oil (F. Ducros)

The EuropeanLESFOIL project has endedin 2000. During this project many problemshave been
investigated: numerical stability for complex geometrysimulation, crosscomparisonsbetweenwall-
resolvedandwall-functionsfor LES andbetweenstructuredandunstructuredsolvers. Most of theresults
con�rm pioneeringresultspreviouslyobtainedatCERFACS[CFD25]. In particular, it is shown thattheuse
of wall-functions(developedin both the AVBP andNSMB solvers)yields acceptableresultsconcerning
�o w separation,but revealsstrongdif�culties to dealwith transitionneartheleadingedge.
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4 Advanced Aerodynamics and
Multiphysics

In the �eld of aerodynamicsand modeling for �uid dynamicsthe objectives of the CFD Teamare 1)
the developmentof reliable, ef�cient and accuratepredictive CFD softwaresfor their use in industrial
environment,2) the numericalinvestigationof complex �o w physicsmaking useof high-performance
computing.

The CFD Team develops physical models to study �o w �elds in and around complex geometries.
Thesemodelsmustbeimplementedin ef�cient solversto betestedandused.Two numericaltoolsareused
anddevelopedat CERFACSfor aerodynamics:1) NSMB hasbeenthemaincodefor aerodynamicssince
1993andnow is the productiontool for Navier-Stokescomputationsat Airbus France,2) for the future,
a signi�cant stepin codetechnologyhasbeentaken with the introductionof elsA at CERFACS during
last quarter1999. With the help of advancedmeshingtechniques,convergenceaccelerationstrategies,
numericalalgorithmsandvectorization/parallelismimplementation,NSMB hasreachedtodaya suf�cient
level of robustness,accuracy and ef�ciency for steadystateaerodynamicsaroundcomplex industrial
geometries.In particularwith theuseof advancedmeshingtechniques(GeneralPatchedGrid, Automatic
Mesh Re�nement AMR) developedat CERFACS, structuredgrids aroundcomplex geometriescan be
strongly optimized. An engineerhasbeenrecruitedin 2001 to improve the integration and versioning
processesat CERFACS.To bene�t from new expertiseon high-orderschemesandturbulencemodelling
two new members,proposedby CERFACS,have joinedtheNSMB consortium:ENSAM-Paris(2000)and
IMF-Toulouse(2001). Nevertheless,for suchlargecodesasNSMB, theFortran77 languagesuffers from
a lack of readabilityandof modularity. Amongstother, for this reason,ONERA andAirbusFrancehave
launchedtheelsAprojectwhich is a CFD codewritten in C++. Since2000CERFACShasbeeninvolved
in thedevelopmentof elsA.

Theyear2000wasthebeginningof theinvolvementof CERFACSin theCFDsoftwareplatformelsAwith
just two personworking in elsA. Thatwork wasdoneunderacontractbetweenAirbusFrance,ONERAand
CERFACSdubbed̀ elsA/NSMB tighthening'.Theaimof thatcontractualactivity wasto

1. enableeventually the possibility to swap productioncalculationsfrom NSMB to elsAwithout the
usual“learningcurve” comingwith theuseof new softwaretools. This couldbedoneby ensuring
thecommonalityof themethodsandof their resultsin NSMB andin elsA;

2. createin theCERFACSanelsAdevelopmentteamwith theNSMB backgroundandexperience;

3. establishanef�cient working relationwith theoriginalelsAdevelopersin ONERA;

4. transferdevelopmentactivities from NSMB to elsAprogressively;

5. in thenearfuture,transferof theapplications/modelingactivities from NSMB to elsA.

During that2000-01periodtheelsAteamin CERFACShasgrown from two to six people:
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� during theyear2001,two staff membershave joined to helpwith thedevelopmentactivities on the
elsA/NSMB “tighteningproject”: theadaptationof ONERA's“Local Multigrid” (akaAMR) for Euler
�o ws to 3D turbulent�o ws on theonehand,andpreliminarydevelopmentwork on Multigrid on the
otherhand.

� thetransitionfrom development-onlyteamto modelingandnew applicationhasbegun:modi�cation
to the turbulent transportequationschemesto ensurerobustnessof the Spalart-Almarasmodel,
turbulencemodelswith thedevelopmentof theDurbin (

�

&

�

& ��� � � � ) Model.

Onehave to point out the structuringeffect of the `NSMB/elsA tightening' contractto the organisation
and methodsfor collaborative developmentof CFD codes. For the easeof complex developmentat
different locationswith people from different organisation,the ONERA/DSNA has setupa web site
http://elsA.onera.fr whereinformationanddocumentationis shared.
The willingnessof the ONERA andCERFACS to work togetherhasmotivatedthe signature(march5,
2001)of anONERA/ CERFACScooperationagrementonelsA.

Theyear2000hasbeena transitionyearfor severalreasons:

i. Theendof WAVENC (19Jan.)andMFLAME (15 Mar.) of theFP'4;

ii. Thekick-off of S-WAKE (20 Jan.)andC-WAKE (21 Jan.)of theFP'5, CERFACSis Work Package
managerof all activities relatedto numericalsimulationsandmodelling.Thekick-off of OCMATH
RegionalProgram(26 May);

iii. Thelaunchanddevelopmentof thehypersonicsactivity in closerelationwith EADSLaunchVehicles
andCNES;

iv. Thegrowing involvementof theteamin theelsAproject;

v. Thearrival of severalnew researchersin theteamrelatedto thedevelopmentof thesenew activities.

4.1 Numerical Aerodynamics

4.1.1 Wakevortex characterisationof high-lift aircraft (A. Benkenida, G. Jonville,
G. Puigt, D. Darracq)

In the frameof the C-Wake program,inviscid simulationsof the lift-induced wake aroundfull high-lift
aircraftgrid systemshave beendeeplyinvestigatedwith NSMB. Parametricstudieshave alsobeencarried
out. It hasbeendemonstratedby CERFACS that, if the numericaldissipationis carefully controlled,
the wake vortex systemcould be predictedeven in the extentednear �eld (13 and 6.5 wingspansfor,
respectively, theNLR-SWIM genericmodel[CFD29] andtheDLR-F11realisticmodel[CFD28]). It should
benotedthatotherEuropeanCFDcodesinvolvedin C-Wakeusedby INTA (Spain),CIRA (Italy), DLR-EA
(Germany), BAe Systems(UnitedKingdom)andCFD-N(norway)canonly resolvethewakevorticesuntil
1-2wingspans.

4.1.2 Wakevortex dynamics(F. Laporte, H. Moet, D. Darracq)

Wake vortex instabilities are a promising way of reducingthe trailing edgewake vortex hazardon a
following aircraftduringapproachor take-off phasesatanairport.With thesupportof theEC(C-Wake,S-
Wake,WakeNet)andof theaeronauticalindustry(Airbus),CERFACShasdevelopeda strongexpertiseon
this topic. By themeansof LES,CERFACShasprovidednumerousanalysisof theeffectof theturbulence
on a vortex sytem:decay, short-wavelengthandlong-wavelengthinstabilities. CERFACSis investigating
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this domainby useof numericalmethodsthrougha closecollaborationwith CNRS-IRPHEandAirbus
France,leadingto a patenteddevice. NSMB hasbeenimproved to handlesuch�o ws in the following
manner:

1. automaticadaptative timestepselectionbasedonerrorevaluation;

2. injectionof turbulenceby themeansof acharacteristicboundarycondition;

3. extrapolationfrom numerical/experimentalinlet plane.

Thisactivity is still stronglysupportedby AirbusandEC.

4.1.3 Flight Dynamic Coef�cients (J. Cormier , S.Champagneux, P. Guillo )

TheCERFACSwasinvolvedin this �eld of researchsince1998[CFD34]. This work wasinitialized both
by EADS MissilesandAirbus Francefor the evaluationof missilesandaircraft stability. Its resultsare
usefulfor areassuchas�ight dynamicsor systems.The �nal aspectsconsistedfor the largestpartof the
validationandthe evaluationof the methodpreviously implementedin the CFD codeNSMB for steady
con�gurations[CFD75]. It hasbeencomparedto traditionallyemployedsemi-empiricalmethods(ESDU)
and haspermittedto assessthe �eld of relevancy of eachmethod. The swept-backONERA M6 wing
hasbeenconsideredin a wide rangeof �ying conditions[CFD93]. Now, thenumericalmethodprovided
to AirbusFrancehasreachedthe level of a designtool within the framework of “steady” coef�cients for
pitching,rolling andyawing movements.Thecomputationof “unsteady”coef�cients, which is very close
to aeroelasticstudiesin termsof numericalingredientsto implementandvalidate,is the next stepto be
considered.
In theframeof theEuropeanProjectAWIATORstartingin June2002,CERFACSwill producetheanalysis
of the dampingderivativescoef�cient of a full aircraft equippedwith large wingletsby meansof RANS
simulations.

4.1.4 Turbomachinery Flows (L. Kozuch, R. Struijs , C. Martin , A. Fiala,
D. Darracq)

TheNSMB teamhasstartedturbomachineryactivity at theendof 1998,in theframeof a regionalcontract
(OCMATH) involving Liebherr-AerospaceToulouse(LTS), Technofan and Ratier-Figeacas industrial
partners.Speci�cally, LTS is interestedin the noisegeneratedby the fansthey produceandCERFACS
is to performanunsteadycalculationaccountingfor inlet distortion.Theaerodynamicresultswill beused
asinput for theacousticcodeusedby LTS.At thepresenttime,steadycomputationshave beenperformed
using Baldwin-Lomaxturbulencemodeling. The turbomachineryuseof NSMB hasbeenvalidatedby
comparingboth aerodynamicandacousticresultswith thoseobtainedwith an industrial turbomachinery
code(BToB3D),usingthesamemesh.NSMB is alsobeingvalidatedonaturbofantestcase,by comparison
with experimentaldata. With the phase-lagtechnique,a major steptowardsthe unsteadysimulationhas
beenmadeby developinga boundaryconditionallowing to computea singleblade-to-bladepassagein the
caseof periodic�o w. An inlet distortionhasbeensimulatedwith this technique.
In the frameof the developmentof the analysisof theacousticsgeneratedby turbomachines,CERFACS
hasful�lled acontractof collaborationwith thelaboratoryof EcoleCentraledeLyon.

4.1.5 Propeller aerodynamics(G. Grondin, X. Escriva, D. Darracq)

Within the frameof the OCMATH region contract,the CFD teamhasstartedpropelleractivity in 2000.
Ratier-Figeacis particurlarly interestedin the predictionof aerodynamicsaroundadvancedhigh-speed
propellersfor aeroelasticanalysis. CERFACS has developedparallel meshingtechniquesaiming at
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performingsteadyandunsteadycalculationsaroundrotatingpropellers.
At the end 2001, a collaborationstartedwith Airbus Franceon the A400M military aircraft project to
provide CFD tools for aerodynamics1) rotor-statorinteractionmakinguseof sliding-meshtechnique,2)
dampingderivativesof a propellermodelledby anactuartordisk (seeFigureii in theappendix).

4.1.6 Axial fan optimization (C. Martin , B. Mar quez)

In theOCMATH projectframework, a setof axial fancomputationshasbeenachievedin orderto provide
the TECHNOFAN society(SNECMA) with the mostreliablesettingsof its CFD solver. Thesesettings,
guidelinesandresultscanbeconsultedrespectively in [CFD107] and[CFD108]. Througha collaboration
contractwith thelaboratoryof ENSICA,CERFACSis now involvedin aanaxialfanoptimaldesignprocess
soasto evaluateits ef�ciency in theTECHNOFAN fandesignprocess.

4.1.6.1 Perfect gascomputationsof high speed�o ws (S.Champagneux, B. Mar quez, G. Grondin)

Theobjectivewasto provethattheCFDcodeNSMB possessesthenecessarynumericalfeaturesto compute
the�o w aroundcomplex 3D geometriesin hypersonic�ight conditionsassumingthegasto beperfect.The
�nal testcase,the�o w aroundare-entrycapsulecalledARD (seeFig.4.1)ataMachnumberof 15,hasbeen
successfullycomputedwith the restrictive assumptionof dealingwith a perfectgas. Numericalschemes,
physicalmodelingof turbulenceand computationalstrategies have beenwidely investigatedto provide
EADS LaunchVehiclesanef�cient way to computesuchcon�gurations.TheCFD codeNSMB hasbeen
deliveredto EADS LaunchVehiclesandis now usedfor variousapplications.

Figure4.1: Perfectgashypersonicviscous�o w aroundtheARD: skin friction lines.

4.1.6.2 Realgascomputationsof high speed�o ws (Y. Stiriba, M. Duloué, G. Grondin, D. Darracq)

TheNSMB codehasalsobeenextendedandadaptedto predict�o ws at chemicalandthermalequilibrium
using the upwind AUSM+ schemein space,and the implicit LU-SGS (Lower-UpperSymmetricGauss
Seidel)in time. Air wasmodelledasamixtureof � vespecies:

�

, � , �

�

,
�

�

and �

�

, with threechemical
reactions.ThermodynamicpropertieswerecomputedusingPark's model.Validationof thenew codewas
obtainedfor hypersonic�o wsaroundtwo differentbluntbodies.Initially, the�rst ordermethodscombined
with theMUSCL reconstructionhave beentestedfor a

���

hypersonicviscous�o w with � � � � around
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acylinder. Thesecondtestwasthe �

�

viscous�o w aroundtheARD reentryvehiclewith �ight conditions
providedby EADS LaunchVehicles.

4.1.7 Numerical Simulations of Crosswind Inlet Flows at Low Mach Numbers
(S.Champagneux)

Work on this topic hasbeencompletedthis yearwithin the context of a contractwith Airbus [CFD72].
Numericaltools developedduring this studyhave beenincludedin the of�cial versionof the CFD code
NSMB. Cross-functionalitieshave beenextendedand veri�ed (implicit, multigrid, centraland upwind
schemes)leadingto an ef�cient andprecisetool for solving inviscid, laminarand turbulent �o ws at all
machnumberswith this compressibleCFD code.The�nal studyconductedat CERFACSconsistedin the
evaluationof the total pressuredistortion that occursin the fan planeof a nacellein crosswindwith its
enginerunningwhentheaircraft is stoppedat thegroundjust beforetakingoff. This applicationhasbeen
appliedon a genericshapeof nacelle. Now, this tool is usedby designersfor realisticcon�gurationsat
Airbus.

Finally, Ralf Heinrich from DLR-EA spent a three month period at CERFACS to implement this
kind of methodin theDLR Taucode.

4.2 Numerical Methodsand SoftwareEngineering

4.2.1 Finite Element Method in Unstructured Meshes(G. Chevalier, F. Ducros,
B. Mar quez)

Thework on that�eld hasfollowedthreeaxis.
� �rst a work on the Domain Decompositionand preconditioning,with �rstly the implementation

of the ILDU methodin an of�cial versionof AETHER, and secondlyother improvementssuch
as introductionof explicit Runge-Kutta scheme,variablesinterpolation,LES modeling. All these
developmentshavebeendirectlydeliveredto DassaultAviation in anof�cial versionof AETHER;

� seconda work concerningthemodelingrelative to theLES of complex unsteady�o ws. This work
hasinvolved the developmentand validation of two formulationsof wall functions,validatedon
standardperiodizedchannel�o w. CERFACS hasalsocollaboratedwith DassaultAviation through
theLESFOILEC program,sharingexpertiseanddataon thesubject([CFD89]);

� following thework on thepreconditioning,a studyhasbeenconductedon thein�uence of thenode
numberingon therobustnessandef�ciency of thepreconditioning.This wasdoneondifferenttypes
of preconditioning.

4.2.2 Meshingtechniques(J. Bohbot, J.-Ch. Jouhaud, M. Montagnac, D. Darracq)

Grid generationis a crucialproblemfor thecomputationof complex aircraft con�gurationsusinga body
�tted structuredcode.Furthermore,dueto thedatamanagementof structuredgrids,the local re�nements
aroundtheCAD (boundarylayers,stagnationlines,wakes)will bepropagatedthroughthewholegrid even
in zoneswheregradientsareexpectedto be low. This canleadto very largegrids,especiallyfor complex
geometries.Two approachespermit to reducethis drawback: i) conservative patchedgrid, ii) automatic
meshre�nement.
CERFACSis developingthesetechniquesin orderto helpAirbusFrancein reducingthe turnaroundtime
and in enhancingthe �o w accuracy on a given grid size. Thesetwo meshingtechniqueshave been
implementedandvalidatedin NSMB.
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4.2.2.1 ConservativePatchedGrid (CPG) (M. Montagnac)

The purposeis to develop an ef�cient way to simplify the grid generationand to deal with complex
con�gurationsusing moderatelysizedgrids. The approachhasbeenchosento useNSMB on meshes
having no coincidentinterfaces.For this kind of meshes,blocksmusthave commoninterfacesbut do not
needthe samelocationof grid nodes. This approachavoids meshpropagationfrom a block to another
block. The�e xibility of thiskind of meshallowsmeshre�nementandmakesit easierto clustergrid points.
A 3-D conservative patchedgrid algorithm using Jamesoncenteredschemehas beenimplementedin
NSMB. The Multigrid accelerationconvergencetechniquehasbeenextendedwhenusingpatchedgrids
strategy. Theparallelprogramminghasbeenimplementedto maintaintheCPUperformanceof theNSMB
code.Theef�ciency of themethodhasbeendemonstratedoncomplex geometry. Thewakevorticesbehind
a civil aircraft(DLR-F11)have beencalculatedon tenprocessorsusinga grid containing3 millions nodes
with non-coincidentinterfaces(Fig.4.2).

Figure4.2: Flow simulationbehinda civil aircraft during the landingcon�guration. Application of the
AMR technique.

TheseCPG techniqueswere also developpedin elsA as a productof the NSMB/elsA tightening. Full
totally non-coicidentpatchedgrid techniquesfor 3D turbulent �o ws wereimplementedin the elsAcode.
Specialcarewasalsotaken to ensuretheuseof thesetechniqueswhencomputingon parallelcomputers.
An exampleis shown in theFig.iii in theappendixfor a2D turbulentapplication: theRAE 2822testcase.
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4.2.2.2 AdaptiveMeshRe�nement (AMR) (J.-Ch. Jouhaud, M. Montagnac)

Anotherapproachis to enrichthemeshwith a hierarchicalgrid structure,that is to sayusinganAdaptive
MeshRe�nementStrategy (AMR). It consistsin splitting a clusterof grid cells in a characteristicsregions
(shocks,boundarylayers,wake vortices,...) and to automaticallyjoin thesecells in new blocks. The
activity on AMR hasincreasedover theperiodwith a new algorithmto improvethemethod.In particular,
aparallelimplementationhasbeenrealized.In thenext phase,extensionto viscous�o ws is planned.
Theef�ciency of themethodhasbeendemonstratedon a complex geometry. Thewake vorticesbehinda
civil aircraft (F11)have beencalculatedon tenprocessorsusinga grid containing1.5millions nodeswith
two levelsof re�nement.

The most recentinvestigationswere realizedwithin the elsA tool. Two major objectiveswere reached.
Firstly, theextensionof theAMR methodto turbulenttransonic�o ws. Secondly, theaddtionof local time
incrementprolongations,asin standardmultigrid strategies,in orderto increasetheconvergencerate.The
RAE airfoil andtheAS28wing testcaseshaveshown theef�ciency of thisnew AMR extension(Fig. iv in
theappendix).

4.2.3 Spalart-Allmaras (H. Pascal-Jenny)

In theframework of ' elsA-NSMB' convergenceactivities, theupdateof theoneequationturbulencemodel
functionnalitiesfor a production-level usehasbeenaddressedduring year2001. This topic follows the
work previously realizedfor the algebraicturbulencemodelof Baldwin-Lomax. The LU-SSORimplicit
algorithmextensionto thewell-known Spalart-Allmaras(SA) turbulencemodelhasbeentransferedfrom
theNSMB codeto theelsAsoftware.Speci�c treatments(unknown'spositivity monitoring,parallelism,...)
have alsobeenimplementedleadingto a robustandef�cient solver for thecomputationof turbulent�o ws
over full aircraftcon�gurations. The extensionof themultigrid algorithmto theSA modelis in progress
andwill be�nalized duringthebeginningof year2002.Theseactivities arepartof a contractwith Airbus
Francewith thegoalof providing thesamelevel of ef�ciency with bothsoftwaresin orderto switchfrom
oneto theotherin a transparentway insidethedesignprocess.

4.2.4 MAEVA (H. Pascal-Jenny)

During year2001,CERFACShasseena growing involvementin thedeveloppementof theelsAsoftware
through the MAEVA project (ModelisationsAerothermiquesdes Ecoulementsen Ventilation Avion)
betweenAirbus Franceand ONERA. Indeed, CERFACS has beenin charge of implementinga new
turbulencemodeldedicatedto stronglythermalycoupled�o ws (impinging jets for instance),namelythe
(

�

&

�

& � � � & � ) modelof Durbin. This modelis describedby 3 additionalstransportequations(
�

&

�

& � � � ) and
anotherone for f which is elliptic. An explicit versionof the modelhasbeenimplementedin the elsA
softwarethis yearandvalidationsarein progress.Extensionsarescheduledfor theyear2002.

4.2.5 Developmentand implementation of a wakevortex model in �ight simulators
(H. Moet, G. Grondin, D. Darracq)

In theframework of theS-Wake program,theCERFACSis involvedin thesafetyaspectsof aircraftwake
vortices. An engineeringwake vortex behaviour model(calledVORTEX) developedwith the purposeto
do probabilisticinvestigationshasbeenimproved by integratingseveral decaymodelswhich govern the
decayof circulationdueto turbulence,strati�cation, viscosityandcrosswind.Theeffect of crosswindon
wake vorticeshasbeeninvestigatedin order to incorporatethe effect properly in the VORTEX model.
A new decaymodelaccountingfor aircraftparametersandatmosphericturbulencecharacteristicshasbeen
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developedatCERFACS[CFD49]. An analyticalmodelhasbeendevelopedwhichis integratedin industrial
(AirbusDeustschland)andresearch(TU-Berlin, NLR, TU-Braunschweig)�ight simulatorenvironmentsto
performparametricstudiesfor wake vortex encounters.Theseparametricstudies(including variationof
vortex parameters)havethepurposeto obtainthesafetyhazardfor anencounter, to obtainhandlingcriteria
andto determinethe in�uence of cockpitmotionon pilotedsimulations.Furthermore,a numericalmodel
is developedwhich usesa morerealisticvortex velocity distribution is usedfor thesamepurposesasthe
analyticalmodelandto simulatea morerealisticwake vortex encounterandto investigatethe effectsof
' low-vortex'- designsof futurevery largetransportaircraft.

4.2.6 Software engineering (J. Bohbot, S.Champagneux, J.-Ch. Jouhaud,
Ph. Piras)

Dealingwith theCFD codeNSMB, theCERFACSis morethanever consideredastheof�cial provideras
muchfrom theAirbusFrancepointof view astheoneof EADSLaunchVehicles. Integration,management
andvalidationprocesseshave consequentlybeenimprovedin orderto facethis responsibilityin a reliable
way (controlversioningwith bothCVS(integration)andSCCS(development),testingovera wide rangea
representative test cases).Transferring,optimizing andbenchmarkingthe CFD codeNSMB on various
parallel platformshave also beencarriedout and continued,motivatedby both Airbus Franceas well
as EADS LaunchVehiclesfor the renewal of their own computingfacilities. Algorithm performance
improvementsandvariousoptimizationshave beenrealizedleadingto an increasedef�ciency of thecode
both on vectorandRISC architectures.Finally, the harmonizationbetweencomputationaltools coming
from CERFACS and Airbus Francehasbeencontinuedwith the delivery and the useof new software
(JEDM,GAME, LAMA3D) sothatdevelopersat CERFACScanwork within anindustrialenvironmentin
orderto reducethecostof theknow how transferwhena developmentis completed.

4.2.7 Object Oriented CFD with elsA (M. Montagnac, G. Chevalier,
S.Champagneux, J.-Ch. Jouhaud)

In the year 2000 the collaborationwith ONERA has startedon the object-orientedcode namedelsA
ensemblelogiciel de simulation Aérodynamique. The elsA software comesalong with proceduresto
enhanceproductivity in a multi-userand multi-platform environment: validation database,unitary test
cases,cvsmanagementtools,softwarequalityprogram.Thiswork takesfully partof theframeworkwanted
by AirbusFrancefor theharmonizationbetweenNSMB andelsA.

The CERFACS elsA team was in charge of the conceptionand the development of the implicit
time-integration LU-SSORmethodas well as of the Baldwin-Lomaxalgebraicturbulencemodel with
generalizeddistances.It hasalsocontributedto write thespeci�cationandtheuserguidemanuals.Some
validationandunitarytestshavebeenintegratedin thecorrespondingdatabasestoo.

All developmentshave beentestedon usualcasesas 2D-3D multi-blocks sequentialor parallel square
nozzle,�at plates,NACA andRAE pro�les. Thesedevelopmentswereintegratedin theof�cial versionof
elsA.

The code has been installed on FUJITSU VPP700and VPP5000vector machinesto run the S3CH
con�guration(seeFig.4.3)for AirbusFrance.
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Figure4.3: Cp distributionaroundtheS3CH(wing+pylon+nacelle)con�guration

4.2.8 CFD TeamSupport (S.Champagneux, M. Labadens, F. Dabireau, V. Roche)

This year, the CFD Team was involved in improving its communicationby redesigningits website
[CFD123] (http://www.cerfacs.fr/cfd). The mostimportantwork consistedin updatinginformationabout
the teamthat now �t its currentstructure. A wide modernizationhasbeenconductedto make it more
attractive, simpler to navigateandeasierto maintain. A speci�c effort hasbeenmadeto rationalizethe
managementof theCFDTeambibliographythatnow consistsof morethan600referencesfrom year1986
to 2001from whichsomeareavailableon-line.
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Statoŕeacteurs, PhDthesis,Institut NationalPolytechnique.
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contratCNES/ONERAn93/CNES/3040convention ONERA/CERFACS n 737 118/DA/B1DC, Technicalreport
TR/CFD/00/44,CERFACS.

[CFD101] G. Lartigue,(2000),Modélisationd'une �amme depropaneparun sch́emacinétique�a uneétape,Student
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prémélanǵe : Etude de la réponsede la �amme �a un signal acoustique,ContractReport - CIFRE SNECMA
CR/CFD/00/89,CERFACS.
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1 Overall presentation

A. Bendali

The team has carried on with its strategy of developing new methodsand codes to addressthe
dif�culties involved in solving industrialandengineeringproblemsrelatedto propagationandscattering
of electromagneticwaves.Thesedif�culties resultmostly from thevery largesizeof the�nal system,due
to the industrialrequeststo considerproblemsat higherandhigherfrequencies.The increasein sizecan
alsoresultfrom theconsiderationof small parametersrelatedto thedescriptionof variousobjects:small
detailsin thestructure,a thin dielectriccoatingor substrate,asmalldistanceseparatingtwo metallicsheets
like thoseinvolvedin patchantennas,etc.

Themostimportantstepsreachedduringthelasttwo yearscanbedescribedasfollows:

� Generalcode: Implementationof a high precisionschemefor the computationof hypersingular
integrals, implementationand parallelizationof the so-calledCombinedField Integral Equation,
implementationof the extensionof the codefor the caseof absorbingmaterials,studiesrelatedto
simpleandmoreaccuratemodelsfor thefeedingof apatchantenna,implementationof anout-of-
core solver tailoredfor high performanceparallelplateforms,treatmentof the caseof a metallic
wire crossingtheinterfaceseparatingtwo differentmaterials,testof somespeci�c strategiesto deal
with deepcavities.

� Fast multipole method: Writing a new version of the multipole code in FORTRAN 90,
implementationof theCombinedField IntegralEquation,implementationof a novel way permitting
to reducethenumberof matrixmultipoleevaluationsfrom four to two. Theexpertiseaccumulatedin
dealingwith this intricatebut powerfull techniquehasalsobeenusedto devisea novel andaccurate
wayto performthereconstructionof theelectromagnetic�eld in thenearzoneof anantennafrom the
measurementsof its far �eld patterns.Fully validatedandimplemented,this techniquewill provide
a usefultool for CNESin thedesignof satelliteantennas.

� Prospectivestudies:Robusteffective impedanceboundaryconditionsfor scatteringby metalscoated
by thin dielectriclayers,deeptheoreticalstudyof theDespŕes' integralequations,robustmethodsfor
domaindecompositionsolutionsof scatteringproblemsin theframeof anintegralequationsolution.
N. Bartoli hasdefendedher Ph. D. thesiswhich hasconsistedin a thoroughstudyon the �rst two
topics.At thetimeof writing, Y. Boubendir'sPh.D. thesisis closeof beingdefended.

Theoverall policy of theteamhasbeenrewardedduringthelasttwo yearsby animportantincreasein the
demandof collaborationcomingfrom theindustry. Jointstudieswith EADSondesigningspeci�c methods
to ef�ciently dealwith problemsrelatedto thescatteringby adeepcavity havebeenfollowedthisyearby a
closercollaborationon themultipolemethod.Meanwhile,theteamhasbeenapproachedfor collaboration
by severalacademicandindustrialpartners:

� KTH (Stockholm)for expertisein implementingboundaryintegralequationsmethods.

� ENAC (Toulouse)for a collaborationon boundaryintegral equationsmethodsfor micro-waves
problems.
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� DGA (FrenchMinistry of Defense)for studiesconcerningsomeimprovementsin the multipole
methodrelatively to thetotal costof a matrix-vectorproductandits accuracy.

� CNES for numericalmodelsof somespecialantennasand for a study of the in�uence of the
environmentof a antennauponits radiationcharacteristics.

� CEA-CESTA (Bordeaux)for validationof electromagneticcodesfor generalproblemsandnumerical
modelsfor a thin metallicwire crossinganinterfaceseparatingtwo dielectriclayers.

All thesedemandsmatchthemainaxesof developmentof theteam,whicharestill to developanexpertise
in thetreatmentof largesizeproblemsthroughspeci�c proceduresandmethodsandto developanasgeneral
aspossiblesolvercapableof solvingmicrowavesproblems.
The activities are detailed in the next parts. The scienti�c production of the team has resultedin
the publication of two articles in internationally-reviewed journals and in several communicationsto
internationalmeetings. In 2000, two researchlecturesto specialistshave beendeliveredby a member
of theteamat theinvitationof KTH (Sweden)andINRIA (Sophia-Antipolis).In 2001,two membersof the
teamhave beeninvited to respectively deliver a plenaryconferenceat theinternationalworkshop”Grands
syst�emeslinéaires”whichhasbeenheldatINSA of Toulousefrom 2 to 8 march2001andaminisymposium
conferenceatthemajorinternationalcongress”ComputationalFluid DynamicConference”whichhasbeen
heldat Swensea,Englend,duringaugust2001.
Finally, let us mentionthat the researchersof the teamare being asked to deliver high-level coursesin
academicinstitutionsof Toulouse. N. Bartoli has indeedcoauthoreda book on stochasticalgorithms
[CEM1] lastyear.
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2 Boundary Integral Equation Methods

2.1 The codeCESC

M. Fares,A. Bendali, F. Collino

Much of theeffort hasbeendirectedtowardsextendingthecapabilitiesof thecodein termsof increasing
thevarietyof problemswhich canbehandledandthereliability of theresultswhich aredelivered.In this
respect,thegeneralsolvercodeCESChasbeenextendedin variousdirections:

� Absorbing materials. Thecodecannow dealwith absorbingmaterials.Dielectricscanbedissipative
or presentan absorbingmagneticpermeability. This part of the codehasbeencarefully validated
througha comparisonwith similar codesdevelopedby KTH.

� Implementation of the CFIE. The CombinedField Integral Equation is given in terms of a
combinationof the Electric Field integral EquationandtheMagneticField Integral Equation. The
MFIE requiresthecomputationof singularintegralsin theform
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which werenot availablein thepreviousversionof thecode.Along with the implementationof the
computationof thesenew integrals,a new versionof thecodeimproving thepreviousonehasbeen
written. As for theformerpartsof thecode,theCFIE implementationhasbeenparallelizedto deal
with largesizeproblems.As a result,it hasbeenusedto validatethesolutionof theCFIE with the
multipolemethod.

� Accurate schemesfor the computation of hypersingular integrals. For problemsinvolving a thin
coatingor a thin dielectric substrate,the singularintegrals, having a singularpart in � $

�
�

� �

�

� ,
includea kind of Dirac functionwhenthedomainof integrationis a pairingof two paralleltriangles
separatedby a very thin distance.Usualapproachesfail to giveaccuratevaluesfor theseintegrals:a
powerful procedurebasedonarecursivedecompositionof thetwo trianglesinto smalloneshasbeen
developedto obtainacorrectapproximationof theseintegrals,aswell asof acasewherethelimiting
valuefor anintegral of this kind canbeobtainedexactly for its radiation.

Figure 2.1 illustratesthe improvementwhich resultsfrom the new procedurewhen the distance
separatingthe two trianglesgoesto zero. Figure2.2 shows that the accuratecomputationof these
integralsareessentialto preventfrom meaninglessresults.

� Patch antennas. Patchantennasarecommonlyusedasdeviceswhich canbe conformedto the
structurewith powerful propertiesof emitting and receiving energy. Direct numericalmodeling
is importantto predict their behavior. However, it givesrise to seriousdif�culties. CEA-CESTA
hassubmitteda casewherethe determinationof the gain of the antennais decreasedby a lossof
accuracy neartheresonancefrequency. A simpleschemehasbeentried,which improvessomewhat
thecalculationof thegain,althoughmoreprogresshasto bedonein thisdirection.Also in connection
with thepatchantennas,accuratemodelsof feedingtheantennasarebeingimplemented,specially
by a coaxialfeed.
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Figure2.1: Plainnumericalandanalyticalintegrationof thesingularity

� Validation of ElectromagneticSolver Codes. For the last two years,the teamhasbeeninvolved
in studiesrelatedto thevalidationof otherElectromagneticSolver Codes,mainly to dealwith some
extremelyseverecases.Somepartsof thesolvercodeof KTH have thenbeenvalidated,particularly
for thetestcaseproposedby Maci etall. [1] asaseveretestto validatenumericalcodesandmethods.
In this context, a studyrelatedto a comparisonof codeCESCof CERFACS andcodeARLENEof
CEA-CESTA hasalsobeenconducted.Thecomparisonsbetweenthetwo concernedthecomputation
of theRCSof a metalscatterercoatedby a thin dielectriclayerandtheaccuracy of thecomputation
of singularintegralsin somenonstandardsituations.Theresultsarereportedin [CEM25].

� Numerical models for wir escrossingan interface betweentwo media. The possibility to deal
with wires insideany dielectricmediumhasbeenaddedto thecodeCESC. This functionnalitywas
previously limited to only the exterior in�nite medium. The casewherethe wire is crossingthe
interfaceseparatingtwo dielectricmediadoesnotseemto havebeendealtwith, andrequiresaspecial
treatment.Sucha studyhasbeenconductedandhasresultedin an accurateprocedure.Figure2.4
andFigure2.3 depictanexampleof sucha caseandillustratestheaccuracy wich hasbeenreached
by usingtheusual1D modelfor thewire.

� Out-of-core Solver. An out-of-core functionnality hasbeenaddedto code CESC. All the
performancesreachedby thein-core versionof thecode,particularlyin termsof takingadvantage
from parallelplateforms,remaininchanged.Presently, this solver candealwith problemsinvolving
up to 75000 degreesof freedomon the COMPAQ machineof CERFACS.The strategy adoptedto
designethissolver is describedin [CEM26].

2.2 Lar gesizecavity problems

M. Fares,A. Bendali
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Thestudyconductedin 1999ontheJINA testcasen
�

10,Waggoncavity, hadbroughtouttheneedto clearly
de�ne theparametersinvolvedin themodels:light speed,degreeof accuracy of thenumericalcomputation
of theintegrals,etc[CEM10].
A preliminarystudyon the JINA test-case,cavity COBRA, hasshown that the �nite elementprocedure
INLET , particularlysuitedto dealwith deepcavities, canbe usedin the context of a Integral Equations
solution.Theuseof thelatterprocedurehasin principletheadvantagethatthesolutionaremuchmoreless
dispersive than�nite elementprocedures.Figure2.5 constitutesa �rst steptoward the validationof this
approach.

[1] S.Maci et al., (1996),Analysisof surface-waveexcitationandradiationmechanismof a monopoleon
circulargroundeddielectricslab,IEEE Proc.-Microw. AntennasProp., 143, 335–340.
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Figure2.4: Variousmeshesusedfor thevalidationof themodel
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3 Fast Multipole Method

3.1 FastMultipole Method in electromagneticcalculations

F. Millot, F. Collino, N. Bartoli

Electromagneticscatteringsolutions by integral equationsmethodslead to densesystemsof linear
equations.When the characteristicsizeof the obstacleis aboutsix times the wavelength,the solutions
canbecomputedby directmethodswith high performanceandmassively parallelcodes.However, if the
sizeof theobstacleincreases,thesolutionscanonly beobtainedby meansof someiterative methods.The
computationof thematrix-vectorproductthenbecomesthebasicpartof the iterative algorithm. It canbe
doneef�ciently by meansof theMultilevel FastMultipole Method(MFMM).

� Computer implementation aspectshave included:

– Rewriting a completelynew versionof the codeCESC Multipoles , with FORTRAN90
and GNUMAKE;

– Implementingandruningthecodeonat leastthreedistinctplate-forms;

– Using extensively the capabilitiesof FORTRAN90 (derived types, dynamic allocation of
memory, etc.),allowing for exampleeasycouplingof thiscodewith variousiterativesolvers;

– Implementingandvalidatingan out-of-coreversionof the code[CEM27], allowing to solve
large scalediffractionproblems(for examplein the caseof two conductingsphereswith one
million of unknowns);

– Validatingthecodefor an academictestcase(scatteringby a perfectlyconductingspherefor
whichanexactsolutionis availablein termsof aMie'sseriesexpansion)andanindustrialcase
(JINA testcasen

�

10WaggonCavity);

– Optimizing the computationof the transfertfunctions. Tranfert functionsarede�ned on the
unit sphere. They transforma far �eld of the chargesincludedinto a given box into a near
�eld. After a shift anda numericalintegration,this givesthecorrespondingpotentialat points
containedinto anotherbox. Theoptimizationusestheinvarianceof thetransfertfunctionsunder
varioussymmetriesof thediscreteunit sphere.Thisstudyhasbeensupportedby acontractwith
DassaultAviation.

� Theoretical aspectshaveconcerned:

– A comprehensive presentationof the method. A generalcomprehensivepresentationof the
MFMM hasbeenwrittenat thedemandof EADS [CEM21].

– An intr oduction of somenew approaches.Standardapplicationof theMFMM to scattering
problemsin electromagnetismclassicallyrequiresat leastthreescalarmultipole calculations
for eachmatrix-vectorproduct,onefor eachcomponentof thecurrent,andin mostcasesfour,
anotheronefor the charge. A new approachhasbeendesigned,implementedandvalidated.
At theprize of a slight increasein thecostof eachscalarmultipolecalculation,the complete
multipole matrix-vectorproductis obtainedwith only two of suchscalarcalculations. This
work hasbeensupportedby Dassault-Aviation [CEM23] [CEM9].
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– A Christiansen's Preconditionner for the EFIE. Recently, Christiansenand Ned́elechave
proposeda new preconditionnerfor the Electric Field Integral Equation(EFIE). EFIE is the
mostpopularequationfor solving thediffractionof anelectromagneticwave on a conducting
body. It leadsto solve a linear systemwhoseconditionnumberis not very good,especially
whenopencavity geometriesareoccuring. ChristiansenandNédelec's ideaconsistsin using
oneof theCalderon'sidentity to transformtheEFIEinto anequationinvolving alinearoperator
in theform “Identity + compact”.Themaindif�culty is thento dealcorrectlywith the � �

�

���

operatorin thediscretesetting.Onehasanalysedthismethodand,in particular, fully understood
thelackof inversibility of thisnew preconditionner. A �rst implementationhasbeencarriedout
andsomeresultson anacademiccasehave beenobtained.Someadditionalwork remainto be
doneto havea clearunderstandingof thepotentialityof this preconditionner.

– A theoretical estimateof the accuracyof MFMM for very high fr equencies.Thenumber
of multipolesat a given level is a crucial parameterfor the accuracy of the method. Some
semi-empiricalformulae have beenproposedin previous studies. By meansof theoretical
estimates,somenew formulae have beendesignedand validated, in collaborationwith Q.
Carayol(Dassault-Aviation).

� Testcasesand validation of the codeCESC Multipole

– The MFMM utilizes several parameterswhich have to be broughtundercontrol. A method
which calibratestheseparametersaccordingto thecaseto bedealtwith hasbeendesignedand
implemented.The main techniqueconsistsin computing,by an exact assemblyprocessover
two triangles,onecolumnof thematrixandcomparingtheresultwith amultipolecalculation.A
crudesearchof thedegreeof freedomgiving thelargesterroris performed.A few calculations
give an indication for adjustingthe parameters.The resultsindicatethat the error strongly
dependson thecasebeingconsidered.Thedesignof a moregeneralstrategy for choosingthe
parametersseemsto bea dif�cult task.

– The FMM codehasbeencomparedwith other industrialcodesusingalsothe FMM method.
In particular, resultshave beencomparedwith thoseobtainedat EADS andDassault-Aviation.
Goodagreementhasbeenobserved.A technicalreportis underprogress.

– Themethodhasbeenusedto solve industrialtest-cases,as,e.g.,a non-academiccaseprovided
by Dassault(the“CETAF” benchmark). Goodresultshave beenobtained.Thedif�cult JINA
testcasen

�

10 WaggonCavityhasalsobeensuccessfullyperformed,with convergenceof the
iterative processbeingreached.However this testhasclearly indicatedthedif�culties metby
the methodfor this type of problem. A reporton the treatmentof this testcaseby the direct
solveraswell asby themultipolecodeis available[CEM19].

3.2 Far to near �eld transformation using the multipole method

F. Collino, N. Bartoli

Theradiatingpropertiesof acomplicatedantennacanoftenbedocumentedby measurementsonly. Further,
thesemeasurementscan be doneonly in the far zone. Many industrial studies,as thoserelatedto the
determinationof the coupling of a satellite and a radiating antenna,submittedby CNES, require the
reconstructionof theelectromagnetic�eld in thenearzonefrom measurementsof thefar �led patterns.
Basedon the machineryof themultipol method,a powerful approximationprocesshasbeendesignedto
dealwith this reconstruction.It yieldsaccuratevaluesfor the �eld at a distanceof only onequarterof the
wavelength. This is largely beyond the capabilitiesof standardmethodsbasedsimply on the additionof
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a multiplicative factor
	���


� ;

�

� � $ � . Table3.1, giving a comparisonof the �eld andof thecurrentson the
satellite,obtainedby a directcomputationusingcodeCESC, andthatresultingfrom theknowledgeof the
dipolefar �eld patternonly, demonstratestheef�ciency of theapproach.Notethatthesimpleexp model
completelyfails in this case.Figurevi in the appendixgivesan ideaof the currentsandof the far �eld
whicharecomputed.
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Table3.1: Error for the�eld on thesatellite,antennadipoleis placedat adistanceof ��$ � .

Oneof thekey pointsof themethodlies on a correctinterpolationof the far �eld patternusingspherical
harmonics.Thisparthasbeenvalidatedondataobtainedbothexperimentallyby CNESandby simulation.
Figure3.1respectively depictestheaccuracy whichhasbeenreached[CEM17].
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4 Prospective studies

4.1 High order impedanceboundary conditions

N. Bartoli, A. Bendali, F. Collino

Theobjective is to investigatethescatteringof a perfectlyconductingobstaclecoatedby a thin dielectric
layer. Solvingthedirectproblemgivesriseto somenumericalinstabilitieswhentheshell thicknessis too
small. For this main reasonthe effectsof the thin shell areclassicallytaken into accountby usingsome
impedanceboundaryconditions. A processto build and to analyzetheseconditionshasbeendevised.
It yields numericalschemestotally free from the usualnumericalinstabilities. Appropriateimpedance
boundaryconditionshavebeenconstructedfor thecasewheretheorderof theapproximationmustbehigh
enoughto characterizetheeffectsof curvatureandto getmoreaccuracy for thehigh frequencies.Thethird
order impedanceboundaryconditionsare thenconsideredfor arbitrarygeometries.It then requiresthe
useof pseudodifferentialoperators,i.e., a combinationof differentialandinverseof differentialoperator.
The theoreticalaspectshave beenstudiedanda convergencetheoremwith an estimationerror hasbeen
developed. Numerical applicationshave beenperformedto validate the approximation. This studies
point out thatpseudodifferentialoperatorsaremorestableandrobustthanclassicaldifferentialone. This
propertybecomesparticularlyrobustwhentheprobleminvolvessomeovermeshingrequirement[CEM16],
[CEM18].

4.2 DespŕesIntegral Equations

N. Bartoli, F. Collino

Investigationon the integral formulation of Bruno Despŕes has been pursued. This formulation is
basedon a minimization of a quadraticfunctional. The resulting linear systeminvolvesonly real and
symmetricmatrices.In contrast,theclassicalintegral equationsbasedon anEFIE (ElectricField Integral
Equations)formulation yields a symmetricsystembut with a non-hermitianmatrix. Furthermore,only
direct methodsareusuallyusedin connectionwith classicalformulations,while Despŕes' formulationis
speciallyappropriatefor solving throughiterative procedures.The basicpropertiesof the methodhave
beenclearlyexhibitedandgeneraltheoremsinsuringtheconvergenceof its solutionby aniterativeprocess
havebeenestablished.Notethatsuchaconvergenceis notguaranteedfor theclassicalformulations.Many
numericalexamplesareperformedto investigatethepotentialitiesof themethod.For instance,for convex
geometries(ellipse,square,...) agoodbehavior is observedwhenthefrequency increasesor whenthemesh
becomesirregular. For a nonconvex geometrylike a perfectlyconductingcavity, theconvergenceis more
dif�cult to obtainwith theJacobialgorithm.TheGMRESalgorithmis suitableto copewith this particular
geometry. In addition,thesystemis particularlyappropriateto solve scatteringproblemswith impedance
boundaryconditions.Indeed,theright-handsideof thesystemdependson theimpedanceoperatoronly. A
last applicationconcernsthedomaindecompositiontechniques.Somealgebraicpropertiesof thesystem
of Despŕesprovedto be of interestfor the couplingwith thedomaindecomposition.The �rst numerical
resultsof this approacharepromising[CEM6], [CEM4], [CEM5], [CEM12].
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4.3 Domain DecompositionMethod

Y. Boubendir, A. Bendali, F. Collino

The preliminary (1999) heuristic way to improve the domain decompositionmethod, initiated by
B. Despŕes,was aimedat allowing its usein the context of an Integral Equationsolution. Particularly,
this improvementgaveriseto anef�cient tool to couplea Finite ElementMethodanda BoundaryIntegral
Equation.Muchof theefforts for thetwo lastyearshavebeendevotedto fully understandwhy theheuristic
procedureworkswell, in orderto developcon�dencethatit canbeimplementedwithin ageneralsolver.
Whenstudyingspecialgeometries,for whichthewavescanbeseparatedin apropagativeandanevanescent
part,it hasbeenshown thatthepreviousproceduresintroducedby Depŕes'sdampstronglythepropagative
part but only very moderatelytheevanescentone. In thecontext of thenumericalimplementationof the
domaindecompositionmethod,inherenterrorsdueto the schemecanleadto an increasein the level of
the evanescentmodeswhich, in the end, completelydamagethe solution. The new procedure,even if
it is not optimal for propagative modes,introducesa strongdampingof the evanescentones. Figure4.1
clearly illustratesthis feature. Figure4.2 presentsa severecaseof a cavity problemfor which, despitea
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Figure4.1: Previousandnew procedure

strongcouplingof thepropagativeandtheevanescentmodes,theresidualduringtheiterationscontinuesto
exhibit averynicebehavior.
It has also been observed that domain decompositionmethodsbypassthe dif�culties related to ill-
conditioningof thelinearsystemscomingfrom directformulations,in caseof thepresenceof a dielectric.
Figure4.3shows indeedthatthedistributionof themoduli of eigenvaluesof interiorandexteriorproblems
is muchmoresuitablefor aniterativesolutionthantheglobalproblemresultingfrom a directformulation.
A novel domaindecompositionprocedurehasalso beentested[CEM20]. The methodis basedon the
numericaldeterminationof theimpedancematrix to takeaccountfor apartof thedomainwhichafterwards
is removed from the formulation. The bene�t of this methodlies in the fact that it doesnot resort to
an iterative process,and that it becomesvery attractive when the samegeometricalobject is repeated.
However, theresultsrequiresomefurtherstudiesto validateor dismissthis approach.
The domaindecompositiontechniquehasbeenalsoextendedto ef�ciently coupletwo differentmethods
of solution,eachonebeingadaptedto theform of theproblemin a relatedzone.Thetechniquehasbeen
usedto couplea nodal�nite elementsolution,to dealwith a nonhomogeneousdielectricmaterial,with an
integralequation,moreappropriateto dealwhith thepropagationin thein�nite exteriormedium[CEM8].
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1 Introduction

Olivier Thual

1.1 Generaloverview

Six projectsaredescribedin this report. The �rst threeareresearchorientedandcanbeensketchedwith
thefollowing titles:

� Climatevariability,

� Seasonalprediction,

� Oceandataassimilation.

Theseclimatemodellingactivities combinesigni�cant scienti�c contributionsin severalspecialities(such
asthestudyof theNorth Atlantic Oscillation)with thedevelopmentof complex computingsystems(such
asa seasonalforecastchainwith variationnaloceanicdataassimilation).Thetwo following projectsof the
“ClimateModelling& GlobalChange”teamarebasedon thedevelopmentof two softwares:

� ThePALM softwarefor dataassimilationin models,

� TheOASIS couplerfor ocean-atmospheremodels.

Thesestwo projects combineadvancedscienti�c computingdevelopmentswith deep implications in
scienti�c applications,leadingto high quality researchon different topics(from appliedmathematicsto
atmosphericpollution). Thelastprojectcorrespondsto developmentactivities which aredirectly included
in the MERCATOR project(aiming toward operationaloceanographyandgatheringthe contributionsof
severalinstitutions).This CERFACScontribution is entitledasfollows:

� TheMERCATORprototype

1.2 Signi�cant achievements

Theteamis composedof 4 researchers,2 post-docs,5 PhDStudentsand7 researchengineers.Sincethelast
scienti�c report(2 yearsago),15 journalpublicationshave beenpublished,15 contributionsto conference
proceedinghavebeenrecordedand49 technicalreportshavebeenregistered.ThreePhDThesishavebeen
granted.

In parallel,3 prototypeshasbeenreleased:avalidatedprototypeof aseasonalpredictionchain,a ready-to-
use(andused)versionof thePALM prototypeandtheAtlantic andMediterraneanprototypein agreement
with theMERCATOR working plan. Thedevelopementof theprototypefor thevariationnalassimilation
chainfor theglobaloceanicmodelhasbeenalsoundertakenduringthisperiod.

Four Europeanprojects have startedduring this period under Framework Program5 (PREDICATE,
DEMETER, ENACT and PRISM) and have led to the hiring of oneseniorscientist,two new post-doc
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and one researchengineer. Two researchprojectshave beenfunded by the CNRS/PNEDC(National
Programfor ClimateDynamicsStudies)andoneby the CNRS/GMMC(Scienti�c researchprogramfor
MERCATOR).Severalcollaborationswith national,europeanor internationallaboratorieshavebeenactive.
Furtherdetailsarecontainedin thefollowing sections.

96 Jan.2000– Dec.2001



2 Climate variability over the North
Atlantic-European region at inter-annual
to decadal time-scales

2.1 In�uence of seasurfacetemperatureanomalieson low fr equency
atmosphericvariability over the North Atlantic Europeansector
(C. Cassou, M. Dr évillon, L. Terray, S.Valcke)

The climate of the North Atlantic-European(NAE) sectorexhibits considerablevariability on a wide
rangeof time scales.Improvedunderstandingof this variability is essentialto assessthe likely rangeof
futureclimate�uctuationsandtheextentto which these�uctuationsarepredictable.For instance,detailed
knowledgeof theso-callednaturalvariability is a necessaryprerequisiteto assessthepotentialimpactof
climatechangedueto anthropogenicforcing [GLO14].

A large part of the climate variability over the NAE region is associatedwith a dominantmode of
atmosphericcirculation variability called the North Atlantic Oscillation (NAO). The NAO refers to a
meridionaloscillation in atmosphericmasswith centersof actionnearIcelandandover the easternpart
of thesub-tropicalAtlantic (Azores).In its positivephase,low pressureanomaliesovertheIcelandicregion
areassociatedwith high-pressureanomaliesacrossthesub-tropicalAtlantic. TheNAO is a naturalmode
of variability of theatmospherewhichemergeswhenatmosphericgeneralcirculationmodels(AGCMs)are
forcedwith climatologicalannualcyclesof insolationandSeaSurfaceTemperatures(SSTs)aswell as�x ed
trace-gasconcentrations.
Thereare clear indicationsthat the North Atlantic oceancovarieswith the overlying atmosphere.For
instance,it hasbeenshown thattheSSTsarerespondingto theatmosphericforcingonmonthlyto seasonal
time scales.On the otherhand,observationsshow that SSTshave low frequency variationswhich could
imprint themselvesbackontotheatmosphere.Thequestionthenbecomes:do theoceansurfaceconditions
playanactiverole in shapingmid-latitudeatmosphericvariability at low frequency ?

To answerthisquestion,thestrategy reliesuponadualapproachwhichcombinesstatisticalmethodsapplied
ontoobservedor re-analysisdataandnumericalmodellingwith generalcirculationmodels.For instance,
usingreanalysisdatasetsfrom NCEP, therelationshipsbetweenthe low frequency variability of thezonal
wind jet at200hPa(U200)over theNorthAtlantic-Europedomainandthegeographicaldistributionof the
SSTanomalieshavebeendocumented.In contrastwith otherstudies,nonlineartechniquessuchascluster
analysishave beenusedasthis classof methodsdoesnot requireany constraintregardingthe symmetry
andorthogonalityof thevariability modes.For thewintermonthsover the1958-1997period,thesignature
of the two phasesof the NAO is capturedand is associatedwith the North Atlantic SST tripole. The
classi�cationalsoextractsa “La Niñamode”relatedto a strongridgeoff Europeandreducedjet over the
Azores.

By analysingthe data coming from two ensemblesof multi-decadalintegrationsperformedwith the
ARPEGEmodel, a systematicassessmentof the effect of Atlantic SSTson low-frequency atmospheric
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variability over the North Atlantic-Europeregion hasbeenperformed. In the �rst ensemble(GOGA)
[GLO14], theobservedSSTsandseaiceextents(SIE)fromtheGISSTdatasetareprescribedgloballywhile
they arerestrictedto the Atlantic oceanin the secondensemble(AOGA). A signal-to-noisemaximising
EOF analysisis usedto isolatethe dominantforced responsefrom the internalatmosphericvariability.
Themethodis appliedto NorthAtlantic low-pass-�lteredseasonalmeanMeanSeaLevel Pressure(MSLP)
anomaliesandtheanalysisis madefor boththewinter(DJF)andspring(MAM) seasonsoverthe1948-1998
period.Theprincipal�ndings of this studyarethefollowing:

� Theleadingresponsein theGOGAsimulationscanbeattributedto oceanicchangesrelatedto theEl
Niño-SouthernOscillation(ENSO).Thespatialpatternof theleadingforcedmodein winterexhibits
aprimarycenterof actionlocatedslightly northof theAzoresarchipelagoandasecondarymaximum
off theFloridacoast.Thetimeseriesof theforcedresponseis stronglycorrelatedto theNiño3 index;

� In orderto �nd outwhetherthelocalAtlantic SSTsdoexertany in�uence onatmosphericvariability
over theNAE sector, two differentapproacheswereusedandcompared.The ENSOin�uence was
removed from the GOGA simulationswith a simple linear regressionof the MSLP datawith the
Niño3 index andtheEOFalgorithmwasappliedto theresidualpartof thedata.TheEOFalgorithm
wasalso appliedto the AOGA ensemble.A commondetectableresponseis found in winter and
to a lesserextent in spring. In fact, while the forcedspringresponsefrom the AOGA ensembleis
closeto thecommon(GOGA andAOGA) winter signal,theforcedspringGOGA responsedoesnot
exhibit a large-scalecoherentpattern.Thecharacteristictemporalevolutionof thewinter responseis
alsoobtainedfrom theapplicationof thesamealgorithmto otheratmosphericvariablessuchasthe
AOGA 500hPaheight�eld (Z500)andthe200hPazonalwind (U200).Thistemporalevolutionshows
quasi-decadalvariability (with a periodbetween6 to 8 years)superimposedon a lower frequency
�uctuation. It is alsowell correlatedwith �uctuations in a tripole patternof SSTanomaliesin the
North Atlantic;

� Thespatialstructureof theleadingforcedresponsein winter is dominatedby a large-scaledipolein
MSLP, resemblingtheNAO structurebut with astrongermid-latitudecenterof action.Applying the
signal-to-noisemaximizingEOFalgorithmto othervariables(Z500andU200)showsaverycoherent
signalwith aquasi-barotropicsignaturecloseto thatof theNAO.Thelow-frequency changesbetween
the�rst partof theperiod( � ��( � � � � � � ) andthesecondpartcanbeexplainedin termsof changesin
thefrequency of occurrenceof a naturalregimeof atmosphericintraseasonal-interannualvariability
with aspatialstructureverysimilar to thatof thepositivephaseof theNAO;

� Theleadingforcedatmosphericresponseis inducedprimarilyby thetropicalpartof theSSTtripoleas
shown by thestrongcorrelationbetweenthetropicalNorthAtlantic SSTindex andthecharacteristic
temporalevolution of the forcedresponse.To further con�rm this �nding, two 30-yearadditional
integrationswere carried out with idealizedSST anomaliesrepresentingthe positive (TAP) and
negative (TAN) phasesof the tropical part of the SST tripole. Similarity betweenthe difference

� �

���

� �

�

� � �elds andtheleadingforcedresponsesfrom theAOGA integrationsdemonstratethat
thetropicalNorthAtlantic SSTanomaliescanleadto changesthattendto re-enforcethegeopotential
structureof thesimulatedNAO;

� Thephysicalmechanisminvolvesrelatedchangesin tropicalconvection,Hadley circulationandthe
modulationof the stationaryplanetary-scalewavesby the low-frequency variability in subtropical
winds inducedby the persistenttropical circulationanomalies.Enhancedbaroclinicity andrelated
changesin planetary-scaletransienteddiesin the westernsubtropicalNorth Atlantic may have a
catalyticrole in forcingandsustainingtheanomalousstationarywaveactivity.
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2.2 Study of the observed covariations of the Atlantic seasurface
temperature and mid-tr opospheric �o w signatures over the
extra-tr opical North Atlantic (M. Dr évillon, C. Cassou, P. Rogel,
L. Terray, S.Valcke)

While thereis statistical-cum-observationalevidenceof signi�cant atmosphericforcing of theunderlying
SSTatmonthly-to-seasonaltimescales,atmosphericmodelsimulationshavealsoshown possiblein�uence
of SSTpatternsuponthemid-latitudetropospheric�o w andits associatedstorm-tracks.However, thereis
a largescatterin theresponsesof atmosphericmodelsto SSTanomalies,dependingon themodelphysics
andresolution,the basicmeanstateor the structureof the SSTanomalouspatterns.Thus, it is of great
interestto assessdirectly from observed andreanalysisdatathe possiblelinkagesbetweenthe SSTand
variousatmosphericvariables.

To addressthis question,the interactionsbetweenthe SST, the StormTrack Activity (STA) andthe time
meanatmosphericcirculationin theNorth Atlantic Europeregion [GLO7] have beeninvestigated.Lead-
lag Maximum CovarianceAnalysis (MCA) betweenseasonal500 hPa geopotentialheight (Z500) and
SSTover the NAE region capturesa signi�cant covariancebetweenthe previous summerSSTanomaly
anda winter NAO structure. The sameanalysis,but restrictingthe atmosphericzoneto Europe,points
out a stronganticyclonic (cyclonic) anomalyover Europerelatedto cold (warm) oceanicconditionsoff
Newfoundland,this SSTstructurebeingindependanton theconsideredatmosphericregion. This summer
SSTanomalyis found to persistenoughuntil winter throughsurfaceheat�ux esexchanges,whenit can
�nally haveanimpactontheatmosphericcirculation.Compositeanalysis(drawn from theMCA expansion
coef�cient) is appliedto thewinterSTA anddifferenttransientandstationaryeddiesdiagnosticsassociated
with theextremepositiveandnegativeeventsof theSSTanomaly. Thesediagnosticssuggestthat theSST
anomalyinducesin winterananomalousstationarywave,creatinganinitially smallanomalyoverEurope.
Anomaloustransienteddieslocatedover northernEuropethen strengthenthis anomalyand maintainit
duringwinter, thusactingasa positive feedback.

Thesensitivity of theARPEGEmodelto theseobservedsummerSSTanomaliesis thenassessedin a set
of ensembleforcedexperiments.Thesesimulationsallow to betterdescribeandunderstandthis ocean-
atmosphereinteractionandto furtherstudyasymmetriesandnonlinearitieswith respectto thesignof the
SSTforcing. As therearealsoevidencesof autumnSSTforcingof theNorth Atlantic Europeatmospheric
wintercirculationfrom thetropics,a complementarysetof simulationsis performedin orderto investigate
thepossiblemechanismsresponsiblefor this remotetropical forcing prescribedin themodel. Additional
experimentswith ARPEGEcoupledwith a simpleoceanicmixedlayerin themid-latitudesarealsocarried
out.

Thefall tropicalSSTforcing inducesin October-November-December(OND) a strongwave-likeresponse
bothin theforcedandmixed-layer-coupledexperiments.ThisRossbywavesignalis dueto themodi�cation
of thelocal Hadley cell branchoverAmazonia/CarribeanSeaaffectingin �ne themomentumconvergence
aroundthesubtropicaljet entrance,thelatterexportingthesignalto higherlatitude.Theoccurrenceof the
winter weatherregimesis affectedin agreementwith thesigni�cant spatialcorrelationof themidlatitude
part of the wave responsewith the NAO pattern. We show that the thermalcouplingbetweenthe ocean
andtheatmosphereallows a betterrepresentationof themidlatitudepartof the response,which is further
reinforceddueto transienteddyfeedbacks.
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2.3 Asymmetries between the two phasesof the NAO and their
related SST structur es. Implications for seasonalpredictability
(C. Cassou, M. Dr évillon, L. Terray, S.Valcke, E. Maisonnave)

A detailedstudyof theasymmetrybetweenthetwo phasesof theNAO is carriedout basedon theclimate
regimesparadigmdescribedin section2.1 andappliedon differentobserved (or reconstructed)datasets
of MSLP, SST and precipitation. Among the 4 preferredwinter atmosphericstatesextractedby the
classi�cationalgorithms,two correspondto thenegative andpositive phasesof theNAO. Departingfrom
the traditionnallinear picture, the positive NAO regime shows a signi�cant eastward shift of the Azores
centre(about � ��� ) by comparisonto theoffshoremeridionaldipolealignedwith theIcelandicLow for the
negative NAO one. Ulbrich andChristoph[1] attributedthe observedeastward shift of the NAO centres
of actionto theglobalwarminginducedby thegreenhousegasesforcing. Theregimeapproachmodulates
this statementastheeastwardshift seemsto beintrinsically relatedto thepositive phaseof theNAO (it is
alsopresentwhenanalysesarelimited over the1900-1970period),the latterbeingpresumablyfavoredin
ananthropogenicperturbedclimate.

ThesimultaneousSSTanomaliesrelatedto the2 NAO regimesexhibit a rathersymetricaltripolestructure
betweenthe 2 phases,over the North Atlantic basin. This oceanicsignatureis primarily due to the
anomalousatmosphericsurfaceconditionswhich imprints their shapethrough latent and sensibleheat
�ux es(asdescribedin section2.3). However, laggedrelationshipsbetweenwinter regimesandprevious
summerSSTsanomaliesrevealasymmetricalfeaturesaccordingto thephaseof theNAO. Thenegativeone
is associatedwith the summeroceanicmodeextractedby linear techniquesanddescribedin section2.2
(Horseshoemode). The positive phaseis relatedto a reinforcedmeridional SST dipole betweenthe
LabradorSeaandtheGulf Streamarea.Both arealsolinkedto a con�ned equatorialsignalin thetropical
Atlantic. The existenceof the two midlatitudemodesare investigated.Compositesanalysesshow that
thesearelinked to thepreviouswinter SSTtripole andto thesimultaneoussummeratmosphericforcing.
Theasymmetrybetweenthetwo phasesis thusexplainedby thedifferencein thepersistenceof thewinter
to winter oceanictripole structure. A strongerSSTgradientin winter (positive NAO phase)is likely to
persistmorethana reducedone(negativeNAO phase)dueto thenonlinearitiesof theoceanicmixedlayer
stability. As explainedin section2.2, the persistenceof these2 modesis high enoughto further impact
theatmosphereat theearlybeginningof thefollowing winter whentheclimatologicalbackgroundis more
favorable. The oceanicanomaliesthenaffects the strengthand the pathof the synopticstormsleading
to a modi�cation andthe maintainof anomalousstationarywaves. The in�uence of the equatorialSST
anomaliesis setvia the2 local Hadley cellsover SouthAmericaandover theafricancontinent.Thelocal
modi�cation of the Walker cell betweenAfrica and SouthAmerica associatedwith the equatorialSST
anomaliesis indeedlinkedto theexistenceof locally modi�ed Hadley circulationaffectingthestrengthof
thejet-streamsbothoverFloridaandoverNorthAfrica. Thepersistenceof themodi�ed tropicaldynamics
is persistentfrom summerto winter, the extensionof the climatologicalstationarywavesat early winter
beingresponsiblefor the “junction betweenthe jet anomalies”consistentlywith theestablishmentof the
winterNAO phase.

Thisasymmetricalperspectivelinks tropicalandmidlatitudeforcings,bothplayingarole in themidlatitude
atmosphericcirculation variability. Basedon the persistenceof the oceanicmodesand knowing the
mechanismsat work, seasonalpredictabilityis thusconsideredandpresentlyunderinvestigation(see�g.
viii in the appendix). It is shown in this studythat it is essentialto have a global pictureof the climate
variability over the NAE region, being in�uenced by ENSO, the tropical Atlantic and the midlatitude
oceanicconditions. It is also crucial to take into accountthe asymmetryof the ocean-atmosphere
interactions.
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[1] U. Ulbrich andM. Christoph,(1999),A shift of theNAO andincreasingstormtrackactivity over Europedueto
anthropogenicgreenhousegasforcing,Clim. Dyn., 15.
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3 Seasonal Prediction

Theaimof theSeasonalPredictionprojectis to studyhow inter-annualclimateanomaliescanbeforecasted
someseasonsin advance.Sincea largepartof thememoryof theclimatesystemat thosetimescaleslies in
theupperocean,this requirestheuseof acoupledocean-atmospheremodelasrealisticaspossible,andthe
determinationof accurateinitial conditions,in particularfor theocean.Thisactivity is thenstronglylinked
to theglobaloceandataassimilationactivity (seechapter4).
After the completionof the DUACS Europeanproject early 2000, activities have focusedon further
exploitation of the existing experimentsin preparationto the DEMETER program. This included the
developmentof speci�c diagnosticsdescribedin thenext subsection.Their applicationsto thenumerical
experimentsarepresentedin thesecondsubsectionwith emphasisontheNorthernHemisphereandEurope.
TheDUACSexperimentshave beenfurtherusedto studythepredictabilityof ENSOthroughananalysis
of thetemperatureanomalygrowth modes,describedin thethird subsection.
Theupgradeof thecoupledpredictionsystemfor DEMETER,describedin thelastsubsection,beganat the
endof 2000,andconstitutedmostof thework in 2001.Its exploitationbeganat theendof 2001.

3.1 Technical aspects of seasonal forecasting (E. Maisonnave,
P. Rogel)

Since 1999, a seriesof ensembleforecastexperimentshas beendone within the context of DUACS
Europeanproject [GLO74]. Theseruns (using the coupledGCM OPA-8/ARPEGE-3-18f-cycle) were
concludedin January2000,producinga completesetof seasonalforecastensembles,throughtthe years
1995to 1999,(seeSection3.2).

Along this period,thetoolsdevelopedin theframework of DUACSfor preparation,launching,andcontrol
of seasonalexperimentson Mét́eo-FranceandECMWF Fujitsumachineswerenot substantiallymodi�ed,
exceptfor abettermanagementof thesuccessive launchingof ensemblemembers.Thiswasneededon the
VPP5000which powerenablesto run severalmembersduringonenight or oneweekend.Thosetoolsare
documentedin [GLO63].

Technicaldevelopmentsmainlyconsistedin creatingaframework in whichseasonalpredictionexperiments
caneasilybeanalyzed.Dataarestoredlocally atCERFACS,whichtakesfull bene�t of thestoragecapacity
andof its accessfrom theSGI-Origin2000for postprocessingpurpose.Thosediagnostics,basedonaseries
of scriptsandFortranprograms,allow to handlehundredsof overlappingshortcoupledexperimentsthat
constitutea setof seasonalpredictionensembles.Amongothers,it is easyto computeanddraw for each
variable:

� ensemblemeans,spreads,deviations;

� meanclimatedrift, with respectto observationsor analyses,andto removeit variableby variable;

� predictedanomalies,eitherensemblemeansor individual forecasts;

� comparisonwith observedanomalies,or with analyses;
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� predictionscoressuchas Anomaly CorrelationCoef�cients, or Root Mean Squareerrors,either
globallyor for selectedregions;

� predictedprobabilityof occurrenceof selectedevents;

� probabilisticscores(seenext section)for selectedregions...

In order to visualize modelsoutputsover geographicalcrucial areas,and consideringthe importance
of processeddata, new automatization tools were developed (Xmgr/Vairmer graphical software
parameterizationscripts,formatconverters� � � )
Finally, efforts weremadeon documentationtasks,concerningcouplingstrategy [GLO62] and[GLO64],
seasonalforecastpeculiaranalysistools[GLO63] andVPP700-VPP5000portingprocedures[GLO61].

This work madeeasierupgradingthe forecastchain usedon Demeterproject (coupledGCM ORCA-
2/Arpege-3-22a-cycle), seeSection3.3. The ORCA oceanmodelhasbeenrun �rst on the CerfacsSGI-
Origin 2000, and fully takesadvantageof the Compaqserver. The forced model begins to be usedon
new dataassimilationexperiments.Lots of technicaltaskshavebeenhandledto take into accountthenew
datastorageformatusedby ORCA(NETCDF).A largesetof diagnosticsarenow takeninto accountfrom
theSTATPACK softwaredevelopedat LODyC (providedby P. Terray)thatreplacesomefunctionalitiesof
Vairmer, andvisualisedthroughIDL andFERRET. This analysisandvisualisationlibrary is to becomea
standardtool for mostactivities dealingwith modeloutputsin theteam.

3.2 Seasonalpredictability studies in Northern Hemisphere and
Europe(Ph. Rogel)

In preparationfor theDEMETERproject,whosemainfocusis to studyatmosphericseasonalpredictability
in the Europeanregion, the DUACS coupledintegrationswereextendedto the March 1993- June1999
period,and to 9 members(insteadof 5). This ensemblesize is the minimum neededto sampleenough
atmosphericvariability in theregionsof interest,in orderto havereliableresultsonthepredictivecapability
of thecoupledmodel.
Classicalscores(ACC,RMSSS)havebeenapplied.Theresultshavealsobeenanalyzedover theNorthern
HemisphereandEuropeusingsomescoresstudiedin thePROVOSTproject.Thosediagnosticsarebased
onthechoiceof one“event” (e.g.temperaturelowerthanclimatology)for whichseasonalpredictionsystem
forecaststheprobabilityof occurrence.Thisprobabilitycanof coursebeestimatedonly from anensemble
of deterministicpredictions.Brier Scores,ROC CurvesandEconomicValuescores(see[GLO53]) were
thususedto evaluatethemodelpredictioncapability.

� The Brier scoremeasuresthe differencebetweenthe event predictedprobability from the coupled
systemandtheonefrom a“perfect” system(100%if theeventactuallyoccurs,0%if not). Thisscore
is illustratedin “reliability diagrams”(see�gure 3.1) which plots for eachforecastprobability the
ratiobetweenforecastedcasesthatactuallyoccurredandtotal forecastedcases;

� For a given event, a speci�c userof the forecastcould considerthat above a certainprobability
threshold,the event is to be consideredas forecasted. The Relative OperatingCharacteristics
(ROC) measuresthe relative variationsof “Hit rate” (goodforecasts)and“Falsealarmrate” (event
erroneouslyforecasted)whenthis probabilitythresholdvaries.This scoreis illustratedin �gure 3.2.
TheareaundertheROCcurveshouldbehigherthanthediagonalfor forecastingsystemthatis more
predictive thanclimatologicalforecast;
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� Economicvalue is linked to ROC, but weightsthe “Hit rate” and “Falsealarm rate” to compute
meanuser expenses,deducedfrom a simple economicsystemwhere a lost L is causedby an
unforecastedevent,anda costC is spentto preventthis lost if theeventis forecasted.For eachC/L
ratio andeachprobability threshold,�gure 3.2 measuresthe relative gainof usingcoupledforecast
versusclimatologicalforecast.This allows to determinean optimal thresholdfor eachapplication
characterizedby its C/L ratio.
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Theeventusedto producescoresin �gures 3.1and3.2 is “temperatureat 850hPalower thanclimatology”,
andtheveri�cation is theNCEPre-analysis.DataoverNorthernHemispherehavebeenconsidered.Scores
foundhere,andon othereventsandregions,arecomparableto resultsshown on ECMWF website. They
show thatourcoupledsystemhasapredictioncapabilitysigni�cantly higherthanclimatologicalprobability.
Theeffect of usingaltimeterdataassimilationdegradestheresults,asexpectedfrom our previousresults
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onENSOprediction.However, overEurope,they areimproved,maybedueto a samplingeffect,but more
probablyto thefactthatlessintenseENSOeventpredictedwith assimilationreducesthe(erroneous)PNA
extensionover theNorth Atlantic.

3.3 Ocean anomaly and error growth in the ocean fr om seasonal
prediction experiments(Ph. Rogel, H. Kamil , E. Machu)

In orderto betterunderstandpredictability, andmoreespeciallyin theocean,wehavedevelopedatoolbased
on [2] studyof the growth of SSTanomalies.This tool is basedon a statisticalevaluationof oscillatory
modesthat areeitherdampedor exponential. Sincethe systemis stable,it is found that all modesare
damped. The growth of oceananomaliesthus canonly be explainedby someconstructive interference
of thosemodesat someperiods. It is possibleto constructhow the modesshouldinterfere,what arethe
structureinitially andhow they evolve.

The initial studywasdonewith historicalSSTanomalies,andthe sameanalysiswasreproducedon the
coupledmodelSSTissuedfrom theDUACSexperiments.Results(Fig. 3.3)show thattheoptimalgrowth
structureof themodelandits evolutionover6 monthsis verysimilar to thatfrom realobservations,which
meansthat the modelinherentlyhasthe capacityto producerealisticseasonalandinterannualvariability
[GLO59].

This tool is currentlyusedto extendthestudyto otheroceanvariablesandthecorrespondingatmosphere
forcingasit appearsin thecoupledmodel.In theframework of theperfectmodel,it alsopavestheway to
abetterunderstandingof theENSOpredictability, in allowing thedescriptionof thestructuresthatproduce
moreor lessspreadinsideensemblesof coupledintegrations.This work will becarriedin 2002.

[2] C. PenlandandP. D. Sardeshmukh,(1995),Theoptimalgrowth of tropicalseasurfacetemperatureanomalies,J.
Climate, 8, 1999–2024.

3.4 Description and early results of the DEMETER seasonal
prediction system(Ph. Rogel, E. Maisonnave, E. Machu)

The beginning of the DEMETER Europeanproject has inducedseveral changesin the way seasonal
hindcastsarecurrentlyproduced.Besidestheevolution of thedataassimilationsystem(seesection4.4),
both oceanandatmospherecomponentshave beenupgraded,OASIS coupler(2.4 release,seesection6)
andthemethodto produceforecastensembles.

A new versionof theOPA globaloceancon�guration (ORCA2)hasbeenusedsincetheendof theyear.
It wasusedin collaborationwith LODyC, run on theCERFACSSGI-Origin2000,andportedon ECMWF
VPP700,which will be the machinededicatedto DEMETER hindcastproduction. The physicsof the
versionis closeto theolderone,but hasa new grid con�guration,andimplementsa freesurfacescheme
which allows easiercomparisonwith altimetry (andis a goodthing for assimilation).A � ve-yearforced
experiment(1986-90)with ERA15windsand�ux eswasinitially produced,andtheconstructionof ERA40
forcing is beingdonecurrently, following thereanalysisproduction.Thisversionis beingcoupledwith the
latestversionof ARPEGE-Climat,asusedatCNRM. Strategy to useERA40windsand�ux eswasde�ned
in collaborationwith CNRM andLODyC, andwe are in charge of the productionof the unassimilated
restartsbothfor LODyC andourselves,sothata thoroughcomparisonwith their resultswill bepossibleat
theendof theproject.
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Figure3.3: Seasurfacetemperatureinitial structureleadingto theoptimalanomalygowth in the tropical
Paci�c (top)andits maximumevolution four monthslater(bottom).

In theframework of PROVOSTandDUACS,theensembleconstructionstrategy wasbasedon initialising
thecoupledmodelwith atmosphericinitial conditionsfrom consecutivedayanalyses.For DEMETER,this
strategy waschangedto theuseof forcing perturbations(wind, �ux esandSST).Practically, a setof daily
wind perturbations,providedby ECMWF basedon differencesbetweentwo atmosphereanalysissystems,
and four setsof SST perturbationssimilarly built. This introducesinitial anomaliesin the ocean,thus
morepersistingthanatmosphericanomalies.Perturbedinitial conditionsarealsoprovidedto LODyC.This
ensemblingtechniqueis alsousedfor dataassimilationpurposein orderto assesssomeassumptionsabout
backgrounderrormodelling(seesection4.4).

Early resultsshow thatthemodelhasa warmbiasin thetropics(thusof theoppositesignasfor DUACS).
A few hindcastexperimentshave beenproducedsofar duringthe1987-88ENSO-LaNina period(Fig. vii
in the appendix)It shows that the model is ableto pick up the shift from warm to cold conditions. The
amplitudeis weaker for warmconditions,but asit correspondsto thevery beginningof theperiod,it may
bedueto thefactthattheoceanforcedmodelis still in spin-upmode.
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4.1 Thr ee- and four-dimensional variational assimilation for the
tr opical Paci�c Ocean
(A. Weaver, S.Ricci, E. Machu, P. Rogel)

Three-andfour-dimensionalvariationalassimilation(3D- and4D-Var) systemshave beendevelopedand
extensively validatedfor a rigid-lid, tropicalPaci�c versionof theOPA OGCM.This work hasbeendone
in closecollaborationwith the oceanmodellinggroupat LODyC andthe seasonalforecastinggroupat
ECMWF. ThetropicalPaci�c systemservesasanimportanttest-bedfor developmentsto theglobalocean
assimilationsystem(section4.4). An importantdesignfeatureof the assimilationsystemhasbeento
provide a cleardevelopmentpath from 3D- to 4D-Var. The systemshave beendevelopedfollowing the
incrementalapproach.Thecontrolvariableof thevariationalminimizationproblemis anincrementto the
backgroundestimateof the model initial conditionsat the beginning of eachassimilationwindow. The
fundamentaldifferencebetweenthe3D- and4D-Var formulationslies in the level of sophisticationof the
linear modelusedto transportthe incrementbetweenobservation times. In 3D-Var, a simplepersistence
modelis used,whereasin 4D-Vara dynamicalmodelderivedfrom thetangent-linear(TL) of OPA is used.
Theincrementalformulationof 3D-Var(alsoknown as3D-FGAT for First-GuessatAppropriateTime)can
be viewed asa limiting caseof incremental4D-Var in which the TL operatoris replacedby the identity
matrix. In both systems,observationsareassimilatedat their appropriatetimessincethey arecompared
directly to thebackgroundstatewhich is propagatedin timeusingtheOGCM.

Theassimilatedobservationsconsistof aqualitycontrolledsetof in situtemperaturemeasurementsfrom the
GlobalTemperatureandSalinityPilot Programme(GTSPP).Thisdata-setincludesmeasurementsprimarily
from theTAO arrayandXBT network. Thesystemshavebeencycledfor theperiod1993-98usinga10-day
assimilationwindow in 3D-Var anda 30-daywindow in 4D-Var. The referenceexperiment(the control)
is an integrationof the oceanmodelwithout dataassimilation;i.e., usingthe past-historyof the surface
forcingastheonly sourceof information.A meridional-verticalsectionof the1993-96averagetemperature
at140

�
W is shown in Fig. 4.1for 4D-Var, 3D-Varandthecontrol.Thethermoclinestructurein thecontrol

experimentis toodiffusecomparedto observations.To compensatefor this problem,theassimilationof in
situ temperaturedata,in both3D- and4D-Var, producesa largemeancorrectionto thethermal�eld, which
resultsin acolderthermoclinewith increasedstrati�cation. Thetilt of theisothermsin theNorth-Equatorial
CounterCurrent(NECC)regionbetween5

�

N and10
�

N is considerablyreinforcedin bothdataassimilation
experiments.Thethermoclinetightnessandtilt is strongerin 4D-Var thanin 3D-Var (cf. Figs.4.1a andb,
near7

�

N). This steepeningof themeridionaltemperaturegradientresultsin a moreintenseNECCwhich
is closerto observedclimatology.

Theassimilationimprovesnotonly thethermalmeanstatebut alsovariability on interannualdown to daily
time-scales.For example,Fig. 4.2shows thedaily depthof the20

�

C isotherm(D20) at 140
�

W, 5
�

N from
TAO dataandfrom the3D-Var, 4D-Var andcontrol experiments.The largeoscillations(up to 60mfrom
peakto trough)at a 30- to 40-daytime-scalecorrespondto tropical instability waves(TIWs). Thereis no
TIW activity duringtheApril-to-Juneperiod.Thecontroland3D-Vardonotexhibit clearTIW variability.
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In 4D-Var, however, theTIWs arereproducedwith thecorrectphaseandamplitude.This is animpressive
exampleof theability of 4D-Var to �t variability in thedatahaving a time-scalecomparableto or shorter
thanthe30-dayassimilationwindow.
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Figure4.1: Meridionalsectionalong140
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W of the1993-96averagetemperaturein a) 4D-Var, b) 3D-Var,
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Figure 4.2: Time-seriesof the daily averagedD20 during 1994 at 140
�

W, 5
�

N. The thick solid curve
correspondsto the (assimilated)TAO in situ data,the solid curve to 4D-Var, the dashed-dottedcurve to
3D-Var, andthedashedcurveto thecontrol.

4.2 Background-error covariancemodelling
(A. Weaver, S.Ricci, E. Machu, A. Piacentini, P. Rogel,
L. Bessi�eres)

An important elementof the data assimilationsystemis the statistical model used to representthe
background-errorcovariances. In a variationalassimilationsystem,the statisticalmodel is embedded
within a covarianceoperatorthat is appliedin a preconditioningtransformationon eachiterationof the
minimization algorithm. The numericalef�ciency of the covarianceoperatoris critical, especiallyfor
dataassimilationproblemsinvolving largestatevectors(typically greaterthan � � � componentsfor global
oceanapplications).Theoperatorshouldalsobe�e xible enoughto capturethemaincharacteristicsof the
availableestimatesof thebackground-errorcovariances.

An error-covarianceoperatormay be split into two main components:a univariatecomponentand a
multivariatecomponent. The univariatecomponentaccountsfor the auto-covariancesof errors in the
individual statevariables,while the multivariatecomponentaccountsfor the cross-covariancesbetween
errorsof differentstatevariables.For modellingtheunivariatecomponent,a generalcorrelationoperator
hasbeendevelopedusinganalgorithmbasedonanumericalintegrationof ageneralizeddiffusionequation
[GLO16].

The model is suf�ciently �e xible to accountfor a variety of desirablefeaturesin a correlationmodel:
functions with a wide rangeof shapesand spectralcharacteristics(Fig. 4.3); 2D and 3D anisotropy,
geographicallyvaryinglengthscales,and�o w dependence(Fig.4.4).Moreover, it is particularlywell suited
for applicationin domainswith complex boundaries,suchasoceanbasins. The (generalized)diffusion
algorithmis currentlysolved usingan explicit forward-differencingscheme.An implicit schemeis also
being implementedto extend the rangeof functional forms permittedby the correlationmodel and to
reduceits numericalcost. This work is being donein closecollaborationwith the Parallel Algorithms
groupat CERFACS,usingsoftwarefrom theHarwellSubroutineLibrary (HSL).

The multivariatecomponentof the covariancemodelis beingdevelopedusinga powerful techniquethat
involvesseparatingthe model statevariablesinto balancedand unbalancedcomponents.The balanced
componentsof the statevectorarede�ned througha setof linear transformations.A numberof balance
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Figure4.3: An exampleof threedifferentcorrelationfunctionsthatcanbegeneratedusingthegeneralized
diffusion equation. The left panelshows their variancepower spectrum;the right paneltheir grid-point
values.Thesolid curvecorrespondsto a Gaussian.Importantfeaturesof thefunctionsarethatthey canbe
oscillatoryin grid-pointspace(dashedcurve,right panel)andcanhaveawiderangeof spectraldecayrates
(dottedanddashedcurves,left panel).

transformationshavebeendevelopedandarecurrentlybeingtestedin thetropicalPaci�c model.Figure4.5
shows an exampleof a salinity incrementgeneratedfrom a temperatureincrementusinga linearizedT-S
relationin the covariancemodel. Multivariateconstraintsbetweenthe massandvelocity errorsarealso
beingtestedusinghydrostaticandgeostrophicbalancerelationships(with ahigh-ordergeostrophicrelation
appliedneartheequator).

The free parametersof the error-covariancemodel (correlation length scales, variances,regression
coef�cients in the balancetransformations)arebeing tunedusing time-averagedstatisticsof differences
betweenmembersof anensembleintegration.Eachmemberof theensemblehasbeengeneratedby forcing
the oceanmodel with slightly differentsurface�ux es. Suchan ensembleis designedto sampletypical
uncertainty(backgrounderrors) in oceansimulations. A similar approachis being usedfor ensemble
seasonalforecastingin theDEMETERproject.

4.3 Model error estimation in four-dimensional variational
assimilation
(P. Vidard, A. Piacentini, A. Weaver)

In formulatingthe4D-Var, it is commonto assumethat thenumericalmodelis perfect.For example,this
assumptionhasbeenmadein theOPA 4D-Var describedin section4.1. Thereasonfor this assumptionis
primarily practical,but is dif�cult to justify sinceoceanmodelsareknown to have numerousde�ciencies
(e.g., systematicerrors). Theseerrors can lead to signi�cant biasesin the analysesproducedby 4D-
Var. New methodsaimedat relaxingtheperfect-modelassumptionin 4D-Var have beeninvestigated.In
particular, anew formulationof the4D-Varhasbeenproposedthataccountsexplicitly for systematicmodel

110 Jan.2000– Dec.2001



CLIMATE MODELLING & GLOBAL CHANGE

0.20

0.20

0.40

0
.6
0

0.
80

Minimum = 0.00, Maximum= 1.01

15S 10S 5S 0 5N 10N 15N
Latitude

200

150

100

50

0
D

e
p

th
 (

m
)

0.20

0.20

0.40

0.40

0
.6
0

0.
80

Minimum = -0.03, Maximum= 1.01

15S 10S 5S 0 5N 10N 15N
Latitude

200

150

100

50

0

D
e

p
th

 (
m

)

Figure4.4: An illustrationof differentcorrelationstructuresthatcanbegeneratedfrom thediffusion-based
correlationmodel. The vertical axis is depth; the horizontalaxis is latitude. The left panel illustrates
an auto-correlation�eld de�ned in a geopotentialcoordinatesystem. The right panelshows the auto-
correlation�eld de�ned in an isopycnalcoordinatesystem(cf. with themeridionalsectionof thethermal
�eld at �

�
�

in Fig.4.1a).

error, resultingfrom, for example,missingmodelphysics.This is doneby includinga biascorrectionterm
in themodelequationsto compensatefor themissingphysics.The time-evolution of thebiasis speci�ed
by a deterministicbiasmodel.Theinitial conditionof thebiasmodelis assumedto beunknown, however.
Theinitial conditionof boththebiasandthemodelstatevectorarethenestimatedtogetherin the4D-Var
minimizationproblem. (In the classicalformulationof 4D-Var, it is only the initial statevector that is
estimated).

Identical-twin experimentshave been performed using a shallow-water model in which simulated
(altimeter)observationsof sea-surfaceheight are assimilatedin a model contaminatedwith systematic
error, the latter being imposedby incorrectly specifyingthe windstressforcing and mixing coef�cients
relativeto thoseusedin themodelrunto generatethe“observations”.Figure4.6(left panel)showshow the
analysisfrom 4D-Var with a biascorrectionterm(modelledhereasa time-independentbias)canleadto a
signi�cant improvementover a 4D-Var without biascorrection.A particularlyintriguing questionis what
to dowith themodelcorrectiontermin anensuingforecast.Figure4.6(right panel)suggeststhattheremay
besubstantialbene�t to forecastquality if this termis persistedinto theforecaststep.

The 4D-Var with model bias correctionhasalso beenimplementedin OPA and testedusing the same
con�gurationdescribedin 4.1.Experimentsshow that4D-Varwith biascorrectionis ableto alleviatesome
of thede�cienciesin theoriginal systemin which initial conditionsaretakenascontrolvariables;e.g.,by
reducingthesizeof the“jumps” betweenanalysissteps,andby correctinga salinitydrift.
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Figure4.5: An exampleof how the linear T-S balancecanbe usedto reconstructa salinity perturbation.
The temperatureand salinity perturbations( �
� and ��� ) have beengeneratedfrom wind-perturbation
experimentsperformedwith theglobal(ORCA) model.Theleft panelshowsa �
� pro�le at theequatorin
thecentralPaci�c, andtheright panelthecorrespondingreconstructed��� pro�le. Themiddlepanelshows
the“true” ��� pro�le. Notethatthereconstructedpro�le is verycloseto thatof thetruepro�le exceptin the
mixed-layerwhereT-S conservationbreaksdown.

4.4 Development of thr ee- and four-dimensional variational
assimilation for the global ocean
(A. Weaver, P. Rogel, A. Piacentini, E. Machu, S.Ricci)

Thepresent3D- and4D-Var systemshave beenextensively validatedin thetropicalPaci�c basin.Global
versionsarebeingdevelopedfor the free-surfaceORCA-versionof OPA. ORCA is theoceancomponent
of two coupledmodels(ORCA2-ARPEGEand ORCA2-IFS) being usedfor seasonalforecastingand
dataassimilationin the EC-FP5projectsDEMETER and ENACT. ORCA is also the prototypeglobal
con�gurationfor MERCATOR.

One of the main reasonsfor developing the global assimilationsystemsis to provide improved ocean
analysesfor seasonalforecasting(DEMETER,ENACT).The3D- and4D-Varsystemsarebeingdeveloped
togethersince, apart from the TL and adjoint models, they shareall other components. 3D-Var is
computationallymuch less expensive than 4D-Var and henceis potentially more practical for high-
resolutionapplications.It alsoprovidesa naturalreferencefor evaluating(the morecostly) 4D-Var. The
importantdevelopmentsthathavebeenmadespeci�cally for theglobalsystemsinclude:

� extendingthecontrolvectorto includeaninitial conditionincrementfor sea-surfaceheight(SSH);

� relatedextensionsto thebackground-errorcovariancematrix to includeadiffusion-basedcorrelation
modelfor SSH;

� ageneral2D interpolation(observation)operator, andits adjoint,for usewith thedistortedhorizontal
grid of ORCA;
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Assimilation Prédiction

Figure4.6: RMS error in the sea-surfaceheightas a function of time (negative dayscorrespondto the
assimilationtime-window, positive dayscorrespondto the forecast)for 4D-Var without bias estimation
(solid curve), for 4D-Var with bias estimationbut with the correctionterm droppedduring the forecast
(dashedcurve), and4D-Var with biascorrectionandwith the correctionterm persistedinto the forecast
(dottedcurve).

� a 1D splineinterpolation(observation)operator, andits adjoint,for theverticalgrid;

� theTL andadjointof thefree-surfacemoduleof ORCA;

� a simpli�ed TL andadjointof isopycnalandeddy-induceddiffusionparametrisations.

Validationof thesystemsis currentlyin progress.
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5 The PALM software for data assimilation
applications

5.1 Implementation of the PALM prototype ( F. Guevara, T. Mor el,
D. Déclat, C. Martin , S.Buis, E. Gondet, A. Piacentini)

Thedesignof thePALM softwareprototypewasde�ned in thepreviousphasesof theMERCATORproject.
Thecodinghasstartedin 1999andthe�rst applicationswith theearliestversionsof theprototypedateback
to the secondsemesterof 1999. The experienceobtainedwith theseapplicationsandthe increaseof the
manpower allocatedto thePALM projecthave permitteda thoroughrewriting of thePALM prototypein
2000and2001.
While keepingthethreemaincharacteristicsof theold version(Fortran90 programming,SPMD- Single
ProgramMultiple Dataparadigm,MPI1 messagepassinglibrary), the rewritten prototypepresentsmany
new featureswhich make it closerto what the �nal implementationof PALM will be. In particular, the
internalmodularityof thecodehasbeengreatlyimproved,makingneaterthe role of eachcomponentof
PALM. The PALM driver hasbeenenhancedin order to correctlyhandleraceconditionsbetweenunits
on separatebranches.The internalstoragehasbeenentirely rede�ned: it is now morecompactandthe
accessandupdatetime of theinformationhandledby thedriverarelargely improved.Thecommunication
functionsaresaferandtheproblemof thetemporarystorageof largedatabetweenpostingandreceptionhas
been�x ed. Thegraphicalinterfacehasbeencompletelyrewritten. Its ergonomicsis greatlyenhanced,the
coherency checkshavebeenimproved,the�rst functionsfor theexecutionpost-mortemanalysishavebeen
implementedandtheissueof thealgorithmdescriptionthroughthegraphicalinterfacehasbeenaddressed.
A thoroughstudyon the implementationof the parallelcommunicationsandof thealgebraicsolvershas
beencarriedon [GLO65]. Thede�nition of thefunctionalitiesto beimplementedin thealgebratoolboxis
summarizedin [GLO40]. Theimplementationof thealgebraickernelhasstartedat theendof theyear.
At theoverall level, thecodeis portedonSGI02000,onFujitsuVPP700andVPP5000,onCompaqSC232
andonNEC SX5andit hasbeenoptimizedto takeadvantageof vectorarchitectures.
The sourcesof the PALM prototypeandof the graphicalinterfacePrePALM PROTO are handledwith
CVS.
Thelatestdocumenton thestateof playon thePALM prototypeis [GLO67].

5.2 Documentation and Training for the PALM prototype
(A. Piacentini, T. Mor el, S.Buis)

The PALM prototypehasbeendeliveredat the end of 2001. Its useis free for researchpurposesand
is encouragedfor the MERCATOR relatedassimilationactivities. That makesa gooddocumentationa
necessary“atout” for thediffusionof thesoftware.
ThePALM projectis thoroughlypresentedon thewebsite: http://www.cerfacs.fr/˜globc
Thesoftwareis providedwith an installationguideanda userguide. Theuserguideincludesa tutorial to
goprogressively throughall thefeaturesof thePALM prototypeandof its graphicalinterfacePrePALM.
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A threedaytrainingsessioncanbeprovidedif necessary. Onetrainingwasgivenin december2001to part
of theMERCATORstaff anda secondsessionis plannedfor january2002.
The PALM team provides a constant user support for the PALM products. The mail address
palmhelp@cerfacs.fr canbeusedby all usersto contactthePALM team.

5.3 Development of a PALM breadboard (A. Piacentini, P. Vidard,
V. Auffray )

Theprototypingactivity is naturallyaccompaniedby an extensive testingof thenew code. With theaim
of testingthe �e xibility , the performancesandtheportability of the PALM prototypeandof its interface
PrePALM PROTO, a benchcasehasbeendesigned.It is basedon a 2D Shallow Waternonlinearmodel
andit makesuseof its lineartangentandadjointversions.Themodelshavebeendevelopedandsetinto the
PALM formalism(seesection4.3).
Thesemodelshavebeenusedto implementa3D-Varanda4D-Varassimilationscheme[GLO35]. Starting
from theseassimilationschemes,the benchcasehasbeenimprovedandit includesnow twelve different
casesimplementingthe3D-Var, the3D-FGAT, the3D-PSAS,the4D-Var, theincremental4D-Varmethods
with differentminimizers.
Thisbenchcaseis thebaseof thedevelopmentof anadvancedtutorial for thePALM prototypeapplications
in dataassimilation.

5.4 Investigation of minimization algorithms and software
(A. Piacentini, A. Sartenaer, S.Buis, J. Tshimanga)

PALM providesanalgebraictoolbox to handlethemostcommonoperationsin dataassimilation.A very
importantelementin variationaldataassimilationis theminimizer: variationalassimilationis posedasa
non-quadratic,very largescaleoptimizationproblem.
In orderto choosethemostsuitablealgorithmsandthemostperformingimplementations,we explore the
existingsoftware,usingtheShallow Waterbreadbordasbenchcase.
This topic is treated in collaborationwith the Parallel Algorithm team at CERFACS and with the
MathematicsDepartmentof theUniversityof Namur(Belgium).

5.5 Design and implementation of the �nal version (D. Déclat,
E. Gondet, T. Mor el, F. Guevara, S.Buis, A. Piacentini)

The �nal versionof PALM will be provided to the MERCATOR projectby the endof the �rst semester
of 2003. Startingfrom theexperienceobtainedwith thePALM prototype,thePALM grouphasdesigned
andde�ned theMPMD (Multiple ProgramsMultiple Data)versionof PALM. This versionis identi�ed as
PALM MP. The technicalsolutionsto be retainedfor this versionstrictly dependon what the computer
constructorsandthesoftwareproviderswill provide for thenext generationsof supercomputers.For this
reasonaclosecontactwith themainconstructorsis animportantissueduringthephaseof design.A special
collaborationhavebeenestablishedwith theFECIT teamof FujitsuEurope.
Thespeci�cationsfor theinternalstructureof PALM MP aresummarizedin [GLO66]. This is thestarting
point of the subdivision of the developmentof the codecomponentsamongthe membersof the PALM
team.A strict managementof the teamwork is necessaryto follow thedevelopmentcalendarimposedby
theMERCATORplanning.
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Theimplementationof the�rst linesof the�nal versionhasbegunat theendof theyear2000[GLO46]. By
theendof 2001thePALM prototypeversionhasbeenfrozen(but for maintenance)andall themanpower
hasbeenswitchedto thePALM MP implementation.

5.6 Applications of PALM (B. Tranchant, J.M. Lellouche,
Th. Lagarde, S.Massart)

5.6.1 Application to the MERCATOR prototype

The PALM prototypeis usedto implementthe dataassimilationsuite in PSY1, the �rst prototypeof
the operationaloceanforecastingsystemof the MERCATOR project. Satellitedataare assimilatedin
a primitive equationmodel of the North Atlantic with a horizontal resolutionof 1/3




(MNATL). The
assimilationschemeis thesub-optimalinterpolationmethodfrom SOFA3.
During2001thesecondMERCATORprototypePSY2hasbeenimplemented.Satellitedataareassimilated
in aprimitiveequationmodelof theNorthAtlantic andMediterraneanwith ahorizontalresolutionof 1/15




(PAM). Theassimilationschemeis thesub-optimalinterpolationmethodfrom SOFA3.

5.6.2 Investigationof saddlepoint type algorithms

In [GLO33], a new classof variational data assimilationmethodshas beenintroducedbasedon the
formulationof theoptimizationproblemsasa saddlepoint search.This classof methodcanbeconsidered
asacontinuumbetweenthewell known primalanddualformulationsof thevariationalassimilation.These
new methodshave beentestedand comparedwith the classicalformulationson a simple model. The
implementationtakesadvantageof PALM modularityandparallelismconcepts.

5.6.3 Model error estimation in four-dimensionalvariational assimilation

In [GLO34], the PALM prototypehasbeenusedfor the �rst time to realisea full sizedataassimilation
applicationwith PALM. Furtherdetailson thiswork aregivenin theprevioussection.

5.6.4 Data assimilation for atmosphericchemistry

The aim of this work is the extensive comparisonsof data assimilationmethodsmethodsfor new
applications.Simpli�ed modelsfor atmosphericchemistryhave beenusedin orderto comparedifferent
variationalformulationsand�lters [GLO18]. This work is theobjectof a collaborationwith EDF/DER.
The comparisonof data assimilationmethodsfor simple pollution models is also the object of the
collaborationwith INRIA/IDOPT and ENPC/CEREVEin the framework of the `Action de Recherche
Collaborative' COMODE.

5.6.5 Application to Numerical WeatherPrediction

ThePALM groupis involvedin ascienti�c andtechnicalcollaborationwith SMC(Servicemét́eorologique
du Canada)aimedto setthebasisfor theuseof PALM in thenext operationalforecast/assimilationsuite.
As a counterpart,SMC will take part in somespeci�c developmentof the�nal versionsof PALM andwill
insuretheportingto thesupercomputersinstalledat SMC.
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Figure5.1: The3D-FGAT methodasseenthroughthePrePALM PROTO interface

CERFACSACTIVITY REPORT 117



6 The OASIS coupler and applications

6.1 Development of the OASIS coupler and the PRISM project
(S.Valcke, L. Terray, A. Piacentini)

Constantlyimproving theOASIS software,anew versionOASIS 2.4wasreleasedin June2000.Themain
addition in this new versionis the possibility of using the emerging standardMPI2 asmessagepassing
library within theCLIM communicationtechnique.This improvementwasrealizedin collaborationwith J.
Latour from Fujitsu/FECIT. Anotherimportantimprovementwasthenew possibilityof usingtheGMEM
technique-introducedin OASIS 2.3- to couplea MPI parallelmodel.

Con�rming theCERFACSasa centralactorin thecoupledclimatemodellingcommunity, aninternational
workshopon the“TechnicalAspectsof FutureSea-Ice-Ocean-Atmosphere-BiosphereCoupling”gathering
about70scientistsandengineerswasorganizedjointly by CERFACSandFUJITSUin Toulousein October
2000.Theobjectiveof theworkshopwasto assessthefutureneedsin sea-ice-ocean-atmosphere-biosphere
coupling. The workshopwas very successfulthanksto the active participationof all peoplepresent.
The conclusionsof this workshophelpedthe OASIS teamto identify the preferredlong-term OASIS
developmentaxes:

� designa generic interface to be usedin the modelsallowing a standard,and possibly parallel,
communicationwith OASIS;

� improveanddeveloptheinterpolationfunctionalitiesof OASIS;

� parallelizeandoptimizeOASIS internalfunctionalities.

All theseaspectswill in factbedevelopedin theframework of thePRISMprojectfundedby theEuropean
CommunityunderFramework Program5, thatstartedonDecember1st2001.Theobjectiveof PRISMis to
realizea�e xible infrastructurewhichwill facilitatetheassembling,executionandpost-processingof global
coupledmodelsfor climatemodelling. ThePRISM Systemwill be basedon componentmodelsexisting
in differentEuropeaninstitutionsthat will be modi�ed to incorporatestandardinterfaces. The coupler
will be basedon OASIS; CERFACS is thereforeleadingthe workpackageon the couplerdevelopment
thatwill bring an additionalresourceof 88 person-monthsfor theOASIS development.Thework on the
OASIS/PRISMcoupleralreadystartedwith a workpackagepre-projectmeetingin Toulousein October
2001.

6.2 OASIS applications (L. Terray, S.Valcke, P. Rogel,
E. Maisonnave)

The OPA-OASIS-ARPEGEcoupled model assembledin the framework of our seasonalforecasting
activities effectively producedhundredsof shortcoupledrun thatwerescienti�cally analyzed(seesection
3).
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A control simulationanda scenarioexperimentbasedon anotherversionof the OPA-OASIS-ARPEGE
coupledmodel, were also realizedat the CentreNational de RecherchesMét́eorologiques(CNRM) of
Mét́eo-France.This scenariotakesinto accounttheanthropogenicincreasein greenhousegasesandtheir
potentialeffect on the ozonephoto-chemistryconsideringhomogeneousand heterogeneouschemistry.
The scienti�c assessmentof the control run simulatedclimatology has alreadystarted,especiallythe
characterizationof theNorthAtlantic Oscillationvariability.

Finally, anew CGCMusingthemodelandcouplerlatestversions(OPA/ORCA2,ARPEGEV3, andOASIS
2.4)wasassembledandis now running.This CGCM is beingusedin thePREDICATE projectto perform
a long 150-yearsimulationto studythenaturalvariability of thecurrentclimate(seesection2).
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7 The MERCATOR Prototypes

LaureSiefridt andLaurenceFleury

TheMercatorprojectdevelopsseveraloceancirculationmodellingandassimilationsystemsto bothserve
the internationalGlobal OceanData Assimilation Experiment(GODAE) and the future French`Centre
d'OcéanographieOpérationnelle'. Two researchaxis have beenselected.The `PrototypeAtlantiqueet
Méditerrańee' (PAM) is designedto investigatevery high resolutionforecastingfeasabilityover a region
thathasalreadybeenwidely studied.The`PrototypeOcéanGlobal' (POG)addressestheglobalobjective
of GODAEandbene�ts from thepreviousPAM implementation.

7.1 The North Atlantic and Mediterranean Prototype: PAM
(L. Siefridt )

TheAtlantic andMediterraneanMercatorprototypeis averyhighresolution(5 to 7 km) forecastingsystem
that includesmany featuresof theglobaloceanMercatorsystemandthatwill run in anoperationalmode
in 2002.
Its implementationis basedontheOPA8.1oceangeneralcirculationmodeldevelopedatLODyC (Paris)and
bene�tedfrom theexperiencegainedwith the lower resolution(1/3




) MNATL con�guration. This model
hasbeeninheritedfrom the Frenchmulti-laboratoryCLIPPERresearchproject [8] aiming at simulating
theAtlantic basincirculation. It is usedasa handyresearchanddevelopmenttool. Moreover it is partof
the�rst Mercatoroperationalsystemwhich is usedfor real time analysisandforecastssinceJanuary17

���

2001.
ThePAM modelcon�gurationwasdesignedin 1998,implementedandtunedin 1999and2000.Sensitivity
testshave beenconductedduringtheyears2000and2001.They have led to theachievementof a 11-year
simulationexperimentin a spin-upmodeandof a 1998to 2000interannualsimulation. The interannual
simulationshowsverypromisingresultsandis actuallyunderevaluation.

Along side, the implementationof the MercatorAssimilationSystem(SAM) hasbeenperformed. The
�rst systemis basedon theSOFA3 optimal interpolationscheme[7] andon thePALM [GLO67] software
which enablesthe couplingbetweenthe modelandthe assimilationscheme.It is designedto evolve by
adoptingmoreandmorecomplex assimilationalgorithms.

Activitiesduring2000and2001haveconsistedin:
� performingMNATL 1/3




simulationsto assesstherelevanceof thePAM strategy;

� processingandevaluatingtheforcing �ux es;

� performingsomesensitivity experimentswith thePAM model;

� designing,performingandvalidatingmultiannualPAM modelsimulations;

� designingthe�rst SAM system(SAM-1) andimplementingit in theMNATL 1/3



model;
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� testingthemultiprocessorapproachof SAM-1 beforeits implementationin thePAM system;

� fully couplingtheSAM-1 systemto thePAM model;

� studyingtheimplementationof a SEEKassimilationschemefor theSAM-2 version.

Next stepswill concerntheimplementationin theoceanmodelof numericalschemesandparameterisations
validatedin theresearchcommunity:theBeckmannandDöscherBottomBoundaryLayermethod[3], the
KPP[5] mixing schemeandtheTVD [4] or MUSCL [6] advectionscheme.Thesouthernboundarywill be
further investigated.The introductionof temporalvariability will �rst be testedin theactualbuffer zone.
As analternative representationof thePAM southernlimit, anopenboundaryis beingintroducedat 9




N.
Theobjective is to make themodelmorerealisticandprepareit to comunicatewith theglobalprototype.
On theotherhand,theSAM-1 schemewill beupgradedwith multivariateassimilation.A reanalysiswill
be performedfrom 1993to 2001with the PAM/SAM-1 system.A posteriori diagnosticsof the analysis
andtheassimilationschemearefurthermorebeingimplementedin thesystemfollowing themethodology
of O. Talagrand[9].

[3] A. Beckmannand R. Dörscher, (1997), A methodfor improved representationof densewater spreadingover
topographyin geopotential-coordinatemodels.,J. Phys.Oceanogr., 27, 581–591.

[4] I. James,(1996),Advectionschemesfor shelfseaoceanmodels,J. Mar. Sys.

[5] W. Large,(1998),Modelingandparameterizationoceanplanetaryboundarylayers,E.P. ChassignetandJ. Verron
(Eds),OceanModelingandParameterization,Kluwer AcademicPublishers.

[6] M. Levy, A. Estubier, andG. Madec,(2001),Choiceof anadvectionschemefor biogeochemicalmodels,GRL.

[7] P. De Mey andM. Benkiran,(2000),A multivariatereduced-orderoptimalinterpolationmethodandits application
to the Mediterraneanbasin-scalecirculation,OceanForecasting:Conceptualbasisandapplications,N. Pinardi,
Springer-Verlag, in press.

[8] ProjetClipper, (2001),Modélisation�a hauterésolutiondela circulationdansl'océanAtlantiqueforcéeet coupĺee
océan–atmosph�ere– RapportFinald'Activité Scienti�queet Technique,Tech.Rep.CLIPPER-R1-2001.

[9] O. Talagrand,(1998),A posteriorievaluationandveri�cation of analysisandassimilationalgorithms,proceedings
of WorkshoponDiagnosisof DataAssimilationSystems,Reading, England,2-4 November1998.

7.1.1 The MNATL 1/3� studies

7.1.1.1 The southern buffer zonede�nition (L. Fleury)

ThePAM domainextendsfrom 9 to 70



N. Thesouthernboundarylocationmaybequestionablebecause
it excludesthetropicalvariability andmaydefavour thesouthernfeedingof theGulf Stream.To assessthe
in�uenceof selectingthepreciselocationof thesouthernboundary, wecomparedtheresultsof two 10-year
simulationsperformedusingtheMNATL 1/3




modelover two differentdomains,the �rst oneextending
from 20




S to 70



N andthesecondonefrom 9



N to 70



N. Thetime-meancirculationaswell astheeddy
kineticenergy presentsimilarpatternsandintensitiesalongthetwo simulations.
Thedesignof thesouthernbuffer zonehasthenbeentestedin the1/3




model. TheCaribbeanSeais free
from any relaxationand the restoringcoef�cients pro�le follows a trilinear shapeandcorrespondsto 3
daysat thesouthernlimit, to 3.3daysat 10.5




N, to 30daysat 15



N and100daysat17



N.

7.1.1.2 The CE98 forcing assessment(R. Bourdall é-Badie, L. Fleury)

Two 10-yearspinup have beendesignedfollowing thetwin experimentmethodology. They only differ by
the surfaceforcing appliedasa perpetualyear. In onesimulation,the model is forcedby climatological
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�ux es,whicharethelong-termaverageof the1979-93ECMWFreanalysis�ux es.In thesecondsimulation
it is forcedby theoperationalECMWFforecastsfrom March1998to February1999(CE98).
The aim of the study is to assessthe so-calledCE98 atmosphericforcing and its impact on the ocean
simulation,asit forcesthePAM modelin its spin-upsimulation.
At the basin scale, the two different forcing setsas well as the simulatedoceancirculationspresent
comparablefeatures.However, a large differenceis exhibited concerningthe convectionin the northern
Atlantic which is partly inhibited in the simulationforcedby CE98. As a consequence,a decreaseof 2
Sverdrupis observedin themeridionaloverturningstreamfunction.
Moreover, differencesare observed in the Caribbeanbasinwherethe CE98 winds are relatively weak.
Despitea differentpatternof the circulation in the CarribeanSeaand in the Gulf of Mexico, the Gulf
Streamhasa similar intensityin thetwo simulations.

7.1.1.3 The lateral friction scheme(R. Bourdall é-Badie)

Thelateralboundaryconditionin thePAM highresolutionmodelhasbeenchosento beafreeslip condition.
A noslipconditionhasbeentestedin PAM andledto lesssatisfyingresults:thetransportsthroughthemajor
straitsaredecreasedanda largeandstaticeddyappearedat theseparationof theGulf Stream.
A new parameterisationof the lateralfriction called`no slip accurate'is introducedin the lastOPA code
version.Furthermore,a`hybridcondition' thatgeographicallydiscriminatestheapplicationof aclassic̀ no
slip' conditionanda `freeslip' conditionhasbeendesigned.
Sensitivity testshave beenperformedwith theMNATL con�guration andhave focusedmorespeci�cally
on theCaribbeanbasinandGulf Streamseparation.
TheGulf Streamseparationfrom thecoast,andmorepreciselythe turbulentstructuresthataregenerated
there,arevery sensitive to the lateral condition. Using the `no slip accurate'parameterisationdoesnot
improve the separationof the jet that exhibits againa staticeddy. The `hybrid condition', with the `free
slip' condition appliedover identi�ed small regions of the Caribbeanbasinand the `no slip' condition
everywhereelse,hasshown veryencouragingresults.ThetransportsthroughtheCaribbeanstraitsareeven
increased.
This study will be pursued. Someparametersof the `no slip accurate'condition needto be further
investigated.On theotherhand,anautomaticdiscriminationof thestrait locationsshouldbeimplemented
for the`hybridcondition'.

7.1.2 Evaluation of the forcing �uxes (L. Siefridt , H. Perez)

A global and regional evaluationof the ECMWF operational�ux eshasbeenperformedover the CE98
(March1998to February1999)period. While a �rst investigationindicatesthat thenetheat�ux entering
theoceanis globallybalanced,verystrongregionalbiasesareidenti�ed with theintroductionof theTL319
ECMWF new truncationgrid. In particular, an irrealistic cloudcover is presentat theEquator, just south
of thesouthernboundaryof thePAM model.Moreover, theclearsky atmosphereis too transparentto the
solarincomingradiationsleadingto toomuchincomingenergy atnorthernmid latitudesandoverestimated
gradientsin thenetheat�ux. Then,while biasesin evaporationandprecipitationcompensateover warm
boundarycurrents,theoverallnetfreshwater�ux exhibits toomuchfreshwaterincome.
In other respects,the Mediterranean�ux es are found consistentsincethe introductionof the new grid
truncationbecauseof thebetterrepresentationof theorography.

A comparisonbetween6-hour and 36-hourECMWF forecastshasbeenundertaken. The purposewas
to evaluatethe impactof the meteorologicalmodelspin-upphase(12 h) on daily surfaceforcing terms
in orderto possiblyrecommendthe useof speci�c meteorologicaltime forecaststo force oceanmodels.
As expected, the imbalances,and especiallythe freshwater one, are reducedwith the length of the
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forecast. However, sincethe introductionof the 4D-Var at ECMWF at the endof 1997, the impacthas
beendrasticallyreducedin relationwith the betterhandlingof themeteorologicalspin-upphase.As the
6-hourwind areknown reliable,andmoreover, asthe temporalcoherenceis crucial to the oceanmodel,
thereis no more strongmotivation to usean other forecastlength to derive daily forcing �ux es. It is
foundpreferableto applya.85reductingcoef�cient to theprecipitationandkeepusingthe6-hourforecasts.

7.1.3 The Atlantic and Mediterranean Prototypeexperiments

7.1.3.1 Tuning experiments(Y. Drillet )

Sensitivity teststo different parameterizationsand calibrationexperimentshave beenperformedbefore
the achievementof the spin-upsimulation. The principal testsconcernedthe lateralboundarycondition,
theviscosityanddiffusivity coef�cients, thesouthernbuffer zoneandthewind �eld. Objective criterions
chosento assessthe `best' simulationwerebasedon the transportthroughthe principal straits(Florida,
Gibraltar, Denmark,...) andon the principal currentstrengthandposition(Gulf Stream,SubpolarGyre,
NorthAtlantic Current,Azorescurrent).
Thespinupexperiment,calledPAM-05, hasbeenperformed.It is a11-yearsimulationforcedby theCE98
ECMWF atmospheric�ux es. Therealisationof thesimulationhasrequiredover 2000CPU hourson the
VPP5000andhasgenerated1 100Goof output�les.

7.1.3.2 Evaluation of the PAM spin-up simulation (Y. Drillet , R. Bourdall é-Badie, L. Fleury,
H. Perez, L. Siefridt)

Theanalysisof thesimulationbene�tedfrom theexperienceof theCLIPPERandMERCATORcommunity,
andalsofrom thedirect involvmentof K. Bérangerat LODyC concerningtheMediterraneanbasinandS.
TheettenthenC. TalandieratLPO concerningtheeastAtlantic.

The analysishasfocusedon the representationof the Gulf Streamandespeciallyits separationat cape
Hatteras,the othermajor currentslike the North Atlantic Currentor theAzoresfront, the Mediterranean
out�ow, theCaribbeanSeacirculationandthemeridionaloverturningstreamfunction.ThePAM simulation
was �rst comparedto lower resolutionresults,especiallyto the MNATL 1/3




simulation,designedas
closeaspossibleto thePAM simulation,andalsoto theClipper1/6




results.Secondly, it wasconfronted
to equivalent resolutionmodels,in particularto the americanMICOM 1/12




[10] and POP1/10



[11]
simulations.

The�rst ensembleof comparisonsallowsto discriminatethebene�t of thehighresolutionfromthebiasesof
themodelandthephysicalparameterisations.Althoughtheresolutiondoesnot solveproblemssuchasthe
toonorthernseparationof theGulf Stream,thesinkingof theMediterraneanwatersatanon-realisticdepth
andthesalinisationandwarmingof theLabradorwaters,it inducesinterestingandrealisticcharacteristics
suchasmodalMadeirawaters,African coastalupwelling,Meddiesandturbulentactivity up to theGulf of
Biscay. Moreover, we notethat the residualeddypresentat theseparationof theGulf Streamin the1/6




CLIPPERsimulationdoesnotappearany moreat PAM resolution.
An atlasof thesimulation[GLO52] hasbeenedited,following theformatof the1/6




CLIPPERone.

Someweaknessesof thesimulationwerefurther lookedat with subsequentsensitivity tests.In particular,
themeridionaloverturningstreamfunctionwasfoundquiteweak,sowastheNorthAtlantic Current.
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Figure7.1: Annually averagededdykinetic energy (cm� /s� ) ascalculatedby thespin-upsimulationover
the ����� year.

Thesecondensembleof comparisonsallowedto confrontdifferentmodelsanddomaincon�gurationsat a
comparableresolution.ThePAM modelbehavesquitewell, despitethe limitationspreviously mentioned.
The eddykinetic energy levels arerealisticaccordingto satellitedata,the �rst ordercirculation is good.
Thepathwayof theGulf Stream,afterits separationatCapeHatteras,is realisticandintermediatebetween
thePOPsimulationthatwould locateit toomuchsouthandtheoneof theMICOM simulation.

[10] A. M. Paiva,E. P. Chassignet,andA. J.Mariano,(2000),Numericalsimulationsof theNorthAtlantic subtropical
gyre: Sensitivity to boundaryconditionsandhorizontalresolution,Dyn.Atmos.Oceans, 32.

[11] R. D. Smith,M. E. Maltrud, F. O. Bryan,andM. W. Hecht,(2000),NumericalSimulationof theNorth Atlantic
Oceanat 1/10,J. Phys.Oceanogr., 30.

124 Jan.2000– Dec.2001



CLIMATE MODELLING & GLOBAL CHANGE

7.1.3.3 Sensitivity experiments(Y. Drillet , R. Bourdall é-Badie)

A 2-yearsimulationexperimentshowed that a slight smoothingof the bathymetry(3 successive Shapiro
�lters) with a carefulcheckof key topographicfeaturessuchasthe Florida strait is really improving the
results.Thetransportthroughthestraitof Floridais increasedby 2 sverdrups,andtheeddykinetic energy
�eld exhibits a northernpenetrationof the North Atlantic Current,which hardly existed in the spin-up
simulation.
Ontheotherhand,theCE98yearusedto forcethemodelin thespin-upsimulationwasfoundquitespeci�c.
Theuseof a 3-yearaveraged(1998to 2000)forcing setallows to simulatea `morestandard'atmospheric
state,andincreasesagainthetransportthroughtheStraitof Floridaby 1 sverdrup.
Moreover, several 6-monthexperimentshave beenperformedto testandtunethe introductionof a deep
relaxationzonein thegulf of Cadizin orderto relocatetheMediterraneanwatersat a realisticdepth.The
relaxationzoneis a3 degreewidecirclecenteredat 8




W. Temperatureandsalinity �elds arerelaxedto the
Reynaudclimatologywith a coef�cient linearly increasingfrom 500mto 1000mandconstantdownward.
The maximumrelaxationcorrespondsto 25 daysat the centerof the circle and at 1000m. The upper
Mediterraneanwatersthat arepresentin the spin up but not in the climatologyaresimulatedagain,and
thelower watersarenow representedwith theright properties.Furthermore,theintrinsic oceanvariability
doesnotsuffer sofar from theintroductionof therelaxationzone.

7.1.3.4 The interannual experiment (Y. Drillet , R. Bourdall é-Badie, L. Siefridt)

The interannualexperiment bene�ted from the introduction of the upgradespreviously mentioned
(smoothingof thebathymetry, relaxationzonein theGulf of Cadiz,new surfaceforcing). It alsobene�ted
from the correctionof the Mediterraneaninitialisation �elds that had beenfound instable. The surface
relaxationto theclimatologicalReynaudsalinity andto theReynoldstemperaturehasbeendecreasedby a
factorof 2.
The experimentconsistsin a 16-monthspin-upsimulationforcedwith the1998to 20003-yearaveraged
ECMWF�ux esfollowedby a 3-yearinterannualsimulationfrom 1998to 2000.
This simulationis underevaluation. First resultsarevery promisingashighlightedby the eddykinetic
energy �eld displayedin �gures 7.1 and ix in the appendix. Moreover the meridional overturning
streamfunctionexhibitsanincreasedandquiterealisticintensity.

7.1.4 Implementation of the assimilation (B. Tranchant, J.M. Lellouche)

7.1.4.1 The �rst Mercator assimilationsystemSAM-1

The OPA oceancirculationmodelandthe SOFA3 assimilationcodehave beencoupledwith the PALM
software (seechapter5). The resultingSAM-1 systemhasbeensuccessfullyimplementedin the 1/3




resolutionoceanmodelMNATL in a quasioperationalmode.SinceJanuary17
���

2001,Mercatorbulletins
havebeenavailableon line to observeandpredictchangingoceanconditionscontinuously.
SAM-1 is basedon an optimal interpolationscheme(SOFA3 code)for which experiencein assimilating
satellitealtimetryhasbeengainedin differentoperationalsystemslike SOPRANEandMFSPP. Only the
SLA (SeaLevel Anomaly) is assimilatedwith a univariatemodein the SAM-1 �rst version. The model
initialisationis mainlybasedon thelifting-loweringmethod[12] usedin theGANESproject.
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7.1.4.2 Implementation of SAM-1 in the PAM con�guration

TheassimilationschemeSAM-1 hasbeenimplementedin its actualversionin thePAM con�gurationand
shouldbeoperationalin 2002.
Figurex in theappendixshows an exampleof SSH(SeaSurfaceHeight) initial conditionscalculatedby
theactualSAM-1/PAM system.

Dueto thePAM sizeandthePAM grid complexity, two importantmodi�cationsof SAM-1 wererequired:
- developmentof a multiprocessorversionof SAM-1 wherebothoceanmodelandassimilationschemeare
distributedover severalprocessors.Thesequentialassimilationschemehasthenbeenparallelized(model
integration and analysisare distributed on the sameprocessors).Therefore,a particularprocessingof
parallelcommunicationshasbeensetup.
- adaptationof the dataselection. In particular, a 'canvas' grid (2D irregular grid) hasbeenintroduced,
so that modelgrid pointsandanalysisgrid pointsarelocatedon the samereferencecoordinates,without
needinganadditionalinterpolation.Consequently, datapointsareeasilyselectedwhich is anadvantagefor
thecalculof theinnovationvector.

7.1.4.3 The secondSAM system(SAM-2)

A collaborationhasbeeninitiated with the LEGI laboratoryto implementa new Mercatorassimilation
system,namedSAM-2, basedon theSEEK(SingularEvolutive ExtendedKalman)algorithmdevelopped
atGrenoble[13].
The SEEK algorithm is a ReducedOrder Kalman Filter designedto assimilatealtimeter and surface
temperaturedata. The intrinsic advantageof theevolutive Kalman�lter is thepossibility of updatingthe
stateerrorcovariancematrixwith thedynamicsof themodel.
The SAM-2 prototypewill have the sameframework than SAM-1, and the transition is madesimpler
throughthe useof thePALM coupler. The Optimal InterpolationPALM unit will simply be replacedby
a SEEK PALM unit. In this con�guration, theassimilationPALM couplerwill be usedto drive both the
oceanmodelandtheSEEK�lter which is implementedwith theSESAMsoftware.

[12] M. CooperandK. Haines,(1996),Dataassimilationwith waterpropertyconservation,J. Geophys.Res.,101,p.,
101, 1059–1077.

[13] C.-E.Testut,(2000),Assimilationdedonńeessatellitalesavecun �ltr edeKalmanderangréduitdansunmod�ele
auxEquationsPrimitivesdel'océanAtlantique, PhDthesis,Universit́e JosephFourier(GrenobleI).

7.2 The Global OceanPrototype: POG (L. Fleury)

The POGgrouphasbeeninitiated at PREVIMAR, a Meteo-Francedepartment,in 2000andrelocatedat
CERFACSin March2001asa teamof two persons.Two othermembersjoinedin November2001.
The groupis in charge of the developmentof the 1/4




global oceanMERCATOR prototype,which will
run in a pre-operationalmodeduring the GODAE (Global OceanDataAssimilationExperiment)period
(2003-2005).In orderto testdifferentmodellingandassimilationchoicesandto assessthesystem,a lower
resolution(2




) prototypeis developedaswell andwill beoperatedin nearrealtime mid-2002.
Thegroupis at theearlybeginningof thework andthenext paragraphswill presentmostlyits perspectives.

7.2.1 The 2� prototype (N. Ferry, C. Derval, L. Fleury)

The prototypeis basedon the ORCA2 model, which is the standardcon�guration of the OPA code
developedat LODyC (Paris) and is usedin differentEuropeanresearchlaboratories. The ORCA-type
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grid for theglobaloceanproposesanoriginal treatmentof theNorthPolesingularity:two polesarepresent
in theNorthernhemispherelocatedover theCanadaandtheRussia.Thelatitudecircles,whichareregular
from thesouthernlimit of thegrid to 20




North,becomemoreandmoreelliptic from 20



to 90



North. The
ORCA2grid counts181 � 149pointsand31levels. It is asisotropicasit mightbe,exceptin theequatorial
beltwherethemeridionalresolutionis diminisheddown to 0.5




.
Dif ferentquestionshave alreadybeensolved. First, the processingof the atmosphericforcing hasbeen
set up. The chain usedfor the alreadyoperationalMERCATOR systemhasbeenmodi�ed in order to
addresstheglobaldomain(east-westperiodicityandnortherncondition)andto write theforcing �elds in
theNetCDFformat,usingtheIO-IPSLsoftware.Thenew processinghasbeendocumented[GLO48].
The ORCA2 modelhasbeeninstalledon the Mét́eo-FranceVPP5000. A four-yearsimulationhasbeen
performed,usinga climatologicalforcing duringthetwo �rst yearsandaninterannualforcing afterwards.
All thetools(pre-processing,model,post-processing)necessaryto performfreesimulationshavethenbeen
tested.
An assimilationschemeis now beingimplementedin themodel.TheoptimalinterpolationschemeSOFA3
[7] is usedandcoupledto themodelwith thePALM software(seesection5).

7.2.2 The 1/4� POG prototype (L. Fleury, C. Derval, E. Remy)

The 1/4



global oceancon�guration hasbeende�ned in collaborationwith the Frenchoceanmodeling
community. The model is basedon the OPA8.2 primitive equation z-level model. The chosen
parameterisationsinclude a free surface condition, TKE vertical mixing, harmonic isopycnal tracers
diffusion andbiharmonicdynamicsdiffusion. The LLN (Louvain-la-Neuve) ice modelalreadycoupled
with OPA for climatestudieswill beused.
An ORCA-typegrid hasbeensetup. It has1442 � 1021pointsand42verticallevels.Theverticalspacing
increasesfrom 6 metersat thesurfaceto 60 metersat 400meterdepthand300metersat thebottom. The
bathymetryhasbeenprocessedfrom the Smith andSandwelldatasetbetween72




Southand72



North,
the BedMapdatasetsouthof 72




Southand the IBCAO datasetnorth of 72



North. The bathymetryis
now beingcheckedanstestedthroughnumericalsimulation.Theatmosphericforcingprocessinghasbeen
adaptedto the1/4




con�guration.
Themodelroutineshave beensetup. They originatemostly from thestandard2001OPA8.2 sources,but
alsoincludediagnosticswhich have beenusedin thePAM model. New optionshave beenaddedlike the
possibility of writing resultsin the NetCDFformat while performingmultiprocessorsimulations. Some
checkingof thesourcesis still underprocess.
First simulationsareexpectedto be performedin the �rst half of 2002. After validatingthe results,the
optimalinterpolationschemeSOFA3 will becoupledto themodelwith thePALM software.
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mod́elisationdel'atmosph�ere AMA2000, CNRM, Mét́eoFrance,35–38.

[GLO25] B. Tranchant,M. Benkiran, I. Blanchet,Y. Drillet, L. Fleury, E. Greiner, H. Perez,A. Piacentini,and
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1 Introduction

Pierre-Henri Cros

The TechnologyTransferGroup's (TT Group) main duty is to take advantageof CERFACS resultsfor
developingnew activities towardsnew customers,giventhat:

� eachCERFACS' teamwork programmeis agreedwith CERFACSshareholders,which arethemain
bene�ciariesof this research,

� eachCERFACSteamis managingits own work asfarasdiffusionof its resultsis concerned.

In this context, wheretechnologytransferis partof every team's work, it is necessaryfor theTT Groupto
beinnovativein orderto offer a complementaryapproach,fully compatiblewith theotheractivities.

As CERFACS is mainly working with large companies,it hasbeendecidedthat the TT Group would
addressSME's (SmallandMediumEnterprises).To beinnovative theTT grouphasimplementedits work
asfollows:

� characteriseCERFACS' offering from agenericpoint of view,

� developa goodunderstandingof user's needs,giventhat targetenterprisesdid not previously work
with CERFACSnorhave familiarity with computerstudies,

� establishaninnovativeapproach,

� testit,

� and�nally deploy thecorrespondingactivity with thecustomer.
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2 CERFACS offering

SusanneCHANSSARD, Pierre-Henri CROS

For thescienti�c communityaswell asfor largecompanies,CERFACS' competenciesarenow well known
for eachapplicationdomain,for example.,ComputationalFluid Dynamics.They obviouslyunderstandthat
computersimulationshaveto beusedto documentdifferentcon�gurations.

To serveuserswhoarenotsofamiliarwith computerpossibilities,it wasnecessaryto �nd awordingwhich
would be both understandableby everyoneandsummarizecorrectlyCERFACS' offering. It was�nally
chosento presentit asa ”Numerical Simulationoffering”, a wording quite frequentlyusedby different
informationmeansmakingit easierto contacttarget userseven if they do not have a clear ideaof what
immediateadvantagethey cangetfrom it.
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3 Target user needs

Gilles BAUBE (since September 1999), SusanneCHANSSARD (until august 1999),
Pierre-Henri CROS, StphaneGRES(sinceSeptember2000)

Thanksto the EC HPCN-TTN (High PerformanceComputingand Networking - TechnologyTransfer
Nodes)programme,TT Groupreceivedsupport,in 1997,to meetsuchpotentialnew users.

This programmeinvolved 20 otherEuropeangroupscomingfrom importantresearchcentreswho were
willing to diffusetheir numericalsimulationknow-how to SME's.

Thethree-yearwork included:

� studiesto establishat which level of theprocessnumericalsimulationcouldoffer improvementsand
to adaptoneof CERFACS' numericaltool to oneof theneeds,

� organisationor participationin eventspromotingtheuseof numericalsimulation.

Thework programmewasorganisedin largesectors,theTT GroupleadingtheAerospaceSectorGroup.
During thesethreeyears,theTT Groupworkedcloselywith approximately200SME's, mainly in France
but alsoin therestof Europe.

Most SME's which have beencontactedweredesigningtheir own productsor wereput in chargeby big
customersof designingmoreor lessimportantpartsof their product.

All SME'sdeclaredthemselvesasbeinginterestedby numericalsimulationpossibilities,andassessedthat
this technologycouldhelpthemto meettheir generalchallenges:

� shortenproductdesigncycles,

� improvetheproductquality,

� bemorereactive.

It hasbeennecessaryto understandwhy thesecompaniesapparentlyinterestedin numericalsimulation,
were�nally not readyto usethis technology. In orderto introducenumericalsimulationin theirprocessthe
requirementsare:

� hardware

� software

� expertise,for bothmaintainingandfully takingpro�t of theabovemeans.
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Thesethreeresourcesare dif�cult to get simultaneously, mainly becausethe associatedcostsmust be
charged againstdifferent projects,and becausefollow-on projectsrequestingsimilar resourcesare not
alwaysavailablein suchSMEs.

Furtherto this analysis,it appearedthat thesecompaniescould be interestedin an offering consistingof
accessto a setof resources.This offeringwasdescribedasa way to getall themissingmeansrequiredfor
thedurationof theproject. It wasfurthernecessaryto make SMEsfeel this complementaryto their own
tools,andto favourbetterinteractionswith theTT Group'sexperts.

As aresulttheTT Groupde�ned aso-called”ServicePlatform”,thatcanbecharacterizedin the�gure 3.1.

Computing means Numerical tools

Experts

Network 
access

Entreprise

Service Platform

Collaborative
Working Tools

Figure3.1: ServicePlatform

It is acompleteserviceoffering,basedoncollaborativeworkingtoolsenablingtheSMEto remotelyaccess
theexpertise,numericaltoolsandcomputingmeansrequestedto performits numericalsimulations.
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4 Test the solution

Gilles BAUBE (until July 2001), Christophe BARDY (fr om Mar ch 2001 to September 2001),
RedaBOUREBABA (fr om Mar ch 2000 to December2001), Pierre-Henri CROS, Lars FRENZEL
(fr om April 2001 to June 2001), StphaneGRES (fr om September 2000 to July 2001),
Erwan LEGOULVEN (fr om Mar ch 2001 to September2001),Gabriel JONVILLE (sinceOctober
2000),Philippe MOIN AT (sinceMar ch 2000)

Througha Ten-TelecomEC programme,the TT Groupreceived a grant in 2000to implementwith two
otherresearchcentres(Universityof Stuttgart-RUS,PDC-KTH-Stockholm),andfour technologyproviders
(AlcatelSpace,SiliconGraphics,StorageTekandVirCinity), a two-yearprojectenabling:

� implementinga prototypeof thisplatform,

� testingin industrialscenarios,

� assessingtheeconomicrelevanceof this serviceapproach.

Thisprojectwascalled: EuropeanNumericalSimulationServicesfor SME's (ENScube).

As far asCERFACSis concerned,thesettingup of theENScubeserviceplatformprototypehasreliedon
theCFDandCSGteams(seecorrespondingchapters)andon thepossibleaccessto theO-2000computer.
Furthermore,the following stepswere identi�ed as requiring interactive exchangesduring numerical
simulationproject:

� speci�cations,

� parametrization,

� analysisof theresults,

� validationof theresults.

To enableparticipantsof suchprojectsto meeteasilyandevery time that it wasnecessary, without having
to travel, it hasbeennecessaryto developaproductfor workingremotely, called”ENScubeWork package”
characterizedin the�gure 4.1.

It is basedon threedisplayshaving eacha speci�c function:

� Display1 is usedtosharedocuments.Eachparticipantcantakecontrolto underlineaparticularpoint,
to changewordssentencesor pictures.Thedocumentremainsthepropertyof whoseverproposedit.
This meansthatthemodi�cationscanonly beacceptedor declinedby theowner, himself,

� Display2 gathersall monitoring buttons(for allowing the control, for openingdocumentsto be
shared,for launchingtheco-visualization),audioandvideofunctionalities,chatfacilitiesandashared
whiteboard,
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Whiteboard

Collaborative
VisualizationShare doc Visualize Exit

¥Word

¥PowerPoint

¥Excel

Shared application

Display 1 Display 2 Display 3

Figure4.1: ENScubeWork package

� Display3 offers a functionality enabling participantsto shareand to manipulateinteractively
computingresults.

Displays1 and2 arerun by a Window PCanddisplay3 by anUNIX workstation.

Two types of scenarioshave beenimplementedwith 7 companiesof different sizes(AIRBUS, EDF,
LiebherrAerospace,L'Hotelier, GNSgmbH,High TechEngineering,SvenskaRotormaskiner).

Scenario1
For this scenario(see�gure 4.2), the work is performedbetweenthe ServicePlatformandthecompany,
whichwaslinkedby ISDN facilitiesto CERFACS,thanksto theENScubeWork package.

The study i s  
pr epar ed

Speci f i cat i ons and w orkpl an 

21 3

C h an ge of  sp ec i f i cat i on s

the study  preparat i on i s 
checked Resu l ts 

del i ver y

1 b i s 2 b i s

N ew  
speci f i cat i ons

Redef i ni t i on of   
the w ork pl an

The study i s 
per for med

Figure4.2: Scenario1
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Scenario2

For this scenario(see�gure 4.3), thework involvesthreesiteshaving differentskills, andlinkedby ISDN
facilitiesthanksto theENScubeWork package.

Integrator

Manufacture

Experimentations

Simulations

Specifications

Figure4.3: Scenario2

Theobjectivesof thesetwo scenarioswereto assessthatworking with this serviceplatformthanksto the
ENScubework packagewas:

� easy,

� allowedaneasyuseof distantmeans,

� metcompany requirementseasily, andin realtime,madethemunderstandable,

� favouredtheappropriationof the�nal resultsby thecompany.

To reachtheseobjectivesthework�o w appearedasa critical step.Onestartedtheanalysisfrom thework
�o w of aclassicalnumericalsimulationproject(seeFigure4.4).
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Results
integration

Project
start

Results
delivery

Review
meetings

Final
Validation

Figure4.4: Work�o w of aclassicalnumericalsimulationproject

The review meetingsareusuallyorganizedon a regular basiswithin the durationof the project,with an
agendasuchas:

� progressreport,

� discussionof theproblemsencountered,

� decisionsfor correctiveactions,

� futurework plan

Consequentlythevalidationof the�nal resultsis madequiteoftenonly afterhaving beingintegratedin the
company process.If it doesnotcorrespondexactly to whatwasexpected,theonly solutionfor thecompany
is thento askfor anothercomplementarystudy. To avoid this dif�culty andto achieve a moreinteractive
processwe decidedto:

� changethepurposeof review meetings,whicharenow organisedto betterundertakethenext steps,

� pay more attentionat eachstep so that the delivery of the �nal product matcheswith the �nal
validation.

This resultedin thefollowing generalconcept(seeFigure4.5) andin implementingthework �o w shown
in the�gure 4.6.

The objective is to determineat which momentit is necessaryto meet,basedon the type of work to be
undertakenat a particularstep.Thescheduleof remotemeetingsis howevernot de�niti ve,andeverybody
hasthepossibilityto call for anadditionalmeetingif needed.

To reachthe�nal objective, thecompany is askedto de�ne at eachvalidationstepthetypeof skills which
will beconcernedwhenthe�nal resultswill beusedin theproductionphase.

The meetingsorganizedat the endof eachscenariostudyhave beenvery interestingfor the companies.
Mostof themarenow workingonnew scenarios,which they would fund from their own resources.
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Figure4.5: GeneralConcept
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Figure4.6: Revisedwork�o w
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5 Deploy the activity

Pierre-Henri CROS, Christian GARRIGUE (since October 2001), Gabriel JONVILLE (since
October 2000),Philippe MOIN AT (sinceMar ch 2000)

Alwayswith thehelpof theENScubeECgrant,andin parallelto theabovetests,amarketanalysishasbeen
undertaken. It shows thatcompanieshave to focuson their corebusinessandform allianceswith partners
with complementaryskills in orderto improvetheir competitivenesswhenfacedwith increasingeconomic
constraints.

The on-going restructuring of the aerospace and automotive sectors shows that their
subcontractors/suppliersand more particularly the SMEs, are now facing this situation: they are
asked more andmore to be responsiblefor a subsystem,insteadof being just suppliersof components
compatiblewith givenspeci�cations.

This requiresthemto adapttheir work �o w to thesenew challengesand,for mostof them,to increasethe
useof numericalsimulationtechniquesfor designand/orimprovementof their products.

This leadsthento join theconceptof ”extendedenterprise”:

Theextendedenterpriseis thenetworkmadeof onesingleenterprisewith its partnerswithin theframework
of a commonproject and/or program. Its objectiveis to share informationbetweenthosepartners who,
at a given time, on a given topic, share the samecommoninterest. It impliesnew methodsin program
managementandthus,new organizationalstructures.

andof ”concurrent engineering” one,

This conceptis basedon taking into account,at the right time, the needsof all the product life cycle
participants. Its objectiveis to designand manufacture the product right at the �r st attempt(designto
cost). Concurrentengineeringimplementationis mainlybasedon formingmultidisciplinaryteams,made
of representativesof all thoseentitiesinvolved.

Thisaltogethermeansthatthesecompaniesshouldhaveto adaptto theguidelinesof themajorindustryand
to adoptthesametoolsandstandards.

The market analysisthat hasbeenundertaken hasunderlinedthat EuropeanSMEsin the manufacturing
industryexpressinga needfor numericalsimulationandfor collaborative work and/orvisualizationtools
are the �rst target. It hasalso underscoredthat potentialnew usersof numericalsimulationcould also
be companiesalreadyinvolved in CAD/CAM and supplyingsub-componentsto larger contractorsand
integrators.

Thepromisingresultsof thescenariocampaign,analysedtogetherwith theresultsof themarket analysis
con�rms thatthereis anemergentandlargebusinessto address.
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6 Publications

Pierre-HenriCROS,GillesBAUBES,TomasMELIN (KTH),
E-business: Issues,Application and DevelopmentsIOS Press,2000 : ENScube,EnhancedEuropean
NumericalSimulationServicesfor Smallandmediumsizedenterprises(p.967).

GillesBAUBE andSt́ephaneGRES.
7th InternationalConferenceon ConcurrentEnterprising2001proceedings: EngineeringtheKnowledge
EconomythroughCo-operation.ENS3- NumericalSimulationat Hand(p 377).
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Computer Support Group





1 Introduction

NicolasMonnier

1.1 Key responsibilities

Key responsibilitiesof CERFACS' ”ComputerSupportGroup”are:

� To de�ne CERFACS' ComputerandNetwork architecturesandperspectivesfor their upgradeand
evolution;

� To provide, integrateand maintainall necessaryand selectedCERFACS' hardwareand software
solutions;

� To addressCERFACSteams'needswith integratedsolutionsandservices;

� To assistresearchersproviding themtechnicalandapplicationexpertiseincluding assistancewith
programmingandoptimisation;

� To spreadall necessarypracticalinformationadvisingCERFACS' usersin theirmainareasof interest.

Thisstrongsupportactivity is theresponsabilityof a � vepeopleteam.

1.2 Generalstrategy

Generalstrategy is :

� Listeningto theusers'needs,federatingthemto bene�t from scalingfactors;

� With the help of HPCN suppliers,allow CERFACS' researchersto work in an up-to-datesoftware
and hardware HPCN environment (Storagecapacities,Computing power, Post-processingand
Networking);

� Ensuredevelopmentsportability throughtheaccessto a wide rangeof architectures;

� Establishpartnershipfor accessibilityto high-endcon�gurations.
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2 Architecture and Actions. Jan. 00 - Dec.
01.

Isabelled'Ast, GerardDejean,FabriceFleury, PatrickLaporte

2.1 CERFACS' computing resources(As of Dec01).

Compaq SC24 -  24 CP
32 Gflops

SGI 02000 -  32 CP
16 Gflops

SGI Data Server
2,2 TB

100 Mb Switch

PC/Cluster -  16 CP
16 Gflops

SGI Reality Center

PRODUCTION PROSPECTIVE

STOCKAGEVisualisation

STK L180
7 TB

During thisperiod(2000-2001)CERFACScomputerresourceshaveseenfour mainimprovements:

� Datastoragecapacity: a new �le servermanaging2.2TB of �ber channeldisks(200GB in 99);

� Computingpower : aCompaqAlpha-Server(tripling in-doorsGFlopspeakperformance);

� New visualisationresources: a SGIRealityCenterintegration;

� New prospectivehardware: a PC-clustercon�guration.

2.2 Softwareenvir onmentand Support.

CERFACS' softwareenvironmentcoversthreedomains:
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� Scienti�c developmenttools : CERFACS' usersneeda whole array of tools which allow them
to create, test, debug and exploit their computationalsimulations. In this frame, one looks
for availability of a wide rangeof scienti�c tools (compilers, pro�lers, debuggers,scienti�cal
libraries,andparallelizationtools) andtheir associateddocumentation.The availability of several
OperatingSystemsassociatedwith their scienti�cal developmentenvironmentguarantesportability
of developmentsonawide rangeof Unix machines;

� Jobanddatamanagementtools : giving usersa completesetof tools is not enough. Onehasto
provide a job managementenvironmenton the centralcomputers,including batchqueues,rulesof
usageandaccountingmeansto optimiseglobalthroughputof CERFACS' computers(NQS,LSFand
PBSbatchsystemsarecurrentlyin use).Ontheotherhand,the”ComputerSupportGroup”provides
databackup/ restore(TimeNavigator);

� Dedicatedapplicationsservers: in additionto developmentandmanagementtools,severaldedicated
applicationserversareessentialto completea high-level softwareenvironment. Theseapplication
servers are either an extensionof computingfacilities (Visualizationservers, Data Management
Server, MatLab servers)or an integral part of CERFACS' infrastructure(Web servers,Mail server,
printerserver, NIS, ...).

2.3 Support to N'S3 project

The”ComputerSupportGroup” hasbeenquiteextensively involvedover theperiodwith N'S3 project. It
supportedarchitecturede�nition, softwareandtoolsidenti�cation, testsandrelationswith vendors.

SGI Reality Centerinstallation,usableby eachCERFACS' researcher, was one of the spin-offs of this
project.

2.4 PC cluster prospective

Themainresultsof thisstudyare:

� Recommendationsfor PC Cluster architectureand software, results concerningbehaviour and
stability of CERFACS' PC'sclusterin amulti-userparallelandscienti�c environment;

� Evaluation of price/performanceratio in CERFACS' environment, and comparisonwith more
classicalsolutions,

� Resultssharingwith CERFACS' partners(meetingswith CNESandMETEO-FRANCE,presentation
at CEA SimulationandPFlopsmeeting),

� Portingof mainCERFACS' codeson thecluster, for presentexploitationin productionmode.

Next yearprospectivestudieswill belaunchedconcerningthenew Intel 64bits productline.
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Appendix

Color illustrations





APPENDIX : COLORILLUSTRATIONS

Figurei: LESof mixing in agasturbine.

Figureii: Euler�o w simulationaroundtheHSPpropeller, � � � � � .
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APPENDIX : COLORILLUSTRATIONS
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APPENDIX : COLORILLUSTRATIONS

Figureiii: elsA/Patchedgrid techniqueappliedto theRAE2822testcase

Figureiv: elsA/AMR techniqueappliedto theAS28Gairfoil
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APPENDIX : COLORILLUSTRATIONS
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APPENDIX : COLORILLUSTRATIONS

Figurev: Gastrajectoriesbehinda particle. Trajectoriesarecoloredby theU-componentof velocity, and
particlesarecoloredby thepressurecoef�cient. 	

�

= 0.15,Re=300.
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current
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Figurevi: Currentson thesatellite.

Figurevii: Marchdifferenceof temperaturealongtheequatorbetween1987( El Nino) and1988(La Nina):
asanalysed(left) andcoupledpredicted(right).
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APPENDIX : COLORILLUSTRATIONS

Figureviii: a) Normalizedprojectioncoef�cient of theAugustSSTanomaliesbetween1958to 2000in thephase-spacespanned
by thetwo summerSSTmodes.Eachdotrepresentsagivenyearandthecolor indicatesthepredominanceof thewinterNAO regimes.
Whitedotsreferto winterswhereNAO regimesarenotdominant.Blue(yellow) dotsstandsfor wintersprimarilydominated(2 months
outof 3) by thepositive (negative) NAO regimewhereasdeep-blue(orange)dotsrepresentwinterswherethepositive (negative) NAO
regimeis exclusively present(3 monthsout of 3). Theincludednumberrefersto theyearof theconsideredwinter. b) Time seriesof
theobservedwinterNAO index andthenormalizeddifferencebetweentheprojectionsof theAugustSST�eld ontotheSMGandSHS
modes.TheNAO index is de�ned by theprincipalcomponenttimeseriesof theleadingEOFof theseasonal(Decemberto February)
SLPanomaliesover theNAE sector. Blue (orange)barsrepresentthenumberof monthsoccupiedby theNAO+ (NAO-) regimes.
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APPENDIX : COLORILLUSTRATIONS

Figureix: Annuallyaveragededdykineticenergy (cm� /s� ) ascalculatedby thein terannualsimulationover
the ����� year.
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Figurex: Exampleof Initial seasurfaceheight(SSH)calculatedby theSAM-1/PAM systemon14March
2001.In anoperationalmode,SLA tracksfrom TOPEXandERS-2areassimilatedeveryweek
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