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Foreword

Welcometo this two-yearissueof the CERFACS Scienti ¢ Activity Report. This issuedoesindeedcover
both2000and2001,asit appearshatsucha periodicitymight be moresuitedto the paceof progressiorof
scienti ¢ actvities thanthe moreusualyearly publication.

Whathave beenthemajorscienti ¢ achievementsf thesepasttwo years? Readinghroughthereportwill
hopefullyprovide thereademith very mary answergo this questionjput let mejust selecta few resultsfor
eachteamasanappetizer.

Parallel Algorithms

Many tools developedby teamhave found applicationswithin simulation methodsdevelopedby other
teamsand/orpartnergdomaindecompositionrmethodfor CFD andfor Dassault-Aiation; preconditioning
techniqudor electromagnetisolvers,bothin-houseandat EADS). Following aworkshoporganizedn late
2000, a methodfor controlling the numericalquality of solverswith both internalandexternaliterations
hasbeensuccessfullywalidatedwith EDF

ComputationaFluid Dynamics

The NSMB solver developedcooperatiely by the teamis now in the productionmodeat AIRBUS and
is usedfor the designof the A380. The future of aerodynamicsimulationcodesis alsopreparedwith,
e.g.,theagreemensignedwith ONERA to make CERFACS afull partnerfor the developmentf the new
elsA software. The quality of the work hasbeenrecognizedhroughthe highly-competitve BMW prize
which wasawardedto B. CARUELLE, athenCERFACS Ph.D.student.Progressn the developmentof
simulationmethoddor turbulentcomhustionhasbeenvery rapid,with alsonew applicationsn the eld of
two-phaseo w andthe AVBP code,now recognizedasthe main Frenchcodefor unsteadycomhustion.

ComputationaElectromagnetism

A more efcient, two-level, methodfor usewithin the fast multipole code has beendevelopedby the
team, allowing oneto addressvery large sizedproblemswith more than 1,000,000degreesof freedom.
A successfubpplicationhasbeenrealizedwith the simulationof theinteractionbetweera satelliteandits
antenna.Progresss still taking placesimultaneouslyin the eld of processingsingularintegralswithin
electromagnetisroodes.

ClimateModellingandGlobalChange

It hasbeenshown by theteamthatthe structureof the surfacetemperatureeld in the north Atlantic ocean
is a six-monthprecursomf the North-Atlantic Oscillation(NAO), a key factorfor Europearclimate. The
prototypefor the seasonatlimatepredictionsystembasedon a coupledocean-atmospheraodelwith full
oceanicdataassimilationis progressingagainat a rapid pace,after full scienti c documentatiorof the
key role of variationaldataassimilation.The MERCATOR groupsuccessfullyprovidedthe MERCATOR
projectwith afully testedAtlantic oceamrmodelatintermediataesolutionwhichis now usedoperationally
every weekfor providing oceanicforecasting.The successofor this model,the so-calledPAM model,is
in its nal stageof validation, beforereplacingthe former onein the operationakuite. The PALM tool,
developedfor allowing dataassimilationmethodgo be easilyimplementecandupgradedis includedin a
numberof applicationsjncludingthosefor MERCATOR.

CERFACSACTIVITY REPOR iX
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SignalandimageProcessing

Theteamhasdevelopeda very powerful methodfor betterGPSprocessingbasedn a novel mathematical
approacHor theresolutionof integerambiguities. Thedevelopmenbf the SMOS 1simulatoris progressing
rapidly, andshouldbecomeanimportantbuilding block for the groundsegmentof this satellitemission.

TechnologyTransfer
The so-calledN'S'3 platform,including the packagefor collaboratve working, is now fully testedandin
theprocesof beingcommercialised.

Computingresources

Thanksto specialfunding, it hasbeenpossibleto replaceCERFACS' main computeywhich provides32
G op/s peakin 2001,with a5-fold increasebeingplannedfor 2005.

CERFACSscienti ¢ productionis still high:

the numberof high-standargublications,i.e. in internationally-refereegburnals,is 65, a number
closeto themeanrateof 30 publicationsperyear;

CERFACS' researcherbave producedyearlymorethan120technicalreports book chapterspapers
in conferenceproceedings

they areveryactivein trainingnew researchersyith 13 Ph.D. thesedeingawardedovertheperiod,
andwith 4 "Habilitations Diriger desRecherches{HDR) overthe sameperiod.

they have alsovery actively developedappliedresearchwith atotal of approximately60 grantsper
yearbeingheld over the period,approximately20 of themcomingfrom the EuropearCommission
throughits variousprogrammesandthe rest, of the orderof 40, being awardedby otherfunding
agenciesand,or industrialpartners

CERFACS web site is experiencinga very rapid developmentwith the numberof monthly hits by
externalvisitorsincreasingrom 100,000Gn early2000to 200,000attheendof theperiod(seeFig. 1),
demonstratingERFACS' steadily-impring attraction. Anotherinterestingfeaturecanbe seenin
Figs. 2 and3, wherethe"Parallel Algorithms” teamis the onewith thelargestnumberof accesses

let usalso nally mentionthat CERFACS wide-interesseminardhave attractechigh-level andwell-
known externalscientistyseebelaw).

At the endof 2001,the numberof peopleworking at CERFACS was 80 (full-time equivalent)scientists
(seeTablesii to viii), with aglobalbudgetof 5.6 M.

| sincerelyhopethatyouwill have sometime to readthroughthe detailedactiity reportsof theteamsand
thatyouwill nd thereenoughinterestto pursueyour collaboratiorwith us,or to initiate somenew ones.

Enjoy yourreading.

Jean-Claud&NDRE
CERFACSDirector

X Jan.2000-Dec. 2001
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CERFACS Structure

Asa"Sociéte Civile” CERFACSis governedby two bodies.Firstly, the”Conseilde Gérance” composeaf
only 4 managergin French,’Gérants”)nominateddy the4 shareholderéseetablei), follows quite closely
the CERFACS actiities andthe nancial aspects.It met 8 times during the period (18 April 2000, 11
July 2000,8 SeptembeR000,5 DecembeR000,6 February2001,29 June2001,18 Septembe00land
6 November2001). Secondlythe Board of Governors(in French”’AssembEe desAssocés”), composed
of representatiesof CERFACS shareholderandof 3 invited personalitiesincluding the Chairmanof the
Scienti ¢ Council. It met4 timesduringthe period(14 January2000,21 Septembe?000,16 Januarn?2001
and28 Septembe001).

CERFACS Scienti ¢ Councilmetfor thefourth and fth times,on 9 June2000andJunelst2001,under
thechairmanshimpf Prof. Jean-Frapmis MINSTER.

The generalorganizationof CERFACS is depictedin the CERFACS chart,wherethe two supportgroups
(AdministrationandComputing)areshovn togethemwith the otherteams.

EUROPEANAERONAUTIC DEFENCEAND SFACE COMPANY (EADS) 22%

CENTRENATIONAL D'ETUDESSRATIALES (CNES) 26%
ELECTRICITE DE FRANCE (SYNERGIE,DEVELOPPEMENTSER/ICES)  26%
METEO-FRANCE 26%

Tablei: Tableof Socéte Civile Shareholders.
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CERFACSchartasof Dec. 31,2001
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CERFACS Staff

Thestaf of thescienti ¢ teamsandof thecomputingsupportgroup,consistingof, on DecembeB1, 2001,
a total of 114 scientistsandtechnicalstaf (8 projectand groupleaders,19 seniorresearchers?20 post-
doctoralfellows, 35 PhD students22 engineersand4 techniciansand6 long-durationvisitors of various
origins)is shavnin Tablesii to ix.

Xiv

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
ROAS 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 memberof the PARALLEL ALGORITHMS project.
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NAME POSITION PERIOD
LANNES ProjectLeader| 1994/01
PICARD Ph.Dstudent | 2001/10
ANTERRIEU | CNRS 1993/07
RAMILLIEN | CNRS 2001/02

NAME POSITION PERIOD
POINSOr 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
ESCRNA 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

CERFACSACTIVITY REPOR

Tableiii: List of memberf the SIGNAL & IMA GE PROCESSINGproject.

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

List of membersof the COMPUTATIONAL FLUID DYNAMICS project(2/2).

XVi

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 2000/03-2000/0§
LEGIER Ph.Dstudent 1999/01-2001/1Q
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
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CERFACSSTAFF

NAME POSITION PERIOD
THUAL ProjectLeader 1991/09
PIACENTINI Researcltngineer| 1996/10
VALCKE Researcltngineer| 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 EngineeResearch| 2001/08
Engineer 1999/11-2001/04
GUEVARA Engineer 2000/08-2001/07
LAGARDE Engineer 2000/05-2000/06
MAISONNAVE | EngineeResearch 2000/12
Engineer 1999/02
MOREL EngineeResearch 2000/03
AUFFRAY Student 2000/06-2000/08
BESSIERES Student 2001/04-2001/07
CAILLEAU Student 2000/02-2000/0§
CAUBEL Student 2001/03-2001/09
CREPIN Student 2001/01-2001/0§
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 2001/02-2001/0§
ROMAN Student 2000/04-2000/0§

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 2000/04-2000/0§
RAYNAL Student 2000/06-2000/09

CERFACSACTIVITY REPOR

Tablevi: List of membersof the COMPUTERSUPPOR group.

Tablev: List of memberof the CLIMATE MODELLING & GLOBAL CHANGE project.
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CERFACSSTAFF

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 EngineeResearch 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 the MERCATOR group.

NAME POSITION PERIOD
BENDALI ProjectLeader 1996/01
FARES Senior 1992/06
MILLOT Senior 1995/11
BARTOLI EngineeResearch 2000/02
Ph.Dstudent 1997/12-2000/0]
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 memberof the COMPUTATIONAL ELECTROMAGNETISM project.

NAME POSITION PERIOD

CROS Projectleader 1997/04

BAUBE Chagemission 1998/09-2001/07

GRES Chagemission 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 EngineeResearch| 2000/03

Tableix: List of memberof the TECHNOLOGY TRANSFERgroup.
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CERFACS Wide-Interest Seminars

Pierre Sagaut(ONERA, Chatillon) : Unsteadysimulationof turbulent ow:; fromLESto multiresolution
algorithms.(Feh 3, 2000)

Charles Meneveau (JohnsHopkinsUniversity, Baltimore): A scale-dependemtynamicmodelfor LES of
turbulence (Feh 11,2000)

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

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

Alexis Coppalle (CORIA, Rouen):Subgridmodellingof point source dispesionin the atmospheg. (Jun.
8,2000)

C. Roberto Mechoso (Departmentof Atmospheric Sciences,University of California, Los Angeles,
USA): The El Nifio-Southerroscillation modelsimulationsand exploration into the underlyingcoupled
atmospheg-ocearprocesse$Oct. 23,2000)

G. Montseny (LAAS, Toulouse):Diffusiverepresentationbasesandapplications.(Februarn27,2001)

John J.H. Miller (MathematicsDepartment,Trinity College, Dublin, Ireland): Rolust layer-resolving
methoddor the numericalsolutionof laminar problemsn uid medanics.(March15,2001)

Patrick Gillier on (Directiondela RechercheRenaultSA): Thecontmol of the ows in thecar. (April 26,
2001)

Marc Thiriet (Laboratoired'analysenumérique, Universi€é Pierre et Marie Curie et INRIA): Bio uid
medanicsandits role in physiolay, in pathophysiolgyandin cybermedecingMay 31,2001)

Thierry Georjon (Directionde la Rechercheet del'Innovation Automobile, PSA- AutomobilesPeugeot
Citroén): CFD Computationgor modernpistonengines(November21,2001)
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Parallel Algorithms Project







1 Introduction (I. S. Duff)

The researctprogrammeconductedy the Parallel Algorithms Projectcombinegthe excitementof basic
researchdiscoverieswith their usein the solution of large-scaleproblemsin scienceand engineering
in academicresearchcommerce,andindustry We are concernedboth with underlying mathematical
and computationalscienceresearch,the developmentof new techniquesand algorithms, and their

implementatioron arangeof high performanceomputingplatforms.

The descriptionof our actwvities is presentedn several subsectionshut this is only to give a structureto
thereportratherthanto indicateary compartmentalizatiomn the work of the Project. Indeedone of the
strengthof the Parallel Algorithms Projectis that membersof the Teamwork very muchin consultation
with eachothersothatthereis considerableverlapandcross-fertilizatiorbetweerthe areasdemarcated
in the subsequenpages. This cross-fertilizationextendsto formal andinformal collaborationwith other
teamsat CERFACS, the shareholdersf CERFACS, andresearctgroupsandenduserselsavhere.In fact,
it is very interestingto me how muchthe researchdirectionsof the Projectareincreasinglyin uenced by
problemsrom the partners.

Membersof the Teamvery much play their full partin the wider academicand researchcommunity
They areinvolvedin ProgrammeCommitteedor major conferencesareeditorsandrefereedor frontline
journals,andareinvolvedin researchand evaluationcommittees. Theseactwvities both help CERFACS
to contribute to the scienti c life of France Europeandthe world while at the sametime maintainingthe
visibility of CERFACS within thesecommunities. Somemeasureof the visibility of CERFACS canbe
found from the statisticsof accesseto the Algo Web pagesat CERFACS wherewe have recordedmore
than 100,000hits during the reportingperiod. On our publicationpagesalone,peoplehave requestedo
fewerthan233differentreportsin 2001.

Our main approachin the direct solution of sparseequationscontinuesto be the multifrontal technique
originally pioneeredat Harwell in the early 1980s. During this last period we have further developed
the MUMPS packagén conjunctionwith our colleaguesat ENSEEIHT andelsavhere. The codeis now
very robust and has beendownloadedby over 150 researcherérom the MUMPS website. Extensve
comparisonsgonductedwith the supportof funding from the France-Berkley Fundhave shavn thatthe
performancef MUMPS is on a par or betterthanary similar codefrom the United States. The MUMPS
code has beenusedextensiely within domain decompositionsoftware both at CERFACS and in the
DDM codeat Parallabin Bergen. It hasalsobeenevaluatedpositively for useby Dassault-Aiation. As |
write this, preparationsrewell undervay for a signi cant new releasahatwill include betterintegrated
orderingoptionsandmoresophisticatedchedulingstratgies. Recentwork hasincludedanin-depthstudy
of the MPI send/receie mechanismand investigationof techniquego make the MUMPS coderobustin
the presencef differentimplementation®f MPI. We have alsoexploredthe dynamicschedulingstrateyy
to avoid a severeoverestimatef storagerequirementsThe MUMPS Projectis alsoresponsibldor some
secondanpor spin-of researchan examplebeingthe work on incrementahorm estimationwhich should
proveto bevery usefulin the context of rankrevealingfactorizations.

At thelevel of internationalefforts for standardsn numericallinear algebra,we have beenvery involved
in the developmentof a new standardor the Basic Linear AlgebraSubprogramgor 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 available on the
CERFACSwebandhasbeendownloadednearly150times. We have submittedpapersothonthe Fortran
95 implementatiorof the sparseBLAS andon the designof thesparseBLAS to ACM TransMath Softw.

Although iterative methodsremove mary of the bottlenecksof direct approachesparticularly regarding
memoryit is now well establishedhatthey canonly beusedin thesolutionof really challengingproblems
if the systemis preconditionedo createa new systemmore amenableo the iterative solver. During

this last period we have continuedour work on developing such preconditionersjncluding two-level

schemeghat have beenusedsuccessfullyin both denseelectromagneticsipplicationsand in domain
decompositionrmethoddor solving partial differentialequationsn device modelling. Work hascontinued
on the useof the MUMPS direct solver asa preconditionemwithin a domaindecompositiorschemeand
the resulting algorithm and code have beenusedwith successn the solution of problemsfrom drift

diffusionin semiconductodevice modellingin a joint collaborationwith INRIA. On a more theoretical
but very practicaltrack, the loss of orthogonalitywhen performinga QR factorizationusing modi ed

GramSchmidthasbeenextensvely analysed The GMRESandFGMREScodesthatwerediscussedn a
previous activity reportare availablethroughthe CERFACS web andhave attractedover 600 downloads,
somefrom importantestablishmentsicluding partnersof CERFACS. Our useof sparsepreconditioning
techniqueswithin a fastmultipole codefrom our partnerEADS hasresultedin the ef cient solution of

denseproblemsin over 1 million unknovnsfrom highly challengingmodelsof an Airbusaircratft.

The main areaof interestfor the Qualitatve ComputingGroup concernsa deepunderstandingf the
in uence of nite-precision computationon complex scienti ¢ numericalapplications.One of the major
areasstudiedhasbeenthat of innerouteriteration,two principalandimportantapplicationsbeingthe use
of Krylov solvers (inner iteration) within an eigensystentalculation(outeriteration), andthe useof an
iterative solver on the Schurcomplemenin a domaindecompositiorcontet (outeriteration) where,at
eachiteration, a subproblemor preconditionemight requirea systemsolution (inner iteration). It was
shavn experimentallythat,almostcounterintuitively, it is possibleto relaxtheaccurayg of the operatoror
inneriterationin a controlledway without affecting overall corvergence.A projectwith our partnerEDF
hasinvolved moving this work from a researctervironmentto one of their major industrialcodes. The
Grouphasalso collaboratedcloselywith CNESin the context of the Jasonproject, principally studying
the solutionof integerleast-squareproblems.The secondareaof importantresearcthasbeenon Inexact
Computingwhichis basecbn the theoryof homotopicperturbationsA globaltheoryhasbeendeveloped
which allows oneto understandvhy numericalartifactsoccurwhenpseudospectrarecomputedn nite
precision.Thirdly, on amorefundamentalevel, algorithmsandtheoryhave beendevelopedfor the useof
hypercompl& numberswhich canbe a morenaturalway of representingictualphysicalprocessesOther
work includesmorerobustterminationcriteriafor Arnoldi-basednethodsthe developmenbf morerobust
eigensolersusinghybrid algorithmsin ajoint effort with INRIA, andwork on the solutionof Schibdinger
equationsandtriple-deckboundanjayerproblems.

Currentareasof researchinclude major work on an approachfor solving ill-posed problemswhere a
regularizedsolutionis obtainedafter the solutionof a subsidiaryeigenproblemRecentwork includesthe
developmentof ef cient preconditionergor the eigenproblenandthe useof the algorithmand software
in medicaltomographyand imagerestorationapplications. On the latter application,extensionswhich
respectnonngatiity constraintsare being developed. A major researchkernel in optimizationis the
primal-dual trust-region interior point method. This has beenextensively analysedand an approach
de ned thathascomponentwiséastasymptoticconvergence.The work hasbeenextendedto the caseof
parametrizedrariantsof Newton's method. An importantrequiremenf the internationalcommunityin
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thedevelopmentanduseof optimizationtechniquess the existenceof a versatiletestingervironmentand

setof testexamples.Work hasbeenconductecat CERFACS into the expansionandreoiganizationof the

well known andrespectedCUTE packageto producethe forthcoming CUTETr (r for revisited) package.
Thework ontheuseof large scaleoptimizationandthe useof state-of-the-artechniquesn meteorological
dataassimilation,in conjunctionwith our shareholderfrom Méteo-Francethe PALM andMERCATOR

Teamhascontinued.

The Parallel Algorithms Projectis heavily involved in the AdvancedTraining aspectsof CERFACS'
mission. We ran internaltraining coursesfor new recruitsto all Projectsat CERFACS to give thema
basicunderstandingf high performanceomputingandnumericallibraries. This coursewasalsoopento
theshareholdersf CERFACS.Following aspeci ¢ requesbf CNESthroughits CCT “calcul scienti que”
we organizeda three day training courseentitled “Outils de programmatioref cace et robuste pour le
logiciel scienti que” targetedat CNES engineersWe arealsoinvolvedin trainingthroughthe “stagiaire”
systemand feel that this is extremely usefulto youngscientistsand engineersn both their training and
their careerchoice. It canalsohelp usto focusour researchefforts andthus canbene t the work of the
Team. A win-win situation. Membersof the Teamhave assistedn mary lecturecoursesat othercentres,
including ENSICA, INPT, Météo, Toulousel and UPS. During this pastyear, both Valérie Frays& and
Luc Giraudsuccessfullydefendedheir habilitationthesegHDR). Valérie summedup her mary activities
underthe umbrellaof the power of backwarderror analysisandLuc describedwith greatclarity his mary
contritutionsto theiterative solutionof linearequationsFour otherTeammembersuccessfullydefended
their PhD theses. Thesewere ElisabethTraviesaswith a thesison matrix spectra(and pseudo-spectra),
AminaBourasonthecorvergenceof embeddedKrylov solversin eigensystenor linearsystemcalculation
and Ahmed Zaoui on his contributionsto eigensolersand hypercompl& computation,and Dominique
Orbanon “Interior-point methodsfor nonlinearprogramming”,a cotutellethesisbetweenINPT andthe
Universityof Namurin Belgium.

We run a regular seriesof “internal seminars”that are primarily for Teammembergo learnabouteach
other's work andarealsoa goodforum for youngresearchert honetheir presentationaskills. We run
a seriesof seminardrom externalpeoplewho arevisiting the Teamthatattracta wider audienceandthis
hasbene tedgreatlyduringthis periodthroughanextensie visitor programmelndeed our list of visitors
is a veritablewho's who of numericalanalystsjncluding mary distinguishedscientistsfrom Europeand
the United States. We have includeda list of the visitors at the end of this introduction. John Gilbert
from Xerox Parc in California was one of our longer stayingvisitors 2001 and was involved in mary

interactionsaswitnessedn Section2.100f thisreport. As always,it wasapleasurdo hostGeneGolubfor

aweekwhenhe camefor the Anniversarymeeting.He is particularlyhelpful andinspiringto our younger
researcherwith his enthusiasnandinterest.

The Parallel Algorithm Teamhostedtwo signi cant internationalmeetingsduring the reporting period.
Onewasthe Workshopon innerouteriterationsorganizedat the requesibf threeof our shareholderand
held at CERFACS in SeptembeR000. GeneGolub gave the keynote addressand there were invited
presentationgrom AndreasGriewank and Sven Hammarling. The programwas completedby several
contritutionsfrom CERFACS researcherandthe shareholderstepresentaties. The Parallel Algorithm
Projectalsoorganizedandhosteda Sparséay meetingheldin June2001.We wereableto take advantage
of our visitorsto designa very interestingprogrammethat attracted38 participantsfrom not only outside
Toulousebut alsooutsideFrance.Someresearcherfom the partnersof CERFACS alsoparticipated.The
speakrsandprogrammearedescribedurtherin Section6.2 of this report. We werealsostronglyinvolved
in the CERFACS Anniversarymeetingin October2001.GeneGolubfrom StanfordUniversityandGeérard
Meurantfrom CEA gave invited talks and two PhD students,Bruno Carpentieriand Jean-Christophe
Rioualhadthe chanceo presentheir work to adistinguishedaudience.
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I am very pleasedo reportthat, over the reportingperiod, we have continuedour involvementin joint
researclprojectswith shareholderandotherCERFACS' partnersandwith otherteamsat CERFACS.We
areinvolvedin researclcommitteessuchasthe CCT of CNES.We have successfullycompleteda major
projecton orbitographywith CNES. We have two projectswith EADS on preconditioningtechniquesn
electromagneticanda sponsoredPhD on the studyof iterative solutiontechniquegor multiple right-hand
sides. We areinvolvedin the training programmefor the Mastere,organizedby ENM at Méteo-France.
Oneof thetwo active collaborationsvith INRIA hasbeensuccessfullynished by the defenceof a PhD
andthe otheron domaindecompositiorwill hopefullyyield anotherthesisin the springof 2002. We are
involvedin a contractwith EDF to utilize our ndings oninnerouteriterationwithin their Astercode.We
helpthe otherProjectsat CERFACS on almosta daily basis for examplein giving adviceto CFD and TSI
on OpenMPR but sometimegollaborateon a moresubstantialevel asfor instancen the PALM projector
ontheoptimaluseof our public domainlinearsolverswith EMC. Thework onthe performancevaluation
on clusterswas also of greatinterestfor both other CERFACS Projectsand shareholdergin particular
CNESandMéteo-France).

Visitors to Parallel Algorithm Projectin 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), NECcULAI ANDRE!I (Researchlinstitute for Informatics, Roumania), MARIO ARIOLI

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

GoLus (StanfordUniversity), Nick GouLD (RutherfordAppleton Laboratory),ANDREAS GRIEWANK

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

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

(TechnicalUniversity of Denmark, Denmark),JoHN HAwS (Raleigh),GARY HOWELL (Florida Institute
of Technology),ABDERRAZAK ILAHI (Tunisia), ERRICOS KONTOGHIORGHES (NeuchatelUniversity),
Jacko KOsSTER (Parallab, Bergen), JEAN-YVES L'EXCELLENT (INRIA-ENSL, Lyon), MARTIN VAN

GI1JzEN (TNO, The Netherlands)ERRICOS KONTOGHIORGHES (University of 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),GERARD MEURANT (CEA), JOHN MILLER (Dublin
University, Dublin), SHANE MULLIGAN (Dublin University, Dublin), JORGE NOCEDAL (Northwestern
University), BERESFORD PARLETT (UC Berkeley), BERNARD PHILIPPE (IRISA, Rennes), MIRO

RozLozNik (Academy of Sciencesof the Czech Republic, Prague), YOUSEF SAAD (Minneapolis
University), ANNICK SARTENAER (FUNDPR Namur), JENNIFER ScOTT (RAL, UK), DAN SORENSEN

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

(ENSEEIHT), TROND STEIHAUG (University of Bergen, Norway), GUILLAUME SYLVAND (INRIA-

CERMICS, Nice), DANIEL SzyLD (TempleUniversity), PATRICK LE TALLEC (Ecole polytechnique),
PHILIPPE TOINT (FUNDR Namur), JEAN TSHIMANGA (University of Namur Belgium), MIROSLAV

TuMA (Academyof Sciencesf the CzechRepublic,Prague),and STEVE WRIGHT (ArgonneNational
Laboratorylllinois, 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 predecessothe Harwell-Boeingsparse
matrix collectionin a numberof respectsincluding the representationf the problemsin the Rutherford-
Boeingsparseamatrix format.

With asssistancérom a stagiaire,Pierre Valentin, all the datafrom the Harwell-Boeingsparsematrix

collection have been corverted into Rutherford-Boeingformat and are documentingthis data and
incorporatingother relevant data. Ultimately, the collectionwill consistof a comprehensie archive of

testmatrices storedin Rutherford-Boeindormat, alongwith the relevantrelateddata,suchasright-hand
sides solutionestimatesprderingsgetc.

In orderto leave as much latitude as possibleand to allow older solvers to solve problemsfrom the
Rutherford-Boeingollectionwithout modi cation, a numberof corversiontools, to andfrom the Matrix

Market format, the Matlab formatandthe Harwell-Boeingformat, will alsobe provided. Toolsto plot or

view onthescreerthe sparsitypatternof the matriceshave beendesigned.

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

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

An incrementalapproachto -norm estimationfor triangular matriceshas been developed which is

importantfor the detectionof ill-conditioning, oneof the basicproblemsarisingin the numericalsolution
of linear systems.Applicationsof the schemencludethe calculationof forward error boundsbasedon

the conditionnumber robust pivot selectioncriteria andrank-revealingfactorizationsjn particular when
inversefactorsarisein thefactorization.In [ALG53], sucha schemads introducesit is applicablefor both
denseandsparseamatriceswhich canarisefor examplefrom a QR,a Cholesk or aLU factorization.If the
explicit inverseof atriangularfactoris available,asin thecaseof animplicit versionof theLU factorization,
this resultscanbe relatedto incrementalcondition estimation(ICE) presentedn [2]. Incrementainorm
estimation(INE) extendsdirectly from the denseto the sparsecasewithout needingthe modi cationsthat
arenecessaryor the sparseversionof ICE. INE canbe appliedto complemeniCE, sincethe productof

thetwo estimategjivesan estimatefor the matrix conditionnumber Furthermorewhenappliedto matrix
inverses,INE canbe usedasthe basisof a rank-revealingfactorization. The quality of this resultson

standardestcaseds consistentlyhigh and demonstratethe generalreliability of the scheme.A revised
versionof [ALG53] which containsalsoatheoreticakanalysisof this schemewill appeaiin 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. Pozo0)

The effort by the BLAS TechnicalForum to producean updatedversionof the Basic Linear Algebra
Subprogrambascontinuedor mary yearsandit waswith somerelief thateverythingcameto aconclusion
in 2001. The standardtself [3] shouldbe appearingastwo partsin The InternationalJournalof High
PerformanceComputing Applications and an article on the standard[4] has beensubmittedto ACM
Transaction®n MathematicaSoftware.Major extensiongo theearlierBLAS includeaddedunctionality;
mixedprecisionBLAS, andsparseBLAS.

We discussthe interfacedesignfor the SparseBasicLinear AlgebraSubprogram¢BLAS), the kernelsin
therecentstandardrom the BLAS TechnicalForumthatareconcernedvith unstructuregsparsematrices.
Themotivationfor suchastandards to encourag@ortableprogrammingvhile allowing for library-speci ¢
optimizations.In particular thisinterfacecanshieldonefrom concernoverthe speci c storageschemedor
thesparsamatrix. This designmakesit easyto addfurtherfunctionalityto the sparseBLAS in thefuture.
In the report[ALG56], the useof the SparseBLAS with examplesin the threesupportedorogramming
languagesfortran95, Fortran77,andC is illustrated.A Fortran95implementatiorof thesparseBLAS is
describedn thereport[ALG55].

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

[4] S.Blackford,J. Demmel,J. Dongarra,l. Duff, S. Hammarling,G. Henry, M. Heroux, L. Kaufman,
A. LumsdaineA. Petitet,R. Pozo,K. RemingtonandR. C. Whaley, (2002),An UpdatedSetof Basic
Linear AlgebraSubprogram¢BLAS), Submittedo TOMS

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

The BasicLinear AlgebraSubprogramgor sparsematrices,the SparseBLAS, arede ned by the BLAS
TechnicalForumandconsistof a setof kernelsproviding basicoperationdor sparsematricesandvectors.
A principal goal of the SparseBLAS standards to aid in the developmentof iterative solversfor large
sparsdinear systemsby specifying,on the onehand,interfacesfor a high-level descriptionof vectorand
matrix operationgor the algorithmdeveloperand,on the otherhand,leaving enoughfreedomfor vendors
to provide the mostef cient implementatiorof the underlyingalgorithmsfor their speci ¢ architectures.
The SparseBLAS standardde nes interfacesandbindingsfor the threetarmget languagesC, Fortran77
andFortran95. Our Fortran95 implementations intendedasa referencenodelfor the SparseBLAS. The
designis basedon the idea of matrix handlesso that the userneednot be concernedwith the detailsof
the underlyingstorageschemes.t is ernvisagedthat thesekernelswill be widely usedin the solution of
sparseequationdyy iterative methods.Our work is documentedn [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)

Thiswork wasawardedagrantfrom theFranceBerkeley fundfor teamsatENSEEIHTFIRIT andCERFACS
to collaboratewith NERSCat LawrenceBerkeley NationalLaboratoryon distributedsparsesolvers. This
grantstartedin Januaryl999andwasextendeduntil May 2000, enablingDuff to visit Berkeley twice for
discussionsvith Li andAmestqy (whowason sabbaticaleave for theyear).
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Themainresultwasanin depthanalysiscomparingthe meritsof a supernodasolver (SuperLU)[5] with
MUMPS (see 2.9). This shaved broadly that MUMPS generallyoutperformedSuperLUalthoughthe
latter shoved somevhat better scalability and was competitive on a large numberof processors.Many
ideasfor improvementgo both codesweregeneratedluring this investigationandboth will be enhanced
asaresult.

The main report to the France-Berkley Fund [ALG37] was acceptedand a shorterversion hasbeen
submittedto the ACM Transactionon MathematicalSoftware [ALG36]. The work hasbeenpresented
atthe SIAM Parallel Processingconferencen March2001[ALG38].

[5] J. W. Demmel,J. R. Gilbert, and X. S. Li, (1999), An asynchronougparallel supernodahlgorithm for sparse
Gaussiarelimination,SIAM J. Matrix Analysisand Applications 20, 915-952.

2.6 Study of the effect of matrix orderings on MUMPS and a code
from Argonne National Laboratory (l. S.Duff, S.Leblond and
H. Tufo)

In this work, two differentsolversfor the direct solutionof sparseequationson multiprocessomachines
wereexamined.This investigationvasconductedy a stagiaireSimonLeblond[ALG68], primarily under
theguidanceof Duff.

The rst part of the investigationdealswith the MUMPS multifrontal methodfor an LU factorization
computation. The phasef this approachwere describedand resultson a few large testsmadeon the
supercomputeCOMPAQ IXIA were analysed. The main study concernecthe effect of the ordering
algorithmon the analysisandthe performanceof the codewhenan orderingwasinput by the user Some
suggestionsor futureimprovementso MUMPS arepresented.

The secondpart concernedan approachusing an factorizationdevelopedby Tufo and usedin a
massvely parallelernvironmentto obtainfactorsof the inverseof a large sparsematrix [6]. The ndings
shavedthatthe currentversionof the codewasratherslow in thefactorizatiorphasebut very quick for the
backsoles. This hadbeenthe designintentionof Tufo who, partly asa resultof this study is tuning the
factorizatiorpartof his algorithm.

[6] H.M. TufoandP. F. Fischer(2001),Fastparalleldirectsolversfor coarsegrid problems,). Parallel andDistributed
Computing 61, 151-177.

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

Althoughtheoriginalwork of theauthoronthis setof algorithmsfor permutinglargeentriesto thediagonall
wascompletedsometime agoandtheresultingcodeMC64wasplacedin the HSL mathematicasoftware
library in 2000,themostrecentournalpaperonthiswork appeareth 2001[ALG14] andthealgorithmand
codehasbeenusedextensively over this pastyearby mary peoplein the solutionof large sparsesystems
of equationsandin preconditioningechniquegor sparsemnatrices.

In mary casesthe routine can be very helpful whenfactorizingvery unsymmetricsystemsas hasbeen
the experiencewith MA41and MUMP3$ALG2]. It hasalso proven almosta necessarypreprocessofor
algorithmsthat usestaticpivoting stratgiesasin SuperLU [9]. More recently Gupta[8] hasreafrmed
theimportanceof sucha permutatiorin hiswork on sparsalirectsolversandBenziandhis colleagueg$7]
have foundthatit is absolutelynecessaryo useMC64if preconditioningechniquesreto besuccessfubn
highly inde nite andnonsymmetrianatrices.
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[7] M. Benzi,J. C. Haws, andM. Tuma, (2000), Preconditioninchighly inde nite and nonsymmetrianatrices,22,
1333-1353.

[8] A. Gupta,(2001), Improved symbolicand numericalfactorizationalgorithmsfor unsymmetricsparsematrices,
Tech.Rep.RC 22137(99131),I1BM T.J. WatsonResearcltCenter Yorktovn Heights,NY.

[9] X. S.Li andJ.W. Demmel,(1999),A ScalableSparseDirect Solver usingstatic pivoting, In Proceedingof the
Ninth SIAM Confeenceon Parallel Processingor Scienti c Computing SanAntonio, Texas.

2.8 Candidate-baseddynamic scheduling for a distributed direct
linear solver (P. R. Amestoy,|l. S.Duff and C. Vomel)

Theasynchronoudistributedmemorymultifrontal solver MUMPS (JALG2, ALG37]) exploits threetypes
of parallelismwhena sparsematrix is factorized. A rst naturalsourceof parallelismis establishedy
independenbranche®f theassemblytree. Furthermoretreenodeswith alargeenoughcontribution block
canbeupdatedn parallelby splitting theupdatebetweerseveralslavesof the mastetthatis factorizingthe
block of fully summedvariables Finally, theroot nodecanbetreatedn parallelif it is big enough.

While the masterprocessonf eachnodein the tree(i.e. the onethatis responsibldor the factorization
of the block of fully summedvariables)is chosenduring the analysisphase the slavesfor the parallel
updateof large contrikbution blocks are only chosenduring the factorizationphase. This dynamictask
schedulingakesplacein orderto balancehework load of the processorstrun-time.Problemsarisefrom
offering too muchfreedomto the dynamicscheduling.If every processois a candidatdor a slave then,
on eachprocessarenoughworkspacehasto be resened during the analysisphasefor the corresponding
computationatasks.However, duringthe factorization typically not all processorareactuallyneededas
slaves(and,on alargenumberof processorgpnly avery few areneeded)sothepredictionof therequired
workspacewill beoverestimatedThusthesizeof the problemghatcanbesolvedis reducedunnecessarily
becausef this differencebetweerthe predictionandallocationof memoryin the analysisphaseandthe
memoryactuallyusedduringthefactorization.

With the conceptof candidateprocessos it is possibleto addresghis issue. The conceptoriginatesin an
algorithmpresentedn [10] andextendsef ciently to MUMPS. For eachnodethat requiresslavesto be
chosendynamicallyduring the factorizationbecausef the sizeof its contribution block, a limited setof
processorérom which the slavescanbe selecteds introduced.While the masterpreviously choseslaves
from amongall lessloadedprocessorsthe freedomof the dynamicschedulingcan be reducedso that
the slavesareonly chosenfrom the candidates This effectively allows oneto excludeall non-candidates
from the estimationof workspaceduring the analysisphaseand leadsto a more realistic prediction of
workspacaneededFurthermorethe candidateconceptallows oneto betterstructurethe computatiorsince
it is possibleto explicitly restrictthe choiceof the slavesto a certaingroup of processorandenforcea
“subtree-to-subcub@happingprinciple.

Preliminarytestswith a prototypeversionhave shovn the bene ts of the conceptthatis currentlybeing
integratedinto a compactschedulingmodulefor MUMPS. It uni es staticanddynamicmappingwhile at
the sametime takingaccounibf treemodi cations by nodeamalgamatiomndsplitting.

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

This work was developedfrom the researchperformedas part of the France-Berkley project[ALG37]
andis intimatelyassociatedvith the tuningof the MUMP&ndSuperLU sparselirectsolverson distributed
memorycomputersisingMPI for messag@assing.

The sendand receve mechanismof MPI are examinedin detail and the questionhow to implement
messag@assingobustly sothat performances notsigni cantly affectedby changego the MPI systemis
addressedThediscussiorof thisis madewithin the context of two differentparallelalgorithmsfor sparse
Gaussiarelimination:amultifrontal solver (MUMP} anda supernodabne(SuperLU ). Theperformancef
initial stratgiesbasedon simpleMPI point-to-pointcommunicatiorprimitivesis very sensitve to the MPI
system particularlytheway MPI buffersareused.Using moresophisticateshon-blockingcommunication
primitivesimprovestheperformanceobustnessindscalability but atthecostof increasedodecompleity.
Thereport[11] hasbeensubmittecto thejournal Parallel Computing.

[11] P.R.Amestaq, I. S. Duff, J.-Y. L'Excellent,andX. S.Li, (2001),Impactof the Implementatiorof MPI Point-to-
PointCommunication®n the Performancef Two GeneralSparseSolvers, Tech.Rep.RT/APO/01/4 ENSEEIHF
IRIT.

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

The answergo several theoreticalquestionsaboutnonzerostructureand columndependencies sparse
factorizationwith partial pivoting could have consequenceis the analysisphaseof factorization

codes LauraGrigori, co-worker, is agraduatestudentat LORIA in Nangy.

A symbolic all-at-oncelower boundfor the structureof the column elimination tree hasbeenrecently

describedn atechnicalreport[ALG59] submittedfor publication.This lower boundappliesto the caseof

so-calledstrongHall matrices.

The proof of a symbolic lower boundresultfor the structureof and underpartial pivoting for all

nonsingulamatriceshasbeengiven. This resultwasalreadyknown for the caseof strongHall matries.

However, thegenerakasds of interestbecausenary nonsymmetric  codesdonotpreprocesthematrix

to blocktriangularform. Thehopeis thatit will bepossibleto extendthis work to getanexactlowerbound;

if thisis donewith anef cient way to implementit, it is plannedo experimentit asanimprovementto the

currentstructurepredictionin SuperLU.

An othergoalis to extendthe columntreeresultfrom a symbolicboundto anexactbound.

2.11 Weighted matching for symmetric inde nite factorization
(J. R. Gilbert, seniorvisitor)

The objective hereis to useweightedbipartitematching(asin Duff andKosters MC64code)to identify
goodstatic(or atleastinitial) pivoting ordersfor symmetricinde nite factorizations Suchorderingsmight
alsobe usefulfor incompletesymmetricinde nite factorizationsor for the iterative solutionof symmetric
inde nite systems.

A maximumweight matchingmay not be symmetric,evenfor a symmetricmatrix. Onemay askto what
extentonecancapturethe elementf sucha matchingin smallsymmetricblock pivots by permutingthe
matrix symmetrically Theanswerturnsoutto dependonthe cycle structureof the matchingpermutation.

The experimentstartedwith theideaof 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 approximateninimumdegree,is computedon the quotientgraphby the diagonalblocks,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 combinatorialapproacho preconditioningsparsdinear systems
thatdatefrom the early 1990sbut have recentlyseensomepromisingnew developmentsA suney lecture
on the topic, covering both our work andothers',wasdoneat the SparseDay at CERFACS in June,with
the intention of getting more researcherinterestedn working on it. Trond Steihaugof the University
of Bergenpointedout a connectionto a spanningtiree preconditioneffor network problemsthat hasbeen
studiedby Resendeaand othersin the optimizationcommunity The SparseDay talk alsoled to a visit to
JeanRomans groupat LABRI in Bordeaux:it is plannedto collaborateon theseandrelatedideasin the
context of the blockincompletepreconditionershatRomans groupis designing.

A workshopon combinatorialpreconditioning,during which the sparselinear systemscommunity can
exploretheseandrelatedproblemsjs ontheway to be organisedperhapsat CERFACS.

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

The Matlab meshpartitioningtoolbox, which Shang-Hualengand JohmGilbert wrote several yearsago
andwhich Tim Davis hadmostrecentlyupdatedo run underversion5 of Matlab hasbeenupdated.The

newly updatedoolboxincludesaninterfaceto METIS andrunsunderMatlab 6. The updatedioolboxis

now availableat http://www.cerfacs.fr/algor/Softs/MESHRRT/index.html

With the collaborationof Gary Howell (of the Florida Institute of Technology visiting CERFACS),

successfullexperimentswith usingf2c as an intermediaryin connectingFortran sparsematrix codesto

Matlabhasbeenmade.A routineto readsparsenatricesn Rutherford-Boeindormatinto Matlabhasbeen
developped. The routineis not yet comprehensie (it currentlyhandlessix of the R-B matrix types),but

it demonstratethat usingthe new formatwith Matlab will be considerablysimplerthanusingthe older
Harwell-Boeingformat. StudentPierreValentinhelpeda gooddealwith samplematricesfrom his summer
work on the Rutherford-Boeingollection.
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3.1 Lossof orthogonality in the modi ed Gram-Schmidt algorithm
(L. Giraud, S.Gratton and J. Langou)

Duringthepasttwo yearsmary efforts have beenputonthestudyof themodi ed Gram-Schmidalgorithm.
The modi ed Gram-Schmid{MGS) algorithmis a well known orthogonalizatiormethodusedin mary
linear algebraalgorithms. For example, it is a fastway to computea factorization. Although this
methodis widely used,sometheoreticalquestionson its behaiour in nite precisionarithmeticare still
open.

On a computey the modi ed Gram-Schmidtorthogonalizationis appliedto a matrix in nite-precision
computationthis introduceserrorsthatonewantsto control. This subjecthasalreadybeenconsideredy
Bjorck in 1963[13], thencontinuedby Bjorck and Paigein 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
reorthogonalizatiomlgorithmthatgivesimpressie resultsin termsof speed.This algorithmis particulary
efcient in anArnoldi context. Experimentsarestill goingon to control the quality of the obtainedresult
in amoregeneraframenork.

It is well known that the setof computedvectorsmay lose orthogonality;however, it is experimentally
obsered that this sethasfull rank. In [ALG60], a theoremthat gives a theoreticalexplanationof this
phenomenoris given. This theoremappliesto a large setof matrices. This is the setof not “too ill-
conditioned"matrices. To completethis theorem,a matrix, called CERFACS is given, this matrix
doesnot belongto this setbut is indeedvery close. On that matrix, MGS generates numericallyrank
de cient setof vectors.Thisjusti es thesharpnessf the domainof validity of thetheoremgiven. Finally,
the combinationof it with a well known resultfrom Bjorck givesthat two sweepsof MGS are indeed
enoughto geta matrix whosecolumnsare orthogonalup to machineprecision. We recover the famous
sentencef W. Kahan[14] : “twiceis enough’

[12] A. Bjorck and C. Paige, (January1992), Loss and recaptureof orthogonalityin the modi ed Gram-Schmidt
Algorithm, SIAMJ. Matrix Analysisand Applications 13, 176—190.

[13] A. Bjorck,(1967),SolvinglinearleastsquareproblemsusingGram-SchmidbrthogonalizationBIT, 7, 1-21.
[14] B. Parlett,(1980), Thesymmetriigenvalueproblem PrenticeHall.

3.2 Robust preconditioning of denseproblemsfr om electromagnetics
(B. Carpentieri, I. S.Duff and L. Giraud)

In recentyearstherehasbeenasigni cant amountof work doneonthesimulationof electromagnetiwvave
propagationphenomenaaddressingvarioustopics ranging from radar crosssectionto electromagnetic
compatibility, to absorbingmaterials,and antennadesign. To addressthese problemsthe Maxwell
equationsare often solved in the frequeny domainleadingto singularintegral equationsof the rst
kind. The discretizationby the boundaryelementmethod(BEM) resultsin linear systemswith dense
complex matriceswhich are very challengingto solve. In this project new preconditioningstratejies
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for the iterative solution of thesesystemsare proposed. In a rst study [ALG22] a comparisonof
different preconditionersf both implicit and explicit form in connectionwith Krylov methodsis done.
Particulatemphasiss puton sparsepproximatenversetechniquesasedn Frobeniusnormminimization
that use a 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 underlyingmeshesdnsteadof usingmethodsbasedon the
magnitudeof the entries. An extractfrom this work hasbeenacceptedor publicationin the Proceedings
of the SecondConfeenceon NumericalAnalysisand Applications(RousseBulgaria). The resultsof the
numericalexperimentssuggesthatthe new stratgjiesareviable approachefor the solutionof large-scale
electromagnetiproblemsusing preconditionedrylov methods.In particulay this strat@ie is applicable
when fast multipole techniquesare usedfor the matrix-vector producton parallel distributed memory
computers. A paper[ALG5] relatedto this researcthasbeenacceptedor publication. The numerical
scalabilityof this preconditioneimplementedn EADS' FMM code,is currentlytestedon largeproblems.
In a secondproject[ALG43], implicit preconditionerdasedon incompletefactorizationalgorithmsare
used. Imaginarydiagonalperturbationsare incorporatedwhich signi cantly improvesthe performance.
This projectis still ongoing.

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

In order to further develop the study presentedin [ALG5], reseachhas been done on symmetric
preconditioningstrateies for the iterative solution of densecomplex symmetricnon-Hermitiansystems
arisingin computationaklectromagneticsln particulay numericalbehaiour of the classicallncomplete
Cholesly factorizationas well as someof its recentvariantsare reportedbut well-known factorized
approximateinversesare considered. This illustratesthe dif culties that thesetechniquesncounteron
the linear systemaunderconsideratiorandgive somecluesto explain their disappointingoehaiour. The
propositionconsistsin two symmetricpreconditionerdasedon Frobenius-normminimizationthatusea
prescribedsparsitypattern. The numericaland computationakf ciency of the proposedpreconditioners
areillustratedon a setof model problemsarising both from academicand from industrial applications.
More detailson 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 largeelectromagneticalculationghatinvolve severaltensof thousandsr afew million unknovns,the
useof fastmultipoletechnique$s mandatoryto evaluatethematrix-vectorproduct.For suchsimulationsan
investigationof the numericalscalability of the approximatenversepreconditionefALG5] implemented
in aparalleldistributedcode[15] hasbeendone.Becauséhe preconditionenaturallybecomesnorelocal
whenthe sizeof the problemis increasedeventhoughthe Greenfunctionsdecayrapidly, the obsenation
is that the corvergencerate deterioratesvhenthe size of the linear systemincreases.To overcomethis
drawback andimprove the numericalrobustnessf the linear solver an embeddedschemeis applied; it
consistof a FGMRESKTrylov solver for the outeriterationsanda preconditionedsMRESinner scheme.
For this outersolver, anaccuratdastmultipole calculationfor the matrix-vectorevaluation,preconditioned
by afew innerpreconditionedsMRESiterationsis used.For theinnerGMRESschemealessaccuratdast

14 Jan.2000-Dec.2001



PARALLEL ALGORITHMS PROJECT

multipole calculationfor the matrix-vectorcomputatiorandthe Frobeniusnormminimizationapproachas
preconditionelis used. The ef ciency of this numericalschemds demonstratean large testproblems.
Thebene t of thenew schemas highlightedin Table3, wherethe numberof outerandinnerfastmultipole
matrix-vectorproductsaswell asthe elapsedime to solve a problemwith aroundonemillion unknonvns
arisingfrom a simulationof an Airbus aircraft arediplayed. GMRES(30)and FGMRES(5)/GMRES(20)
areconsideredecausdothusethe sameamountof memory Thetargetcomputeris aCompagSC Alpha
sener.

Spherewith 1.0 degreesof freedoms

GMRES(30) FGMRES(5+ GMRES(20)
#accuratFMM | Elapsedime | #accuratsMM | # lessaccurate-MM | Elapsedime
1196 11 hours 17 260 1 hour30mn

Airbusaicraftwith 1.1 degreesof freedoms

GMRES(30) FGMRES(5+ GMRES(20)
#accuratFMM | Elapsedime | # accuratFMM | #lessaccurate-MM | Elapsedime
no corvergence - 19 300 4 hour20mn

Table3 : Numericalbehaiour obsenedon a 16 processoAlpha CompagSener.

[15] G. Sylvand, (2002), RésolutionItérative de Formulation Intégrale pour Helmholtz3D : Applicationsde la
MéthodeMultipble a desProblemesde GrandeTaille, PhDthesis EcoleNationaledesPontset Chausées.

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. Tuminar o)

A rohust interpolationschemefor non-overlappingtwo-level domaindecompositiormethodsappliedto
two-dimensionaklliptic problemswith discontinuousoefcients is proposed.This interpolationis used
to designa preconditionerclosely relatedto the BPS schemeproposedin [16]. The de nition of this
interpolationis naturalon structuredmesheswith uniform rectangularsubdomainsand a generalization
to unstructuredneshess proposed.This generalizatiorpreseresthe constanfunction while taking into
accountpossiblediscontinuities.The unstructuredyrid interpolationwasinspiredby AMGe [17] andalso
by the factthatit reducego the original operatordependeninterpolationon uniform meshes.Through
numericalexperiments,it is shovn on structuredand unstructurednite-element problemsthat the new
preconditioningschemeeducedo the BPS methodon smoothproblemsbut outperformsit on problems
with discontinuousoefcients. In particularit maintainsgoodscalableconvergencebehaiiour evenwhen
thejumpsin thecoefcients arenotalignedwith subdomainnterfaces.Thiswork hasbeenpresenteduring
the Preconditioning2001 Conferenceand was completedduring a visit to SandiaNational Laboratory
Livermoreafterthe conferenceResultsrelatedto thiswork arereportedn [ALG62]
[16] J.H. Bramble,J.E. PasciakandA. H. Schatz(1986),The Constructiorof Preconditionersor Elliptic Problems
by Substructuringd., Math. Comp, 47, 103-134.
[17] M. Brezina,A. Cleary R. Falgout, V. Henson,J. Jones,T. Manteufel, S. McCormick, and J. Ruge, (2000),
AlgebraicMultigrid basedn 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 developing a parallel domaindecompositiorcode
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for the solution of the drift diffusion equationinvolvedin semiconductodevice modelling. A nonlinear
time dependenproblemhasto be solved whereeachnonlineariterationrequiresthe solutionof a linear
mixed nite-elementproblemresultingin alarge sparsdinearsystem.

In orderto solve thesdinearsystemsn a paralleldistributedmemoryervironmentusingmessag@assing,
direct and iterative substructuringechniguesare investigated. Thesetechniqguesmply the computation
of the local Schur complementmatricesassociatedvith eachsubdomain. If a classicalsparsedirect
solver is used,the computationof the local Schurcomplemenmatricesis usually costly in computation
time. Somefunctionalitiesof the multifrontal parallelsolver MUMPS [ALG2] areusedto computethem
efciently. Having anexplicit distributedformulationof the Schurcomplementt is possibleto implement
substructuringmethods, direct or iterative. Direct substructuringis ef cient and numerically stable.
Iterative substructuringequiresa goodpreconditioneffor the Schurcomplemensystem.In collaboration
with Parallabfrom BergenUniversity, the Parallabimplementatiorj18] of a BalancedNeumann-Neumann
preconditionef18, 19] hasbeentestedand comparedwith anothertwo-level preconditionerdesignedat
CERFACSJALGS6, ALG7]. Variousscalingtechnique®nthe Schurcomplemento improvethe numerical
stability of the methodhave also beeninvestigated. The joint work with Parallabwas partially funded
by an Egide Auroragrant,thatenabled].-C. Rioual to visit BergenandreciprocallyJ. Kosterto cometo
CERFACS. This work was presentediuring the conferenceon Domain DecompositionMethodsin
Scienti c Computingandmoredetailsareavailablein [ALG61, 20].

[18] P E. Bjgrstad,J. Koster andP. Krzyzanavski, (2000), Domaindecompositiorsolversfor large scaleindustrial
nite elementproblems,In PARA2000Wbrkshopon Applied Parallel Computing vol. 1947, Lecture Notesin
ComputerScience SpringefVerlag,373— 383.

[19] J.Mandel,(1993),BalancingDomainDecompositionComm.NumerMeth.Engm., 9, 233-241.

[20] J.-C.Rioual,(2002),Solvinglinear systemén semiconductodevice modelingon parallel distributedcomputes,
PhDthesis.

3.7 Spectraltwo-level preconditioners(B. Carpentieri,
|. S.Duff, L. Giraud and J.-C. Rioual)

Whensolving the left preconditionedinear system with a Krylov method,the smallest
eigervaluesof often slow down the corvergence. In the symmetric positive de nite casethis
situationis well-understoocand argumentsexist for unsymmetricsystemso explain the badeffect of the
smallesteigervalueson the rate of corvergenceof the unsymmetricKrylov solver. A classof spectral
two-level preconditionerdasedon a low rank updateis proposed. It aims at shifting thesesmallest
eigervaluesof closeto one. Consequentlythe resulting two-level preconditionerdoesnot suffer
anymorefrom the effect of thosesmall eigervalues. Our techniquerequiresthe explicit computationof a
few eigervaluesthatmakesit independentrom the Krylov solver beingused. Symmetricand symmetric
positive de nite variantscanbe derivedfor symmetricand symmetricpositive de nite linear systems.In
thatlattersituation theresultingpreconditionefs similarto thoseproposedn [ALG7] in theframework of
domaindecompositiorior elliptic equationsvherethe shapeof the smallestigervectorsmightbea priori
approximatedThe effectivenesf the new preconditionerés demonstratedn symmetricnon-Hermitian
problemsarising from electromagnetisni21] (similar problemsto thoseconsideredn Section3.3) and
on symmetricpositive de nite and unsymmetriclinear systemsarisingin domaindecompositiorfor the
simulationof semiconductodevices[22] (similar problemsto thoseconsideredn Section3.6). Although
describedor left preconditionerin this shortsection this spectratwo-level techniqueappliesalsofor right
preconditioners.

[21] B. Carpentieri,(2002), Spase preconditiones for denselinear systemsn electomagnetic applications PhD
thesis.

[22] J.-C.Rioual,(2002),Solvinglinear systemsn semiconductodevice modelingon parallel distributedcomputes,
PhDthesis.
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3.8 Real/complexKrylo v solvers packagefor sequentialand parallel
computation (V. Frayssg, L. Giraud and J. Langou)

To completethe GMRES packagedevelopedin 1997 [23] (downloadedmore than 280 times so far),
and the Flexible-GMRES packagedevelopedin 1998 [24] (downloadedmore than 61 times so far), a
set of conjugategradientssolvers for Hermitian linear systemshas beendevelopedfor both real and
comple, singleanddoubleprecisionarithmeticsuitablefor serial,sharednemoryanddistributedmemory
computers.For the sale of simplicity, e xibility andef ciency, the conjugategradientsolvershave been
implementedn Fortran77 usingthe reversecommunicatiormechanisnfor the matrix-vectorproduct,the
preconditioningandthe dot productcomputationsFinally theimplementedstoppingcriterionis basedon
anormwisebackwarderror.
The sourcecodesandthe users guide[ALG58] canbe accessedrom the CERFACS Web sener at the
following URL address:

http://www.cerfacs.fr/algor/
This public domainsoftwarehasreceved muchinterest. Amongstthe downloadersg.g. Bell-Lab, CRS4,
EDF, INRIA andONERA.
In somecasessomesupportuponrequeshasbeengivento the downloadersthis haspermittsto improve
therobustnes®f the codeandthe clarity of the User's Guide.
The solution of densecomple< non-Hermitianlinear systemsarisesin computationaklectromagnetics.
In this contet, iterative methodsare appealingbut with several right-handsidesiterative methodsmay
becomdessattractive thana singlefactorization(directmethod).A solutionis to adaptiterative methods
for multiple right-handsides.

A block GMRES solver and a seedGMRES solver have beendevelopedandinterfacedwith the EADS
code. To extendtherangeof applicability, they arebasedon reversecommunicatiorandareavailablein
realandcomple, singleanddoublearithmetics.

Somepromisingpreliminary experimentshave beendoneon the testcaseCETAF with 5391 degreesof
freedomandnineright-handsides.Eachof theright handsidescorrespondo a differentanglefor thewave
illuminating theobject.In thatexperimentthedifferencebetweertwo successie angless onedegree. The
seedGMRES methodcorvergesin 226 iterationsagainst718 accumulatedterationsfor GMRES applied
successiely to eachof the nineright-handsides.

[23] V. Frays&, L. Giraud,andS. Gratton,(1997),A Setof GMRES Routinesfor Realand Complex Arithmetics,
Tech.Rep.TR/PA/97/49,CERFACS.

[24] V. Frays&, L. Giraud, and S. Gratton, (1998), A Set of Flexible-GMRES Routinesfor Real and Complec
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)

Someexperimentondifferentclustersof SMPshave beendone wherebothdistributedandsharednemory
parallel programmingparadigmscan be naturally combined. Although the platforms exhibit the same
macroscopienemoryorganizationjt appearshattheirindividual overall performancés closelydependent
on the ability of their hardwareto efciently exploit the local sharedmemorywithin the nodes. In that
context, the cacheblocking stratgly appeardo be very importantnot only to get good performanceout
of eachindividual processobut mainly to getgood performanceout of the overall computingnodesince
sharingmemorylocally might becomea severebottleneck.A simplebenchmarkrepresentatie for mary
large simulationcodes,shavs throughnumericalexperimentsthat mixing the two programmingmodels
enablesto get attractve speedups that competewith a pure distributed memoryapproach. Thereare
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mary possible elds of applicationfor this embeddegbarallelismincludingthe developmentof numerical
librairies [25]. This canalso be of centralinterestfor large industrial codesthat have beendevelloped
for yearsonvectormachinesandarethenported,with asigni cant manpaver effort, to paralleldistributed
vectorcomputersisingmessag@assingln mary caseshosecodesareef cient only onamoderatenumber
of processorasthey werenotinitially designedor parallelcomputerslsingOpenMPto parallelizemost
of thevectorialloops,in combinationwith MPI, might be a viable opportunityfor smoothlymoving these
codesontotheemeging andpromisingplatformsfor intensie scienti ¢ computingthatarethe clustersof
SMPs.Anotherillustrationis from numericalinearalgebravhereonecanmentiondomaindecomposition
or moregenerallyblock preconditioningechniquegor thesolutionof largesparsdinearsystemsFor those
techniquesthe numericalscalabilityis often relatedto the numberof blocksor subdomainsin classical
parallel distributed implementationspne assignsone block per processar Consequentlyncreasingthe
numberof processorsor solvinga given problemresultsin alessef cient numericalsolver thatdoesnot
fully take advantageof thecomputingpower of all the processorsCombiningthetwo programmingnodels
enablego ef ciently exploit someparallelismat ablock level, throughthe useof paralleldirectsolversfor
sharednemoryfor instance.ln thatcontext, the numberof processorsisedto performa givensimulation
canbeincreasedvithout deterioratinghe numericalpropertyof the numericalalgorithmsincethe number
of blocksdoesnot needto beincreasedFor moredetailsonthatwork onemayreferto [ALG63].

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

Group members: Francoise Chaitin-Chatelin, Amina Bouras, Sargis Dallakyan, Valérie Frayss,
Claire Mandry, TadasMeskauskas Laur ent Planti&, Elisabeth Traviesasand Ahmed Zaoui.

The work of the Qualitatve ComputingGroupis a collaboratve effort to assesshe validity of computer

simulations.The centralquestionis to give meaningto computeresultswhich areseeminglywrongsuch

asin chaoticcomputationsThis goal canbereachedy uncoveringthe laws of computationwhich govern
nite precisioncomputationsn theneighbourhooaf singularities.

Someof thesdaws arenow well understoodFor example onecancitei) therole of thenormwisebackward

errorto assesshe reliability of numericalsoftwarein nite precision,ii) therole of nonnormalitywhich
makesapproximateaingularitiesappeamuchcloserthanthey arein exactarithmetic.

A numberof new laws have emegedmorerecently which have beenthefocusof the Group's attentionin
recentyears.The new laws concernin particular:

a) inexact computingand the associatedhomotopicpseudospectrurand backward error as a fruitful
framework to understan@dpproximatesnumericalmethodsjn exactarithmetic,

b) theunreasonableobustnes®f Krylov-typemethodgo perturbationsn thedata,
c¢) the (underestimated)ple of Geometryin Scienti c Computing.

This researctandunderstandings vitally nourishedoy work on practicalnumericalsoftwareapplications
in Physicsand Technology which comefrom CERFACS partners. The work accomplishedn the years
2000and2001in severalrelatedareads reviewedbelow.

In 2000 a particular focus was on embeddediteratve solvers. A workshop on this topic
(http://www.cerfacs.fr/algor/iter 2000. html ) was organisedat CERFACS, September
11-12,2000,with the supportof SMAI, following a requestof CERFACS shareholder&ADS, EDF and
CNES.This broughttogetherseveralmatureresearcheri thearea.

4.1 Inner-Outer iterations

It is well known thatasymptotianethodssuchasNewton-like methodsor systemsandthe power method
for eigervalues needto be performedwith moreandmoreaccurag asonegetscloserto the solution.

On the contrary direct methodssuch as Krylov-type methodsexhibit a remarkablerobustnessto

perturbationsn the data. The only requirementis that, when the incompleteKrylov methodis used
iteratively, asin therestartedversionsthe rst stepsn eachnew iterationlooparecomputedo full working
accurag, which canbelaterrelaxedasthecorvergenceproceedsnsidetheloop [ALG30, ALG31, ALG39,

ALG40, ALG41, ALG42).

This amazingpropertyresultsin substantiakavingsin the overall costof runninga 2 level-solver, when
the outer iterationis of Krylov type: it wasone of the highlightsof the talks presentedat the Workshop
“Inner-Outeriterations”at CERFACS,11-12Septembe2000.

Althoughatheoreticalproofis still lacking, moreandmoreempirical evidenceexists, they arecon rmed
by similar resultsfrom researchers/orldwide.
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In 2000,the conceptof inexactKrylov methodwasusedby V. Frays& [ALG31, ALG39] in thecontext of

a GMRESmethodwith inexactmatrix-vectorproducts.lt wasappliedto eigervaluecomputatiofALG40]

and to domain decompositionf[ALG42]. Methodssuch as domain decompositionare usedto solve

discretizedpartialdifferentialequation@ndconsistsn solvingacondensedystemwhosematrix, the Schur
complementinvolvesthelocal matricesassociatedvith thesubdomainsThe Schurcomplemenis positive

de nite whenthe matrix associateavith thewholedomainis positive de nite. Then,thecondensedystem
canbe solved using the conjugategradientmethodwhich is of Krylov type. However, inversematrices
appeatin the Schurcomplement.Then,linear systemsat eachstepof the conjugategradientmethodhave

to be solved. The solutionof thesesystemsormsthe innerloop andit is possibleto applythe relaxation
strategy exposedabove. This work is describedin [ALG42]. The numericalexperimentsshav that a
signi cant numberof local matrix-vectorproductscanbe saved.

In 2001, T. Meskauskashasworked on innerouteriterationsfor modesolversin structuralmechanicsn

researctlsupportedy EDF. Heinvestigategnimplicitly restarteddrnoldi methodwith shifts,coupledwith

a preconditionectonjugategradientlinear solver. This algorithmis appliedto the generalizeckigervalue
problemand ts into thegeneraframavork of innerouteriterationswhenoneiterative solver, referredto as
theinnersolver, is embeddedhto anotheone,referredto astheoutersolver. In this case gachouterstepof

theeigensoler (animplicitly restartedArnoldi methodwith shifts) requireshe solutionof alinearsystem,
providedby aniterative linear solver (preconditionedconjugategradient) which is the inneriteration. As

expected,the accurag of the inner iteration can be relaxedwhenthe outer processcomescloserto the
solution[ALG44]. Therelaxationstrategy wasimplementedn the Code _Aster codeandtestedonlarge
industrialproblems.

[26] A. llahi, (1998),Validationdu calcul surordinateur: applicationdela théoriedessingularittsalgebriques Ph.D.
dissertationUniversie Toulousel. TH/PA/98/31.

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

4.2 Arnoldi method and the happy breakdown

A corvincing theory of the corvergenceof an iteratve Arnoldi methodis still a tantalizing goal for
numericalanalystdn Linear Algebra. This questionis approachedby consideringhe incompleteArnoldi
methodon a matrix of order asa nite, or direct (asopposedo iterative or asymptotic)method.In this
approachit is of primeimportanceo understandherelationbetweerthe startingvector  andthe happy
breakdevn at step . Thisrequires,in particular eliminatingthe corventionalassumptiorthatthe
matrix is non-derogatoryBecauseif the matrix is non-derogatoryno early hapyy breakdevn canoccur
unlesgthestartingvectorlies exactly in aninvariantsubspacén exactarithmetic.

In nite precisioncomputationsijt is well known that detectingthe exact happy breakdevn is dif cult.
Usingtherelationbetween and , two differentheuristicstoppingcriteriahave beenproposedALG26,
ALG69]. The quality of the eigervaluescomputedby the Arnoldi methodhasbeena topic of studyfor

more than four yearsin the Qualitatve ComputingGroup [ALG51, ALG26, ALG69, ALG34]. These
studiesshaw that,for someinitial vectorsijt is notdesirabldo stopthe Arnoldi algorithmin nite precision
at the sametime asin exact arithmetic. Theseparticularinitial vectorshave certaincomponentsn the
eigervectorbasiswhich aretoo smallto be consideredn nite precision;only the componentsvhich are
sufciently largewith respecto machineprecisioncanbe consideredSothenotionof aneighbourhooaf

ahapypy breakdevnis introduced.

A comparison between results from homotopic perturbations and results using the toolbox
PRECISE[ALG24, 27] and[26] hasbeenperformed. The software PRECISEhasalsobeenupdatedn
orderto be compatiblewith MATLAB 6.

20 Jan.2000-Dec.2001



PARALLEL ALGORITHMS PROJECT

At the beginning of 2001, with S. Grattonfrom CNES, a condition numberformula was established,
which expressedhe sensitvity to the initial vectorfor the Arnoldi procesg29]. In collaborationwith
Prof. B. N. Parlett from Berkeley University, California (USA), an attemptto apply it to determinethe
numberof distinct eigervaluesof a symmetricmatrix usingthe Lanczosprocesshasbeendone. Sucha
problemwasposedby Prof. Lax (Courantinstitute,New York).

[28] F. Chaitin-ChatelirandV. Frays¢, (1996),Lectuleson Finite PrecisionComputationsSIAM, Philadelphia.

[29] F. Chaitin-Chatelin,E. Traviesas,and S. Gratton, (2001), Sensitvity from the initial vectorfor Krylov based
methods Work in progress.

4.3 Inexact Computing

Inexact Computingcanbe describedasfollows: giventwo matrices and suchthat , the
problemtois solve . Therule of thegameis thatit is allowedonlytouse andtheresohent
eld to solve thesystem.

To play sucha game,it is usefulto introducethe homotopicfamily , , suchthat
and . Thisdescribesn its simplestform the homotopicperturbatiortheorywhich has
beenstudiedandputto useby F. Chaitin-Chatelirin variousguisesfor morethan30 years[30, 31, 28].

The homotopicperturbationtheory can also be interpretedfrom a purely information theoetic point of
view. This allows oneto:

i) interpretthe computingactiity in termsof knowledgeacquisition,

i) structurethe eld of singularitiesof with two familiesof curves:thesingularraysand
thesingularorbits,

iii) give a global geometricview of the resohent eld for the family , whenthereis
no restriction on . In particular canbe arbitrarily large. This is a big stepforward sinceall
previously known perturbatiortheorieswerelocal [30].

Suchananalysisprovidesanef cient conceptuatool to understandhow well separateéigervaluescanbe
groupedby thedeviationmatrix  inducedby anumericalmethod,n exactarithmetic.

It alsoputsinto fuller light the differencebetween of rank and of rankgreaterthan [ALG34]. In
thesecondcase gigervaluescango out of phasen astriking mannefALG52].

An early versionof theseideaswas presentedn [ALG34], togetherwith animportantapplicationto the
happy breakdevn of Arnoldi (seepreceedingsection4.2). Thiswaspublishedn [ALG10].

[30] F. Chaitin-Chatelin(1983),Spectal approximationof linear opeators, AcademicPressNew York.
[31] F. Chaitin-Chatelin(1988),Valeurs propresde matrices Masson Paris.

4.4 Geometricaspectsof Computing

In conventionalscienti c computingthe four arithmeticoperationy , , , ) areusuallyde ned on
scalarsor real numbers,that is 1D vectors. Linear Algebrais performedon matricesand vectorsof
potentially very large dimension,but the numbersthemseles are either real scalars(1 dimension)or
comple scalarq2 dimensions) Hypercomple& scalarsareusuallynot usedin NumericalLinear Algebra.
However, it is known since the days of Hamilton and Graves that one can multiply and divide real
vectorsof dimension , which de ne algebrasof hypercompl& numbers.This requires
introducingan additionalgeometricoperation the conjugation.These operationgle ne the arithmetic-
geometriccoreof Natures Computation.For example,the laws of ClassicalMechanicsandof Maxwell's
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electromagnetismanbe written mostef ciently by usingproductsof quaternionswhich are4D vectors.
TherealcomponentanbeinterpretecasTime andthe imaginarycomponentasSpace.

This suggestaising a quaternionparameter with  dimensionsratherthana complex onewith only 2
dimensionsto extract meaningfrom the singularitiesof . Sucha line of thought,which
complementshe point of view developedin Sectiond.3,is currentlyunderdevelopmentndis expectedo
becompletedn 2002.

A similarapproacttanbetakenwith 8D-octonionsPreliminarydiscussionsiavetakenplacewith the TTN
Group(seePart6), in orderto usethe potentialof the Virtual Reality machineto visualizethe dynamicsof
knowledgeacquisition,when computationis analysedoy meansof a multidimensionalparameter with

or D in which one dimension,the rst, is “felt” but not seen,the next dimensionsare spatial,
hencevisible, andtheremaining arenonvisible. Severalinvited talks have beenpresentedn 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 recursve constructionof the hypercompla algebras]ALG47]. This little known
constructionpermitsto recover  andthe quaterniorandoctonionalgebradfrom  but canbe continued
inde niti vely yielding algebrasof dimension . It providesmore syntheticformulaethanthe classical
onesandhighlightsthe essentiatole of the geometricahotion of conjugation.This recursve construction
principleis alsoappliedto the binaryalgebrastheinitial algebrabeingthen

In connectionwith this rst aspectthe quadraticiteration have beenexplored over the
quaternionsand octonionsin nite precision[ALG23, ALG35, ALG48]. Other aspectsof the role of
geometryin the computatiorof algebraicsingularitiesarepresentedn [ALG8, ALG25].

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

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

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

[35] F. Chaitin-Chatelin, Life Computation. The Institute of EcotechnicsConferenceon Time:
MetapatternsT he PresenMomentandEvolution. Aix-en-Provence 26-290ct. 2001 talk.

[36] F. Chaitin-ChatelinNatures Computation:atheoryof Qualitatve Computing. CERFACS, Toulouse,
France 30 March2001 talk.

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

4.5 Eigernvalue computations- Collaboration with INRIA

This researcttoncernghe studyandthe implementatiorof the software|ISABeL.: ItérationsSimultarees
et Arnoldi BLoc. The problemconsistsn computingthe closesteigervaluesto a givencomplex value.
Theprojectionmethodsof Krylov (Arnoldi) andof subspacéerationareused.The Arnoldi methodis fast
but might not yield all the desiredeigervalues.On the otherhand,subspacderationis reliable but slow.
The softwarelSABeL couplesboth methodsandcombinegheir advantagesin this software,the Arnoldi
methodhasarole of a “predictor”. Moreover, a safetyprinciple (computatiorof morethan eigervalues)
which enablego controlthe separatiorconditionin the subspacéerationmethodis used.

This work formsthe rst partof the Ph.D thesisof A. Zaoui[ALG35], which endsa 3 yearcollaboration
betweenrCERFACSandINRIA: Octoberl997— October2000,seealso[ALG29].
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4.6 Integer ambiguities correction - Collaboration with CNES

An overview of carrier phasedifferential GPS hasbeenconducted. The main obstaclesfor using this

techniqueto achiere centimetre-lgels of accurag arethe dif culties relatedto correctinteger ambiguity
estimationseealsoPart2). TheLAMBD A methodprovidesintegerleast-squareastimategor ambiguities
which providesthe bestunbiasedestimates. This methodwas the main subjectof theseinvestigations.
Apart from a minor bug (nonintegerresult)which was x ed, the algorithmfor the -transformatiorhas
beenimproved.

However, working with thetestcasegprovidedby CNESit wasshavn thatthe LAMBD A methodis unable
to nd correctinteger ambiguitiesin a reasonabléime. To overcomethis obstaclethe searchalgorithm
hasbeenmodi ed. Our modi ed searchalgorithmallows anexponentialspeed-upvhichis a considerable
achiezemenfALG46]. This modi ed searchalgorithmmay be usedfor static/kinematiapplicationsand
may allow oneto procesghe datafrom regional networks of GPSstationsaswell asthe datafrom Low
EarthOrbiting satellitesfor orbitographicpurposes.

4.7 Other work

4.7.1 Analysisof the boundary layer problem of triple decktype

The canonicalproblemof the boundarylayersof triple decktype is studied. This problem,introduced
in 1969, is closeto the classicalPrandtiproblembut the pressurds unknonvn. The physicaldatais the
asymptoteof the longitudinalvelocity, which is a straightline of nonzeroslopein thesemodels,andthe
pressurecannotbe deducedrom it directly. In [ALG28], the associated/on Mises problemis analysed;
the existenceof a solutionand studythe asymptoticbehaioursis proved. An original methodbasedon
a semi-discreteschemes used. A non-uniqueneseesultobsenedin numericalsimulationsis presented.
Detailsaregivenin [ALG73, ALG74].

4.7.2 Numerical analysisof Schrodinger problems

Numericalanalysisof two differentinitial boundary-alueproblemsfor aderivative nonlinearSchibdinger
equationwaspresentedn [38, ALG70]. The boundaryconditionswere Dirichlet or generalizedberiodic
ones.A two-stepalgorithmwasproposedor the numericalsolutionof this problem. The methodconsists
of Backlundtype transformationsand differenceschemes.The corvergenceand stability in ~ and
normsof Crank—Nicholsonnite differenceschemefor the transformedproblemis proved. Thereare
no restrictionsbetweenspaceandtime grid steps. For the derivative nonlinearSchivdingerequation the
proposechumericalalgorithmcorvergesandis stablein the  norm.

4.7.3 Electrocardiogram processing

A method, basedon noise analysis, which measuresslopesof spectralfunctions derived from

electrocardiograrfECG)hasbeenproposedALG71]. Statisticatestsshow thatspectraklopesarecardiac
indicators, separatingnormal (NRM) subjectsfrom thesesuffering idiopathic dilated cardiomyopathy
(IDC).

[38] F.lvanauskaandT. MeskauskagVilnius, Lithuania,2000),0nthenumericalalgorithmsfor derivative nonlinear
Schidingerequation]n Finite differenceschemestheoryandapplications M. S.R. Ciegis, A. Samarskiied.,89—
98.
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5.1 High rates of corvergence in primal-dual interior point
algorithms for nonlinear programming (N. |I. M. Gould,
D. Orban, A. Sartenaerand Ph. L. Toint)

Local cornvergencepropertiesof the primal-dualtrust-region interior point methoddesignedo minimize
a nonlinear possibly noncomwex, objective function subjectto linear equality constraintsand general
inequalitiesby meansof a log-barrierapproachhasbeenanalysed. The analysispresentedollows that
of [39, 41, 42, 43]. Asymptotically for eachvalue of the barrier parametera single primal-duallinear
systemis solved, yielding a point that alreadymatcheshe barrier subproblemstoppingtolerancesand
Q-superlineacorvergencewhich canbe ascloseto quadraticasdesired,is achiesed. Moreover, this fast
asymptoticconvergenceoccurscomponentwiseSincetheinnerminimizationphase—useth [ALG12] to
solve a barrier subproblem—ishot requiredasymptotically the conclusionsdravn hold independentiyof
theinner minimizationprocedurdALG67]. This corvergencerateis essentiallyasfastasthat previously
obtainedfor exterior penaltymethodq42].

Going further, the questionis how fast the rate of corvergencemay be when the aforementioned
extrapolationstepis followed by a numberof further Newton steps. In two frameworks, it hasbeen
shavn thata corvergenceratethatis asfastasdesiredmay be obtainedprovided oneis readyto compute
sufciently mary Newton steps. The iteratescorverge at a Q-ratewhich canbe chosenascloseto
asdesiredif Newton stepsaretaken, andasbefore,this corvergenceoccurscomponentwiseThe rst
framework is thatin whichtheinneriterationis irrelevantin theasymptotics Theseconds thetrust-region
framework of [ALG12]. Thiswork resultedn thereport[ALG66].

[39] A. R.Conn,N. I. M. Gould,andP. L. Toint, (1994), A note on usingalternatve second-ordemodelsfor the
subproblemsrisingin barrierfunctionmethodsfor minimization,Numerisbe Mathematik 68, 17—33.

[40] A. R. Conn,N. I. M. Gould, D. Orban,andP. L. Toint, (2000), A Primal-Dual Trust-Rejion Algorithm for
Non-corvex NonlinearProgrammingMathematicalProgrammingB, 87, 215-249.alsoappeare@n Mathematical
ProgrammingB, OnlineFirst,DOI 10.1007/s10107000014Karch2000.

[41] J.-P Dussault,(1995), Numerical stability and ef ciency of penalty algorithms, SIAM Journal on Numerical
Analysis 32, 296-317.

[42] N.I. M. Gould,(1989),0ntheconvegenceof asequentiapenaltyfunctionmethodfor constrainedninimization,
SIAMJournal on NumericalAnalysis 26, 107—126.

[43] S.J.Wright andD. Orban,(1999), Propertiesof the Log-Barrier Functionon DegenerateNonlinearPrograms,
Technical Report TR/PA/99/36, CERFACS, Toulouse, France. Submittedfor publicationto Mathematicsof
OperationResearch.

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

The Constrainecand UnconstrainedrestingEnvironment(CUTE) [44], brie y describedn Section5.3,
strongly relies on a device usedto corvert SIF-encodedoptimizationproblemsinto a setof Fortran77
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subroutineswhich canin turn be usedby solversto evaluatethe objective function values, constraint
functionsvalues,computetheir derivativesandsoforth. This device—theSIF decoder—hasbeenisolated
andportedto avarietyof populamlatforms for avarietyof popularFortran77 andFortran90/95compilers.
TheresultingpackagehasbeennamedSifDec.

Althoughthe mainusageof SifDec is presentlyin conjunctionwith CUTETr (seeSection5.3),thefactthat
it is now isolatedopensnew doors,suchasthe implementatiorof a corverterfrom SIF input formatto
Ampl [45] inputformat.

The generalSifDec documentationmay be foundin the report[46], the softwareis formally describedn
thereport[ALG64] andtheof cial SifDec websiteis locatedat http://cuterl.ac.uk/cutetwww/sifdec.

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

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

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

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

TheConstrainedndUnconstrainedestingEnvironment(CUTE) [47] is aversatileervironmentfor testing
smallto large-scalaonlineamprogrammingproblemsarisingfrom bothrealpracticalapplicationsandfrom
academiccircles. It providesFortrantools for computingfunction values,gradients,Hessiansmatrix-
vector productsand handlesboth denseand sparseproblems. It hasbeendesignedwith multi-platform
ervironmentsn mind andthetestproblemsarewritten usingthe SIF (Standardnput Format)description
languageformerly usedby LANCELOQOT [48]. CUTE alsoprovidestoolsto helptheusersbuild their own
interfaceto their optimizationpackageaswell asready-to-usénterfacesto famousexisting packagedike
MINOS andOSL.

Thepurposeof thisresearchs to polishCUTEr, thenew versionof CUTE. CUTEr is availableonavariety
of popularplatforms,including the quickly growing Linux platforms,for a variety of popularFortran77
andFortran90/95compilersandis suitedto heterogeneouscal networks. Its installationphasedrivenby
Imalke les male it portableacrossplatforms,is faster easier moreef cient andmakesbetteruseof disk
spaceand memoryas architecture-dependepartshave beencarefully isolated. CUTEr provides more
tools, with enhancedtapabilitiesthat implementrecentdevelopmentsn denseand sparsdinear algebra
andinterfacesto morerecentoptimizationpackagedike KNITRO and lterSQP. CUTEr reliesonthe SIF
decoderdescribedn Section5.2.

The generalCUTEr documentatiormay be foundin thereport[49], the softwareis formally describedn
thereport[ALG64] andthe of cial CUTEr websiteis locatedat http://cutenl.ac.uk/cutetmwwy/.

[47] I. Bongartz,A. R. Conn,N. I. M. Gould,andP. L. Toint, (1995),CUTE: ConstrainecdindUnconstrained esting
Environment, Transactionsf the ACM on MathematicalSoftwae, 21, 123-160.

[48] A. R.Conn,N.I. M. Gould,andP. L. Toint, (1992),LANCELQOT: a Fortran padage for large-scalenonlinear
optimization(Releas&), SpringerSeriesn ComputationaMathematicsSpringeVerlag,Heidelbeg, Berlin, New
York.

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

Following the good local cornvergencepropertiesof primal-dual interior point methodsfor nonlinear
programming[ALG67], the asymptoticcorvergenceof parameterizedariantsof Newton's methodfor
the solution of nonlinearsystemsf equationds considered.The original systemis perturbedby a term
involving the variablesanda scalarparametewhich is drivento zeroastheiterationproceedsThe exact
local solutionsto the perturbedsystemgshenform a differentiablepathleadingto a solutionof the original
systemthe scalarparametedeterminingthe progressalongthe path. A homotopy-type algorithm,which
involvesaninneriterationin whichtheperturbedsystemsareapproximatelysolved,is outlined. It is shovn
thatasymptoticallya singlelinear systemis solved perupdateof the scalarparameter

It turns out that a componentwis&-superlinearate in the sequencef iteratesmay be attainedunder
standardassumptionsandthatthis rate may be madearbitrarily closeto quadratic. Thetheoreticaresults
presentedn the original reporthave beenextendedto shav thatthe exact samecornvergencerate, which
still appliescomponentwisealso occursin the residuals. Numerical experimentshave beenaddedto
illustratethe new resultsandtherelationshipghatthis methodshareswith interior methodsn constrained
optimizationhave beendiscussedThiswork 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 using optimizationtechniquedor the numericaltreatmentof ill-posed problems
from inverseproblemsin differentapplicationareas.Two of the mainfeaturesof this type of problemare
theill-posednessf theoperatorsnvolvedandthe presencef noisein thedata.Regularizationmethodsry

to recaver usefulinformationaboutthe solutionof theseproblemsby solvinga relatedproblemwith better
conditioningwherethe effect of the noisein the datais minimized.

The regularizationproblemcanbe formulatedin differentways. Oneof the mostpopularregularization
approachess the classicalTikhonov regularizationwhich is equivalentto the problem of minimizing

a quadraticsubjectto a quadraticconstraint. The latter is known in optimization as the trust-region

subproblem.

Methodsfor boththe linearandnonlinearformulationsof ill-posedproblemsaswell asthe applicationof

thosetechniquedo the solutionof problemswith eld dataareconsidered.At the coreof this projectis

the methodLSTRSfor the large-scaldrust-ragion subproblenpresentedn [50]. LSTRSis aniterative

procedurethat requiresthe solution of a large eigervalue problemat eachstep. This givesrise to new

problemsn theareaof large-scaleeigervaluecomputatiorandwill be describedater.

Linear Regularization. This subjectdealswith the solution of large-scalelinear systemsand linear
least-squareproblemswherethe coefcient matrix is highly ill-conditioned and the right-handside is

contaminatedvith noise. Theseproblemsarisein importantareassuchas seismicinversion, medical
imagingandimagerestoration Our work in this areaincludes:

With DanSorenseffrom RiceUniversity, Houston:solvingseismidnversionproblemssuchasthose
presentedn [ALG75].

With Trond Steihaugrom the University of Bergen,Norway: developinga methodfor the problem
of minimizing aquadratidunctionsubjectto quadraticandnonnegativity constraintsn alarge-scale
andill-posedsetting[ALG76]. This kind of problemariseswhensolvinginverseproblemsin image
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restoration.Our techniqueis oneof the very few methodsavailablefor the ef cient computationof
nonnegative restorations.

Somework on imagerestoratiorproblemswithout nonnegativity constraintthhasbeendoneandthe
techniquesieveloppedhasbeentestedfor linear regularizationon applicationsfrom magnetic eld
reconstruction.

Nonlinear Regularization. There have beenfew attemptsto treat ill-posed problemsas nonlinear
problems,mostly limited to the nonlinearleastsquaredormulation. This is mainly dueto the fact that
until now therewereno ef cient methodsthat could handlethe high-degreesingularitiespresentn these
problems. Very recently LSTRS has beenpresentedthis is a methodfor the large-scaletrust-ragion
subproblenthatis ableto handlesuchsingularitiesand hasprovento be very ef cient in practice[50].
This methodcanbe usedat the heartof an optimizationmethodrelying on the trust-ragion globalization
stratgy, andsuchanoptimizationmethodcanbe usedin turn to treatnonlinearill-posedproblems.

Our work in this areaconsistsof the developmentof a trust-region interior-point methodusingLSTRS
[50] to solve the subproblems Applicationswill bein the areaof medicaltomography This work is in
collaborationwith GermainTanohandDominiqueNoll from Universié Paul SabatierToulouse51].
Preconditioning Lar ge-ScaleEigenvalue Problems. As alreadymentioned,the main computationin
LSTRSis a sequencef large-scaleeigervalue problems. Thus, the succesof the trust-region method
dependn how ef ciently andaccuratelythe eigervalueproblemsaresolved. This is especiallyrelevant
in theill-posedcasewherethe eigervaluesof interesttendto bevery clusteredandtherefore eigensolers
basednthelLanczosmethod suchasARPACK, will exhibit slow corvergence Oneway to overcomethis
problemis to preconditiorthe eigervalueproblems.With Dan Sorensetrirom Rice Universityin Houston,
work is doneon the designof ef cient preconditionergor the eigervalueproblemsarisingin LSTRS.By
takingadvantageof the specialstructureof theseproblemsit is possibleto designef cient preconditioners,
andsomepreliminaryresultsfor thesenaw techniquesrepromising.

[50] M. Rojas,S. Santos,andD. Sorensen(2000), A New Matrix-Free Algorithm for the Large-Scale
Trust-Rejion Subproblem11, 611-646.

[51] G. Tanoh,D. Noll, andM. Rojas,A Trust-Raion Interior-Point Methodfor Large-ScaleNonlinear
Noncorvex Programmingworking title), tech.rep.

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

Variational data assimilationmethods(as usedin meteorologyor oceanographyor instance)rely on
optimizationsolvers.In collaboratiorwith the ClimateModellingandGlobalChanggeam(moreprecisely
the PALM projectandthe “oceandataassimilation”project,seeChapters in Part5), a framewvork whose
goalis twofold hasbeenstarted.The rst is to selectexisting numericaloptimizationtechniquegsuchas
limited memorymethods conjugategradientmethods etc) adaptedo dataassimilation,andto compare
their numericalbehaiour andperformancavhenembeddedn the PALM software. The secondgoalis to
investigatethe possibility to enrichtheseexisiting optimizationtechniquesknowing thatimportantissues
arefor instancahedevelopmenbf goodpreconditionerso accelerat¢heconjugategradientmethod multi-
level resolutiontechniquesand(weakly) non-quadratidormulationsof the dataassimilationproblem.
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- Introduction

A. Lannes

The SignalandimageProcessingSIP)teamis now involvedin two majorprojectsatthe Europearevel:
(1) EcNos (for EuropearGeostationarfNavigation Overlay Service);
(2) Smos (for Soil MoistureandOceanSalinity).

The internationalcontext of EGNOS is the following: The EuropearSpaceAgeng (ESA), the European
Commission(EC) and the EuropeanOrganisationfor the Safety of Air Navigation (Eurocontrol)are
cooperatingon the developmentand implementationof the rst generationcivil navigation satellite
service EGNOS. Several Europeancivil aviation and other organisationsalso supportthe programme
throughthe EuropearandInfrastructureGroup. By meansof additionalsignalsrelayedby geostationary
satellites,the military-basedconstellationsGPS (Global PositioningSystem)and GLONAS will become
usablefor a numberof safety-criticalapplications. EGNOS is being developedin the frameawork of the
ESA ARTES-9 programmeundera contractwith a European/Canadiaconsortiumled 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), themeasuredignalis directly relatedto the brightnessemperaturef the surface(negligible
atmosphericontribution), whichin turn, throughtheemissvity, is directly linkedto thedielectricconstant
of thetarget(i.e., moistureor salinity). Actually, the sensitvity of brightnessemperaturdo soil moisture
andsalinity is optimumin theL band(1.4 GHz, 27 MHz). FromanexperimentaktandpointSMOs is the
resultof preliminarystudieson MIRA S (Microwave ImagingRadiometeby ApertureSynthesis)aprogram
in whichthe SIPteamis involvedsincel1994.

The phasecalibrationproblemsarisingin aperturesynthesigSIP1, SIP2],andin particularfor the SMos
antennd1], andthoseof integer ambiguityresolutionin high-precisiorkinematicGPS,sharea common
feature[SIP3J: in both casesinteger ambiguitieshave to be raised, the rational numbersin question
being allocatedto the cycles of a graph,an interferometricgraphin the rst case,anda GPSgraphin
the second. This surprisingconnection,which was discoveredat CERFACS [SIP6, SIP3], is now under
extensize developmentin the SIP group. The experienceof theteamin phasecalibrationcanthereforebe
transmittedto the GPScommunity The relatedapproachto GPSinteger ambiguity resolutionprovesto
be very ef cient in practice,especiallywhenthe rank of the integer ambiguitylatticesto be considereds
large, in otherwordswhenthe numberof satellitesandreceversis large. The preconditioningmethods
developedby the teamfor the radio imagingarrayssuchasthe VLBA (Very Long BaselineArray) and
ALMA (Atacamalarge Millimeter Array) canbe transposedo the GPScontet. In the SIP approach,
the problemis solvedin a global manner As a result, several processorsnay tackle the sameproblem
simultaneouslylt wasthereforequite normalthat CERFACS beinvolvedin therelatedresearch.
Thephasecalibrationproblemhadbeenanalysedsofarin two extremesituationstheoneof nonredundant
arrays[SIP2, andthe one of full-phasearrays[1] (the SMOSantennals of this lasttype). The studies
conducteddy the SIPteamin 2001 concernedhe generalcaseof partly-redundaninterferometriographs.
They completetheresultsalreadyobtainedn this eld. The correspondingheoreticaframeawvork is based
onthe Smithnormaldecompositiorof the spectraphaseclosurematrix. Two integerambiguityproblems
have thento be solvedsuccessiely [2, 3].
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2  Integer ambiguity resolution on
interferometric and GPS graphs

A. Lannes

The notion of integer ambiguity resolutionis associateavith the following generalproblem: given some
in , nd thenode in closesto ,thedistancebeingtheoneinducedby a givenquadraticform.
This classicalproblemof algebraicnumbertheoryis currentlysolved by usingdiscretesearchalgorithms
in which the notion of reducedbasisplaysa key role. Thesealgorithmscan of coursebe appliedto the
particularsituationsarising in in Aperture Synthesisand in GPS, but the statementf theseparticular
problemsalso appealsto the notion of graph, and therebyto algebraicgraphtheory The work of the
teamin this eld wasto shaw thatpowerful preconditioningnethodscanthenbedeveloped andtherefore,
from a more conceptuapoint of view, thatthereexists a commontheoreticalframevork which cannotbe
ignored.
The verticesof an interferometricgraphare the pupil elementsof the aperturesynthesisdevice: the
antennasn radio imaging, the telescopedn optical interferometry An interferometricgraphis not
necessarilycomplete: the number of its edges,then called baselinesmay be lessthan
Theverticesof a GPSgrapharethereceversandthe satellitesof the GPSdevice (seeFig. 2.1).

Figure2.1: Exampleof GPSgraph. Here,the numberof vertices, , is equalto ; bottom:
3recevers;top: 4 satellites.In mostcaseencountereth practice thenumberof edges, , is equalto

The thick lines correspondo a spanningtree of this graph. The relatedloops are characterizedy the
remainingedgesHere,we have 6 loopsof order4.

A spanningreeof a graph ( for vertex, for edge)is asubgraplof verticesand edges
withoutary cyclein it (seeFig. 2.1). Here,a cycle is saidto bealoop, sincethe notion of wave cycle plays

animportantrolein GPS.Thenumberof loopsde ned througha givenspanningreeof theinterferometric
graph , ,isthereforeequalto , thenumberof loop-entryedgesIn mostcaseencountered
in aperturesynthesistheloopsareof order3, whereaghey areof order4 in GPS(seeFig. 2.1).

Let bean -function,i.e.,afunctionthattakesits valueson the edgesof graph . Inthesense
of Kirchhoff, theclosuretermsof arethe compilationsof thevaluesof alongthedirectededgesof the

loopsof . By de nition, the closureoperatomprovidesa vector whosecomponentarethe

closureterms

Thereferencgroblempresentedh Section?.1is exactlytheoneof phasecalibrationin aperturesynthesis,
but only anintroductionto whatis referredto asDifferential GPS.The completeGPStranspositiorcannot
beoutlinedhereby lack of space.
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INTEGERAMBIGUITY RESOLUTIONON
INTERFEROMETRICAND GPSGRAPHS

2.1 Referenceproblem

Let bethebiasoperator ,and  bethevalueof wrappedinto the
interval :
( :nearesintegerto )

Oneachedge , the object-dataelationshipis thenof the form:

Clearly, is the object -function, is the data -function, is the experimentalbias, is an
experimental -function,and s the errorterm. Given someapproximation to  (m for model),
thereferenceproblemis to specifyhow the dataallow this modelto be constrained.

As , inwhichtheerrorterm isapriori smallonall theedgesf thegraph,oneis
ledtosearchabiasterm (intherangeof )thatminimizesthesquareof thenormof :

Here, is aweightfunctionwhosechoicetakesaccountof the sizeof the errorterm . The quantity
is referrecto asthe optimalmodelshift. Indeedtheconstraineanodel isthen

equalto

Let bethevectorwhosecomponentarethe closuretermsof dividedby ,and bethe

variancecovariancematrix of the closureterms. By consideringhe unwrappedsersionof the problem,it
is easyto shaw that

in which is theintegerambiguityvectorthatminimizesthe functional

2.2 Intr oductionto the SIP approach

Themethodghatarecurrentlyusedfor solvingthis problemdo notbene t from avery nice propertyof the
variance-cwariancematrix of the closureterms.This propertyresultsfrom thefactthatthe problemis then
to beanalysedn thespeci c framework of algebraiographtheory It canthenbe showvn thatthefunctional
to beminimizedcanbewrittenin theform

Here, istherangeof ,and isthecharacteristiédunctionofthe loop-entryedgeofthegraph: is
equalto unity onthis edgeandvanisheon theothers.Theinterestof the expressioraboveis relatedto the
factthatthe 'saremutuallyorthogonal.Theglobalpreconditioningnethoddevelopedn theteamis based
onalocal alternateminimizationin and . In the GPScontext, the relatedmethodcanbe regardedasa
relaxed bootstrappingechnique:an erroron the mostreliableambiguitiescanthusbe correctedn global
manner Moreover, several processorsnay tackle the sameproblemconjointly. GPSinteger ambiguity
resolutioncanthusbeachiezedin realtime [SIPJ.
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2.3 Phasecalibration of partly-r edundantinterfer ometric graphs

In the generalcaseof redundantinterferometricgraphs,two integer ambiguity problemsP must be
successiely solved: P1andP2[2, 3]. A problemsuchasP isto nd thepoint  of closestto a
point of ,thedistancebeingtheoneinducedby a givenquadraticform . Onethensaysthat is the
numberof degreesof freedomof P. In the situationswherethereexist several suchthat is of the
orderof , the problemis intrinsically unstable Phasecalibrationinstabilitiesmaythenoccut
The numberof degreesof freedomof P1is equalto , where s thedifferencebetween , the
dimensiorof thevariationalspectraphasespace ,and ,theoneoftheintersectiorof with thebias
phasespace . Notethat isthe numberof spectralpphasecomponents$o be determined.The numberof
degreesof freedomof P2is equalto

In the caseof full-phasearrays, isequalto ; P2provesthento betrivial. In the caseof nonredundant
arrays, is equalto , sothatP1 disappears.With regardto P2, asalreadymentionedand speci ed
in [SIP2 SIP3],thereexists a particularinitialization procedurdor the searchor the nearestattice point.
The relatedtechniquescan of coursebe appliedas they are to weakly-redundansituations. The less
redundanthearrayis, themoreef cient thisinitialization procedure.
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3  Apodization functions for SMOS

E. Anterrieu, B. Picard, G. Ramillien

3.1 Intr oduction

The SMOS (Soil Moisture and OceanSalinity) spacemission, currently undegoing a phaseA studyin
theframeof the EarthExplorerProgramof the EuropearSpaceAgengy, will bethe rst attemptto apply,
to the remotesensingof the Earthsurface,the conceptof imaginginterferometricradiometryby aperture
synthesisinitially developedfor radio astronomy For suchaninstrumentthe apodizationfunctionto be
appliedto the complex visibilities shouldbe optimizedfor ensuringthe bestspatialresolutionat ground
level, accordingto criteriarelevantfor extendedsourcegypical of Earthsurfacescenes.

3.2 Hexagonalperiodic lattices

Interferometemmeasurementsglso referredto as complex visibilities, are obtainedby cross-correlating
signalscollectedby two spatially separated@ntennasvith overlapping elds of view. In the SMOScase,
wherethe synthesize@ntennaconsistof a planarY-shapedstructurewith equi-spacedadiatingelements,
the visibility functionsare sampledover an hexagonalgrid inside a starshapedarea in the Fourier

domain,sothathexagonalprocessings the naturalway for performingFourier synthesisoperationg6].

Figure3.1: Elementarycellsinvolvedin the processingf hexagonalysampledimages: Fourier domain
(left) and spatialdomain (right). The integer is a power of suchthat the starshapedexperimental
frequeny coverage is containedn the elementarycell . Accordingto awell known propertyof
reciprocalattices theFouriersamplinginterval , aswell astheangularspectrabandwidth | isrelated
to theresolutionscale andto the eld extension
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By referringto Figure3.1,it hasheendemonstratethatthe hexagonaldiscreteFouriertransformoperator
couldbeimplementeddy re-usinga standard-FT algorithmdesignedor Cartesiargrids, thusmakingthe
developmenbf analgorithmspeci ¢ to hexagonalgridsunnecessarfb].

3.3 Apodization functions

Apodization,sometimeslsocalledtaperingor windowing, is a mathematicatechniqueusedto reducethe
Gibbsphenomenomvhichis produceddy thetruncationof the Fouriertransformof asignal.In SMOS, this
cut-off is dueto the nite extentof thestarshapedexperimentakpatialfrequeny coverage . Sincethere
is no way of knowing the degreeof discontinuityattheedgesof for ary particularscenethetechnique
simply reducesheFouriercomponentattheboundariesn agraduaimannersothatnonew discontinuities
are produced. Eachapodizationfunction  hasits own speci c transitionfrom the centralfrequencies
to the outerones,andtheresultis a substantiareductionof the effectsdueto the sharpfrequeng cut-
off. Neverthelessthisimprovementcomesat somecost. Indeed,aswindowing is modifying the Fourier
componentssomereductionin the delity of the spatialrepresentatiors to be expected.

The traditional one-dimensionalindowing functionscan be adaptedwithout any dif culty to the two-
dimensionalhexagonalcase. Indeed, it is well known that hexagonal apodizationfunctions may be
expressedsfunctionsof theradialvariable  [5]. Thenaturalregionof supporiof suchcentro-symmetric
windowsis practicallya disk. However, in the specialcaseof SMOS,it will betruncatedo the starshaped
experimentafrequeny coverage . Asaresult,since presentatwelve-foldsymmetry  will present
the sameorder of symmetry More thantwenty windowing functionshave beenstudied,someof them
depencbn aparameteleadingto afamily of apodizatiorfunctions[4].

Amongall thefactorsof meritusedfor characterizinghe spatialpropertieof theFouriertransform  of a
windowing function,threedesenre attentionbecausehey have a physicalmeaningn thecontext of remote
sensing:the full-width at half-maximum(FWHM) of the main lobe of the window intensity pattern,the
highestsidelobelevel (HSLL) of the window intensity pattern,andthe beamef ciency at half-maximum
(BEHM) which is the fraction of enegy underthe main lobe of the window power patternwithin the
FWHM. Shavn on Figure 3.2 arethe factorsof merit of theseapodizatiorfunctions. It is worthy of note
thatthe spatialpropertieof thesetraditionalwindowsin the two-dimensionahexagonalcontext of SMOS
donotnecessarilye ect their qualitiesin aone-dimensiongbroblem[4].
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Figure3.2: Traditionalfactorsof merit: HSLL vsFWHM (left), andBEHM vs FWHM (right). TheFWHM
is expressedn unitsof , Where isthelengthof thearmsof thearray
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An additionalfactor of merit provesto be signi cant in the casewhere2D scenesrelikely to includea

sharpdiscontinuityline (e.g. coastaline): the sideareacontrikution radius(SACR). Assuminga straight
line is drawn throughoutthe scene this indicatesthe distance(away from the window's center)suchthat
therelative enegy contritution from regionsbeyondtheline is smallerthana given percentagéasshovn

onFigure3.3thisintegratedrelative contributiondecreaseom amaximumof downto ). Depending
on the natureof the hypotheticalscenediscontinuity(forestversusgrasslandoundary or coastline) the

percentaget beconsideredangebetween  and
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Figure3.3: Enegy fall-off asa function of the SACR for the rectangulawindow (left) and SACR (0.1%)
vsFWHM (right). BothFWHM andSACR areexpressedn unitsof ,where isthelengthofthearms
of thearray

3.4 Conclusion

Thiswork canbeviewedasabenchmarkestfor assessinthe performancesf apodizatiorfunctionswhen
looking at extendedinhomogeneousargets. The performanceof mary apodizationfunctionshave been
assessedit provesto be possibleto select,from a family of optimizedfunctions,the bestcompromize
betweenradiometricsensitvity and spatial resolutionperformancesaccountingfor criteria relevant for

Earth's surface scenes. Futurework is however neededo assesshe respectie in uences of the scene
structure,elementspacingratio and elementantennagain in recontructionerrors,in orderto be ableto

selectoptimalapodizatiorfunctions.
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Firenze |talia, MicroRAD'99, 477-483.

42 Jan.2000-Dec.2001



4  Publications

4.1 Journal Publications

[SIP1] L. Delage,F. Reynaud,and A. Lannes,(2000), Laboratoryimaging stellar interferometemwith ber links,
AppliedOptics 39(34) 6406-6420.

[SIP2] A. Lannes(2001),Integerambiguityresolutionin phaseclosureimaging,J. Opt. Soc.Am.A, 18, 1046—1055.

[SIP3] A. Lannes,(2001), Résolutiond'ambigutés entieressur graphednterferomériqueset GPS,C. R. Acad. Sci.
Paris, Sriel, t. 333 707-712.

4.2 ConferenceProceedings

[SIP4] E. Anterrieuand P. Waldteufel,(2001), ApodizationFunctionsfor 2D Hexagonally Sampledinterferometric
RadiometersAussois(France) 8th InternationalSymposiumon PysicalMeasurementand Signaaturein Remote
Sensing173-178.

[SIP5] E. Anterrieu, P. Waldteufel,and G. Caudal,(2001), Averagingpropertiesof systematicerrorsundegonein
aperturesynthesi®D radiometry Boulder Colorado,SpecialistConferencen Microwave RemoteSensing11-16.

[SIP6] A. Lannes,(2001),Invited lecture: Integer ambiguity resolutionon interferometricgraphs Extensionto GPS
graphsMarseille,France Physicsn SignalandimageProcessingSecondnternationalSymposium)39—44.

CERFACSACTIVITY REPOR 43






3

Computational Fluid Dynamics

ch

S CERFACS=






- Introduction

Thierry Poinsot

Year2000and2001have beenvery active for thethreeCFD sub-projects:

Modelling Developingadvancedsimulationcodesrequiresa knowledgeof the physicsof the o ws
and of the modelsusedto representhese o ws. In 2000and 2001, modellingat CERFACS has
concentratedn unsteadyo ws, heattransfer nearwall turbulence comhustionandtwo-phaseo ws.

UnsteadyFlow Calculationson Unstructued Grids (AVBP). AVBP hasbecomethe standardool
for LES of reacting o ws at CERFACS but also for CERFACS partners. Laboratories(such
as Ecole Centrale Paris, Institut Fran@is du Pétrole, ONERA or Institut de Mécaniquedes
Fluides de Toulouse)have used AVBP for their own research. Industrial partners(SNECMA,
Turbomeca,Siemenshave renaved or intensi ed their collaborationwith CERFACS to increase
AVBP capabilities.New partnershave establisheaollaborationsvith CERFACS (Alstom Pawer or
SNECMA DMF in Bordeauxfor example).

AdvancederndynamicandMultiphysics.CERFACSleadsanintenseaesearclactivity onstructured
multi-block codes pothin the classicalFortranframavork (with NSMB which is now run routinely
atEADS) andin the ObjectOrientedworld (with elsAwhichis developedjointly with ONERA).

Eachsub-grouphassummarizedts main achiezrementsduring the lasttwo yearsin the next pages.
Generaremarksarelistedbelow:

— Most Europeancontracts(Frameavork programme,FP'5) acceptedin 2000 have startedin
2000 or 2001. Theseproposalsinclude wake vortices studies(C Wake, S Wake, Wakenet
2), LES of comhustionin gasturbines(lcleac, PreccinstaMolecules),atmospherigollution
(Stopp),Direct NumericalSimulationsof partially premixed ames in pistonengineqG-level).
Additional contractg(Fuelchief, Desire,Awiator) submittedandacceptedn 2001 for the last
callsof the FP'5 will startin 2002.

— Thesizeof theteamcontinuego increaseit gathere0 personsn Januan?200landmorethan
40 attheendof 2001. At the sametime, mary CFD groupmembersave left: B. Caruelleand
J.P Légierhave joined Airbus, B. MarquezandJ. Cormierwentto engineeringcompanies(.
Jorville tothe TTN team,O. Colin andA. Benkenidato Institut Fran@isdu Pétrole,J. Schluter
to StanfordUniversity. The quality of the researchproducedoy CERFACS seniorswas also
recognized:Dr Nicoud moved to a professorpositionin Applied Mathsin Montpellier, Dr
Schonfeldto the AEA compaty andDr Ducrosto CEA. The departureof thesethreeseniors
hasput someadditionalconstrainton the teambut con rms the high level of seniorscientists
trainedat CERFACS.

— New topics are also beginning as requestedby CERFACS partners: for example, in the
modellinggroup,two-phaseo w studieshave begunin 2000for EDFin closecollaboratiorwith
Institut de MécaniquedesFluidesde Toulouse.In the eld of aerodynamicsthe collaboration
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 ows, AVBP hasbeennow identied by EADS, SNECMA and

Turbomecaasthe main frenchcodefor unsteadycomhustionandthe nationalprogram PRC
Comlustion' submittedto SFAE hasbeenacceptedin collaborationwith ONERA and the
major french laboratoriesworking in this eld) to develop AVBP for two-phaseow LES
applicationdgn the next four years(startingin January2002).

The collaborationwith laboratoriescontinues:in the eld of rotating o ws, the PhD thesis
of L. Kozuchwith Ecole Centralede Lyon will be completedn the rst monthsof 2002and
the collaborationwith ENSICA in the Ocmathregional projecthasalsoleadto mary fruitful
interactions. In the eld of comlustion, AVBP andNTMIX arenow usedat IMF Toulouse,
Ecole CentraleParis and Institut Franais du Pétrole. The CRCT ("Centrede Recherchesur
la Comhustion Turbulente’) is very active: CRCT meetingsorganizedin December2000 (at
IFP) and 2001 (at ECP)gatherednorethan40 scientistsfrom IMFT, PSA, CERFACS, Ecole
Centraleand IFP who collaboratedirectly or indirectly to CRCT. This collaborationwith the
academicommunityalsoappearshroughthe high level of publicationg(25 papersn refereed
journalsin 2000and2001)andthe presentatiorof two habilitationthesisin the teamin 2000
(Dr F. Nicoud andDr B. Cuenot). The quality of the formationwork at CERFACS wasalso
recognizedhroughthe Leopold Escandeprize awardedby INP Toulouseto Olivier Colin for
his PhD andthe rst BMW prize awardedto B. Caruellefor the bestPhD in 2000 (world
contest).

Becausef the multiple contractgproposedo the team,it hasbeendecidedto transferstudies
which do not containenoughfundamentatvork to the TTN teamof CERFACS. This wasthe
casen 2000for the ASICA projectwhichis now handledby TTN. It alsore ects the objective
of theteamto consenre a high academidevel.

Figurel.1: Dr B. Caruellereceving his BMW awardin Munich for the bestPhDwork of 2000.
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2  Modelling

Turbulent o ws needto be modelledin orderto build truly predictve numericalcodesfor the designand
understandingf mary industrial o ws suchasthosearoundaircraftsor propellersjn gasturbines,piston
enginesr burners.Mostnumericakoolsusedfor practicalcalculationsaarebasedntheReynoldsAveraged
Navier Stokes(RANS)formulationwherethemodellingproblemis extremelydif cult dueto intermitteng.
LargeEddy Simulation(LES) avoidsthis problemsinceit computeghelargerturbulenteddiesandmodels
only thesmallerones.In bothapproachesyneneedgo modelsubgridReynoldsstressesndheat ux esas
well aschemicalsourcetermsin the caseof turbulentreacting o ws. To addresshe modellingproblem,it
is often corvenientto rely on referencedatacomingfrom accurateDirect NumericalSimulations(DNS).
At CERFACS, the DNS expertiseof the CFD groupis usedto proposenen modelsfor RANS andLES
techniquegor bothreactingandnon-reactingo ws. Thesemodelsarevalidatedandusedin the CERFACS
codespresentedn chapters3 and4. The sectionis dividedin two main parts: reactingandnon-reacting
o Ws.

2.1 ReactingFlows

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

In 2000two FP'5 Europearprojectshave startedandcontinuedn 2001: Glevel andSTOPP

Relatedto the topic of turbulent stratied comtustion, the project Glevel is now focusing on Direct
NumericalSimulationsof octane/airstrati ed ames (seeFig. 2.1). PerformingsuchDNS with comple
chemistryschemess oneof theuniquecapacitiefoundin the CFD team([CFD43). Theoctanechemical
kinetic schemenhasbeenprovidedby RWTH Aachen partnerof the project. Diagnosticsareperformedto
analysetheeffect of anon-homogeneougactanmixtureontheprimary ame front andonthesecondary
or post- ame. The compleity of chemicalkineticsmakesit dif cult to identify simple structuresn the
secondaryame, anda particulareffort in modelingthis reactionzonehasto be done. In parallelwork
is still goingon with Prof. Dan Haworth (PennStateUniversity) on propanestrati ed comhustion (2000
CTR SummerProgram).

Thesetwo projectsprovide a uniquedatabaseof the processefvolvedin strati ed comhustion. The next
stepis to develop models,which is the coming part of Glevel. Suchmodelingis alreadyin progressn
collaborationwith PSA and University of SouthernCalifornia (Pr. Egolfopoulos)who studiedstrati ed
comhustionin Direct Injection engines[CFD14]. The teamis still involved in the americanITR/ACS
project, rst submittedto NFS, later to AFOSR, coordinatecby D.Haworth andinvolving Dr. S. Pope
(Cornell)andDr. J.Chen(Sandia).Theaim of this projectis to implementthe ISAT techniquan our DNS
code,to computecomplex chemistryatareduceccost.

TheResearcirainingNetwork STOPR coordinatedby CERFACS, is alsofully operational Sevenyoung
researcherbave beenhired up to now in the Network, and at leasttwo other personsshouldjoin in the
coming months. The scienti ¢ objective of the projectis a betterunderstandingf pollution processes:
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pollutantemissionsby industrialsystemsaswell asdispersionandreactionin the atmospherarestudied.
The contribtution of CERFACS in this projectis to study LES of turbulentcomhustion,anda PhD thesis
(A. Kaufmann)hasstartedn Septembe2000to work onthistopic.

The PRIDE project(FP'4) hasbeenterminatedn March2000. Direct NumericalSimulationsof turbulent
diffusion ames with NOx formationhave beenachiezedandusedfor assessmenmf turbulentcomhustion
models. This projecthasalso given the opportunityto develop the chemistryreductionprocedurelCC,
now coupledto the AVBP codefor anoperationalisein complex con gurationscomputations.

Figure 2.1: DNS of strati ed octane/aircomlustion: heatrelease. Left: homogeneousnixture, right:
strati ed mixture.

2.1.2 LES of turbulent combustion (J-P. Légier, G. Lartigue, L. Selle K. Trufn ,
C.Priere, L. Gicquel, B.Cuenot, C.Jimenez F. Ducros F. Nicoud,
T. Poinsof)

Thethickened ame modelfor LES of turbulentcomhustiondevelopedn collaborationwith EcoleCentrale
Paris[CFD4] is now routinelyusedin AVBP calculationgCFD127, CFD134. Howeverits assessmeraind

validationstill needsomework, which will be mainly basedon DNS. An exampleis thework doneon the

problemof the subgridscalevarianceanddissipationof a scalar eld [CFD41]. Anotherexampleis the

studyof diffusion ames stabilisationprocessem aturbulenternvironment{CFDA46].

To incorporatemorerealisticchemistryinto AVBP [CFD103, multi-reactionschemesreneededn order
to reproducenot only the pollutantsformationbut alsothe ame temperaturéseeFig. 2.2). To this end,

anew collaborationwith IFP (A. Torres,G. Gauthier)hasstartedin early 2000. A prototypemultispecies
versionof AVBP, suitablefor theimplementatiorof multi-reactionkinetics,is now availableat CERFACS.

In the eld of LES, ame transferfunctionshave beencomputedor variousgeometriesThis information

is the key dataneededin global acousticmodelsfor predicting the stability map of the comtustion.

Transferfunctionsobtainedfrom AVBP calculationsare beingcomparedo measurementgerformedon

both academiqICLEAC europearprojectand SNECMA CIFRE thesis,experimentdoneat EM2C) and

moreindustryorientedburners(SiemenKWU, experimentdoneat Univ. 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 (Comité d'Orientation Supersoniquejprogram,to study new comhustion
technologiedor supersonicight. CERFACSandCORIA developmodelsandEcoleCentraleperformsan
experimentainvestigatiorto validateLES models.

Figure2.2: LES of comhustionin a gasturbine(temperatureeld).

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

Being ableto includemorecomplex kineticsinto LES is a necessargonditionfor the future. CERFACS
hasinvestigated/ariousreducedschemeso reachthisgoal, rst for methané air comtustion,startingfrom
two stepsschemesip to four steps.Resultsobtainedwith the classicalloned.instedtscheméhave proved
to beinterestingsincethey provide correct ame structuresat areasonableost(Fig. 2.3). Theseschemes
will beimplementednto AVBP in 2002.

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

In practice,it is possibleto introduceacoustigperturbationsn mary differentwaysin a stablecalculation.
Not all thesetechniquedeadto reliable resultsin termsof ame transferfunction. Both analyticaland
numericalwork have beendonein orderto studytheway a ame shouldbeexcitedin aLES [CFD98§.

2.1.5 Flame/wallinteraction (F. Dabireay, A. de Lataillade, B. Cuenot, T. Poinsof)

CERFACS hasdevelopeda strong expertisein the eld of ame/wall interactionsince 1995, both for

piston enginesand rocket enginesapplications. Thesestudieshave addressedhe caseof premixed

ames interactingwith cold walls. Since2000,a new projecthasbeenstarted,supportecby CNESand
SNECMA/DMEF, to performDNS's of H2/02 ames interactingwith anisothermabwall. This mechanism
is essentiafor the designof nozzlesin rocketengines.
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Figure2.3: Premixed ame structurefor amethand air ame computedwith a full chemicalschemg1)
andwith afour stepschemé4).

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

Two projectssupportthe actiity relatedto atmosphericpollution. Oneis a regional project PRERA
(coordinatedoy Méteo-FranceCNRM Toulouse), startedin january2000. Work hasbeenperformedon
the problemof the subgridscalesegregationof reactve specieqCFD77]. Thiswork is now continuingat
CNRM andLaboratoired'A érologiethrougha PhD thesis(supportecby CNRSandADEME).

The other project is supportedin the framewvork of the Comite d'Orientation SupersoniqugCOS).
CERFACS:is involvedto performreactve simulationsof airplanewake, asstartedn April 2001.

2.2 Non-ReactingFlows

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

The modellingactivity in the eld of two phaseo w hasstartedthroughthe collaborationwith EDF and
IMFT (O. Simonin). The issueis to measurethe transfercoefcients (momentumand passie scalar)
betweerthe o w andanarrayof particles.Theanalysisis conductedhroughDNS performedwith AVBP
(Fig. v in the appendix). The underlyingmotivation is to improve the heuristiclaws generallyusedfor
suchtransfersfor both the Lagragian/Euleriarand the Eulerian/Euleriarmodellings. The rst stephas
beento estimatehe validity of existing draglaws for uidized beds,n orderto proposenen andimproved
correlations.

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

The mainresultshereshav a comparisorbetweenLES, U-RANS usingthe Spalart-Allmarasnodeland
the Detachededdy Simulation(DES) approache®n varioustest casedrom attachedboundarylayer to
full transonic2,5airfoil pro le. The DESis shavn to behare betterthanotherinvestigatednodellingsfor
buffeting (underrestrictionsthat have beendeterminedand discussedCFD6(). As alreadysaidin the
introduction,the PhDthesisof B. Caruellerecevedthe rst BMW scienti ¢ awardcontest.
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2.2.3 LES modelling fundamentals: (C. Jimenez B. Cuenot, F. Ducros F. Nicoud)

Theoreticalwork on LES modellinghascontinuedn orderto proposeand/orimprove new formalismswith
high potential.

aformerwork relatedto the ltered standardnodelsbasedn resohedturbulentsscaleshascometo
anendwith the assessmemtf a clearformalism([CFD66). This kind of modelis routinely usedin
AVBP (onthe Itered Smagorinsi form) for mary contractgseeFig. i in theappendix).

ageneralizedelaxationproceduréhasbeensetupin orderto stabilizeandcontrolthevariationof the
constantomingalongwith the standardlynamicprocedureThis producesnew family of dynamic
models strictly localin spaceandstableenoughto be usedwithout clipping or averagingprocedures
([CFD1Q).

Thesetwo workshave beendonein collaborationwith ONERA Chatillon.

The previous modelfor the subgrid scale (SGS)variancehasbeenchecled againsta-priori tests
([CFD41)). Moreoverit hasbeenextendedo take into accounthe numericaldissipationbroughtup
by theschemeasa sourcetermin the SGSvariancetransportquation([CFD37)).

The DES techniqueproposeddy Spalart(Boeing) sometimesago hasbeenassessedsa meanof
treatingthe wall problemin LES. This fundamentakollaboratve work [CFD18 underlinedsome
of theresolutionrequirement®f this techniqueandhelpedto understandgomeresultsof Caruelles
thesis(seeabove).

The fundamentalwork startedin collaborationwith the Centerfor TurbulenceResearch{Stanford
University)aboutthedesignof optimallaw-of-the-wall for LES[CFD11§ hasbeencontinuedduring
the 2000Summerprogram[CFD2€], leadingto a betterunderstandingf the limitations of law-of-
the-wallsfor LES's.

2.2.4 Heattransfer calculationin RANS formulation (F. Dabireau, F. Nicoud)

The taskof deriing law-of-the-wall is mucheasierfor steadyRANS thanfor LES. However, almostall
the previous studiesavailablein the literatureassumehat densityis constantin the processof deriving
the relationshipbetweenthe velocity eld and the wall shearstress. Two formulations accounting
for the thermophysicalvariations[CFD17, CFD8] have beentestedagainstDNS data for subsonic
[CFD115 CFD15]andsupersonico ws. Theselaw-of-the-wall formulationshave beenimplementedn
AVBP andin N3S-NATUR, andperformancefave beencompared.
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3 Unsteady Flow Calculations on Hybrid
Grids — The AVBP Project

This projectcoversthe unsteadyo w actwities of the CFD teamon unstructurecandhybrid grids. These
studiesare mainly basedon the CERFACS in-housesolver AVBP, which is a parallel nite-v olume CFD
solver of the compressibléNavier-Stokesequations.Structured unstructurecdbr hybrid grids arehandled
for 2-D, 3-D andaxi-symmetriccon gurations. AVBP is primarily usedto solve problemsin the elds
of unsteadyturbulenceand comhustion. Throughtheseactiities the AVBP projectis stronglyinterlinked
to the “Modeling” projectof the CFD-group. Sincethe modellingaspectof mary of theseprojectshave
alreadybeendescribedn the“Modeling” section2, this partfocuseson numericalissues.

The succes®f the AVBP projectwascon rmed in 2000and2001by severalfactsof bothacademicahnd
moreappliednatureresultingin severalpublicationsan CFD journals[CFD4, CFD3,CFD22]andthe PhD-
thesisdefense®f O. Colin [CFD61], J. Schiiter[CFD66] andJ.P Légier[CFD64. The participationof
CERFACSwith AVBP to theturbulencesummerprogramat StanfordUniversityrepresenta secondmajor
scienti cal event[CFDA46].

Ontheindustrialsidethecurrentcontractwith Siemens&KWU hasendedn 2000to anoverallsatisactionof
bothpartnerswhich hasresultedn afollow-on projectof similarsizein 2001.Discussionsvith SNECMA
and Turbomecahave lead to the selectionof AVBP asthe main LES codein the PRC Comtustion, a
nationalprogramfundedby DGA. This con rms the interestin AVBP expressedy Frenchgasturbine
manufcturergo performLES. Similar discussiongreundervay with Institut Francaisiu PéetroleandPSA
to useAVBP for LESin pistonengines.

Two-phaseo ws arenow becomingoneof the essentiatesearchopicsfor AVBP. CERFACS shareholder
EDF hasmanifestechis interestthrougha PhD thesisconductedn the eld of two-phaseo ws. The new
PRCcomlustiondiscussedbore alsofocuseson LES for two-phaseo ws. On a morepolitical level, a
decisionwasmadeat ONERA to evaluatethe capabilitiesof AVBP andto collaborateon two-phaseo ws:
the codewasdeliveredandinstalledin Toulouseand Chatillonin 2000. Finally, preliminaryactiities in
the challengingdomainof bio-medicalblood o w simulations(conductedn collaborationwith Toulouse
University Hospital)hasbroadenedhe applicationspectrunof the AVBP solver.

Currentbilaterallinks to industry have beenpursuedwith EADS Missiles Division, SNECMA, SEPand

SiemenKWU in Germauy, while contactswvith Alstom Pawerin Switzerlanchaveresultedn aPhDthesis
startedin 2001 andtwo additionalPhD in the framework of the EC projectFuelchiefacceptedn 2001.

Thereforethe AVBP solveris now employedin multiple ongoingFP'5 EuropearProgrammeskinally, the

codeis proposedasmoduleof thehands-onrainingcoursefor nal yearmasterstudentsn uid mechanics
atENSEEIHTengineeringschoolin Toulouse.

Theseincreasingactiities have resultedin the beginning of four new PhD studentsat CERFACSin 2000
andsix in 2001togetherwith the openingof a rst software supportengineeringoosition. In 2001, more
than 25 peoplewere working full-time on AVBP, amongstthem 15 PhD thesesat CERFACS, Institut
Franais du Pétrole,IMFT andEcoleCentraleParis. The overall codemanagemenandintegrationtasks
arecentralizecat CERFACS.
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3.1 CodeEngineering (Y. Sommerer)

The rising importanceof code engineeringaspectswas expressedn 2000 throughthe openingof an
engineemosition,re ecting the needto provide a complex softwaretool, thatis reliable andfast, robust
and usetfriendly (whereall conditionshave to be seenin the context of a researchcode). Althoughin
2001 a preliminary prototypeversionof a two-phaseo w modulein AVBP was written, no spectacular
modi cations were incorporatednto the releaseof AVBP 4.4, 4.5, 4.6 and4.7. Both two-phaseow
capabilities(AVBP TFP) andalsomultiple-speciegeatureAVBP 5.0) constitutethe next major release
scheduledn 2002.

The“QPF - Quality Program™for the veri cation andvalidationof AVBP hasbeenpursued.This enables
to continuouslyensurethe solutionquality of the solver. The numericalmethodsandphysicalmodelsare
validatedon academidestcasedeforetheir applicationto comple< geometries.

The currentversionof AVBP is still built uponthe parallellibrary COUPL which wasdevelopedinitially
in collaborationwith the Oxford University Computing Laboratory (OUCL). This genericlibrary of
subroutinesaimsto free the non-specialisuserfrom the needto consideraspectsof high performance
computingsuchasdatapartitioningor messag@assing.

3.1.1 Pre- and postprocessing tool and documentation (A. Kaufmann,
T. Schonfeld, Y. Sommeler)

In 2000 an importantactionwasinitiated to further improve and harmonizethe pre- and postprocessing
toolsaroundAVBP. Thesetoolsareessentiafor the exploitationof time-dependenb wsandallow to post-
processethesolution les: statisticsof unsteadyturbulence(LES), recordingand o w tracingat selected
points,evaluationof integral massux valuesacrossin- andoutletboundariesetc. Thetoolboxhasbeen
partially rewrittenin Fortran90languagewhich renderghe routinesindependentrom the COUPL library
andsigni cantly increasesheir portability.

The documentatiorhasfollowed the generakrendaway from papersupporttowardsinternethelp menus:
the previous “AVBP User's Manual” hasbecomeon-line andthe resulting“AVBP Help Desk” containsa
summaryof varioushelp menus bug reports,news infos, FAQsanda o w chart. In addition,the “AVBP
HandBook” thatrepresents collectionof individual technicalnotes hasbeenupdatecandis availablein
classicapaperform which canbe downloadedaspdf-File.

3.2 Numerical Methods and Grids

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

A setof several new boundaryconditionshasbeenimplementednto AVBP [CFD15, in orderto satisfy
the variousaspectselatedto unsteadyo w simulationsin internalgeometriespulsatinginlet conditions,
relaxationof all threevelocity componentsand the temperaturgowardstarget values(while preserving
a non-re ecting behaior), swirled o ws conditions,etc. A novel integral formulationallows to impose
integral valuesfor the massux atinlet andoutletboundaries.The main areaof applicationfor this new

boundaryconditionare comtustioninstabilities,whereoften only integral valuesof the experimentaldata
areavailableatinlet sections.

Anotherdevelopmentwvastestedto increasehe computatiorspeedor low velocity o ws by rescalingthe
soundvelocity: it enabledsigni cant CPU reductionfor thesecase§CFD8).
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3.2.2 Computational grids (J.-D. M uller, T. Schonfeld)

Oneof themaincharacteristicef AVBP is the capabilityto handlecells of differenttypeswithin theframe
of the samemesh. With the useof thesehybrid grids, oneaimsto combineadvantageof structuredand
unstructuredyrid methodologiesOneof theclearbene tsof usinghybrid meshess the ability to minimize
thenumberof grid pointsandto optimizetheir positionin the globalgrid.

Most grid relatedaspectglik e grid adaptatioror the extrusionof 2-D grid towards3-D grids)arehandled
by the grid manipulationtool 'hip', developedby J.-D.Mdiller (now at BelfastUniversity). New features
areimplementedrequentlyinto hip, suchasnew le formatsbut alsoroutinesthatallow for genericl-D
cutsin anunstructuredyrid or theinterpolationbetweertwo arbitrarygrids.

In a feasibility study conductedn 2000, the existing adaptve local grid re nementtool for steadystate
external o ws hasbeenextendedto time dependentases[CFD51]. The methodhasbeenappliedto
unsteadyo ws throughthe usageof a C-shellscriptthat couplesthe grid re nementmoduleof hip with
the CFD ow solver AVBP. Fig. 3.1 shows the locally re ned domainsof the computationagrid for the
reactive ow in a comhustionchamber The grid is adaptecon the gradientof the temperaturendnicely
capturegshe steepgradientsacrosghe ame front. Thework hasevidencedcertainlimitations of thelocal
grid re nementmethodwhenappliedto unsteadyo ws. Mostimportantly thevery smallcellscanresultin
unrealisticallysmalltime steps.Further in the context of rapidly moving o w featureglikea ame front)
de-re nementcapabilitiesandfrequentadaptatiorstepsare crucial, but slow down the overall computing
times. The entire procedurenustbe developedin a parallelframewvork. This work will beintensi ed in
collaboratiornwith IFP: an ALE formulationis now availablein AVBP to compute o w in moving meshes
andthe stratg)y to handlevariablemeshesnow becomesritical; it will be the topic of a PhD thesisat
CERFACS startingin 2002with the supportof IFP.

Figure3.1: Globalview of temperatureeld and nal adaptedyrid (zoomof inlet section).
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3.3 SelectedApplications

Many projectsperformedwvith AVBP have alreadybeendescribedn the“Modelling” chapte2. Thepresent
sectiononly presentssomeadditionalspeci ¢ examplesinvolving issuesrelatedto numericaltechniques
andAVBP.

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

Flow simulationsn the eld of bio-medicalapplicationgepresenanew activity exploredin 2000[CFD53].
The new integral boundaryconditionspresentedgbove, have beensuccessfullyappliedfor theblood o w
simulationsn cardio-\vasculaisystemsuchasthethoraxaortashovn in Fig. 3.2.
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Figure3.2: Surfacegrid of thoraxaorta(left) andvelocity vectorsindicatingarecirculationzone.

3.3.2 Developmentof a two-phase ow Euler / Euler LES solver (A. Kaufmann,
JB. Mossa F. Ducros, B. Cuenof)

The capacitieof AVBP for gaseouseacting o ws arenow sufciently clearto recognizethata stepmust
be taken to move to two-phaseo ws. The choiceof CERFACS hasbeento addresshis problemfrom
a novel point of view: insteadof usinga Lagrangianformulationfor dropletsand couplingit to the gas
equations,it was decidedto write a full Euler Euler code. This involves rst a numberof numerical
challengedinked to the coupldresolutionof the two phasesetof equations.A beta-\ersionof the code
resolvingthe basicEulerian/Euleriarcompressibldransportequationgfor particlesladen o ws hasbeen
written in AVBP andtestedin 2001, mainly to checknumericalstability issues. Many pointshave been
discussedvith O. Simonin(IMFT/EDF). A moreelaboratedmplementatiorhasbeenstartedmotivatedby
an enhancednterestexpressedy industry Therelatedwork will be the basisof the PRC comhustionin
collaborationwith ONERA-Toulouse:duringthis program,both Euler/ Lagrange(at ONERA) andEuler
/ Euler formulations(at CERFACS) will be testedfor LES in AVBP. This will alsoallow comparisons
betweerbothapproaches.
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3.3.3 LESFOIL —Unsteadycomputationsover an airfoil (F. Ducros)

The EuropeanLESFOIL project has endedin 2000. During this project mary problemshave been
investigated: numerical stability for comple< geometrysimulation, cross comparisonsbetweenwall-

resohedandwall-functionsfor LES andbetweenstructuredandunstructuredsolvers. Most of the results
con rm pioneeringesultspreviously obtainedat CERFACS[CFD25. In particular it is shovn thattheuse
of wall-functions(developedin both the AVBP and NSMB solvers)yields acceptableesultsconcerning
0 w separationbut revealsstrongdif culties to dealwith transitionneartheleadingedge.
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4  Advanced Aerodynamics and
Multiphysics

In the eld of aerodynamicsand modelingfor uid dynamicsthe objectives of the CFD Teamare 1)
the developmentof reliable, ef cient and accuratepredictve CFD softwaresfor their usein industrial
ervironment, 2) the numericalinvestigationof complex o w physicsmaking use of high-performance
computing.

The CFD Team develops physical modelsto study ow elds in and around complex geometries.
Thesemodelsmustbeimplementedn ef cient solversto betestedandused.Two numericaltoolsareused
anddevelopedat CERFACS for aerodynamics1) NSMB hasbeenthe main codefor aerodynamicsince
1993 andnow is the productiontool for Navier-Stokes computationsat Airbus France,2) for the future,
a signi cant stepin codetechnologyhasbeentaken with the introductionof elsA at CERFACS during
last quarter1999. With the help of advancedmeshingtechniquesgcornvergenceacceleratiorstratayies,
numericalalgorithmsandvectorization/parallelisimplementationNSMB hasreachedodaya sufcient
level of robustness,accurag and efciency for steadystate aerodynamicsaround complex industrial
geometriesln particularwith the useof advancedmeshingtechniquegGeneralPatchedGrid, Automatic
Mesh Re nement AMR) developedat CERFACS, structuredgrids aroundcomplex geometriescan be
strongly optimized. An engineerhasbeenrecruitedin 2001 to improve the integration and versioning
processeat CERFACS. To bene t from new expertiseon high-orderschemesand turbulencemodelling
two new membersproposedy CERFACS, have joinedthe NSMB consortium:ENSAM-Paris (2000)and
IMF-Toulouse(2001). Neverthelessfor suchlarge codesasNSMB, the Fortran77 languagesuffers from
a lack of readabilityand of modularity Amongstother, for this reason ONERA andAirbus Francehave
launchedhe elsAprojectwhich is a CFD codewritten in C++. Since2000CERFACS hasbeeninvolved
in thedevelopmentof elsA

Theyear2000wasthe beginning of theinvolvementof CERFACSin the CFD softwareplatformelsAwith
justtwo persorworkingin elsA Thatwork wasdoneunderacontractbetweenAirbusFrance ONERAand
CERFACSdubbed elsANSMB tighthening'. Theaim of thatcontractuabctiity wasto

1. enableeventually the possibility to swap productioncalculationsfrom NSMB to elsAwithout the
usual“learning curve” comingwith the useof new softwaretools. This could be doneby ensuring
the commonalityof the methodsandof theirresultsin NSMB andin elsA

2. createin the CERFACSanelsAdevelopmenteamwith the NSMB backgroundandexperience;
3. establishanef cient working relationwith the original elsAdevelopersn ONERA,;

4. transferdevelopmentactiities from NSMB to elsAprogressiely;

5. in thenearfuture, transferof the applications/modelingctiities from NSMB to elsA

During that2000-01periodtheelsAteamin CERFACS hasgrown from two to six people:
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duringthe year2001,two staf membershave joinedto helpwith the developmentactiities on the
elsANSMB “tighteningproject”: theadaptatiorof ONERAs“Local Multigrid” (akaAMR) for Euler
o wsto 3D turbulent o ws onthe onehand,andpreliminarydevelopmentwork on Multigrid on the
otherhand.

thetransitionfrom development-onlyteamto modelingandnew applicationhasbegun: modi cation
to the turbulent transportequationschemeso ensurerobustnessof the Spalart-Almarasnodel,
turbulencemodelswith the developmeniof the Durbin ( ) Model.

One have to point out the structuringeffect of the "NSMB/elsAtightening' contractto the organisation
and methodsfor collaboratve developmentof CFD codes. For the easeof complex developmentat

different locationswith peoplefrom different organisation,the ONERA/DSNA has setupa web site
http://elsA.onea.fr whereinformationanddocumentatioris shared.

The willingnessof the ONERA and CERFACS to work togetherhas motivatedthe signature(march5,

2001)of anONERA/ CERFACS cooperatioragremenbn elsA

Theyear2000hasbeenatransitionyearfor severalreasons:
i. Theendof WAVENC (19 Jan.)andMFLAME (15 Mar.) of the FP'4;

ii. Thekick-off of S-WAKE (20 Jan.)andC-WAKE (21 Jan.)of the FP'5, CERFACSis Work Package
manageof all actiities relatedto numericalsimulationsandmodelling. The kick-off of OCMATH
Regional Program(26 May);

iii. Thelaunchanddevelopmenbf thehypersonicsctvity in closerelationwith EADS LaunchVehicles
andCNES;

iv. Thegrowing involvementof theteamin theelsAproject;

v. Thearrival of severalnew researchers theteamrelatedto the developmenif thesenew actiities.

4.1 Numerical Aerodynamics

4.1.1 Wake vortex characterisation of high-lift aircraft (A. Benkenida, G. Jonville,
G. Puigt, D. Darracq)

In the frame of the C-Wake program,inviscid simulationsof the lift-induced wake aroundfull high-lift
aircraftgrid systemshave beendeeplyinvestigatedvith NSMB. Parametricstudieshave alsobeencarried
out. It hasbeendemonstratedy CERFACS that, if the numericaldissipationis carefully controlled,
the wake vortex systemcould be predictedeven in the extentednear eld (13 and 6.5 wingspansfor,
respectiely, theNLR-SWIM generiomodel[CFD29 andthe DLR-F11realisticmodel[CFD28). It should
benotedthatotherEuropearCFD codesnvolvedin C-Wake usedby INTA (Spain),CIRA (ltaly), DLR-EA
(Germaiy), BAe SystemqUnitedKingdom)andCFD-N (norway) canonly resolve the wake vorticesuntil
1-2wingspans.

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

Wake vortex instabilities are a promisingway of reducingthe trailing edgewake vortex hazardon a
following aircraftduringapproactor take-off phasestanairport. With thesupportof the EC (C-Wake, S-
Wake, WakeNet)andof the aeronauticaindustry (Airbus), CERFACS hasdevelopeda strongexpertiseon
thistopic. By themeansof LES, CERFACShasprovidednumerousanalysisof the effect of theturbulence
on a vortex sytem: decay short-wavelengthandlong-wavelengthinstabilities. CERFACS is investigating
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this domainby use of numericalmethodsthrougha closecollaborationwith CNRS-IRPHEand Airbus
France,leadingto a patenteddevice. NSMB hasbeenimproved to handlesuch o ws in the following
manner:

1. automaticadaptatie time stepselectionbasecon errorevaluation;
2. injectionof turbulenceby the meansf a characteristiboundarycondition;
3. extrapolationfrom numerical/@perimentainlet plane.

This activity is still stronglysupportedy AirbusandEC.

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

The CERFACSwasinvolvedin this eld of researctsince1998[CFD34]. This work wasinitialized both
by EADS Missilesand Airbus Francefor the evaluationof missilesand aircraft stability. Its resultsare
usefulfor areassuchas ight dynamicsor systems.The nal aspectsonsistedor the largestpartof the
validation and the evaluationof the methodpreviously implementedn the CFD codeNSMB for steady
con gurations[CFD7Y. It hasbeencomparedo traditionally employed semi-empiricamethodq4ESDU)
and haspermittedto assesghe eld of relevang/ of eachmethod. The swept-backONERA M6 wing

hasbeenconsideredn a wide rangeof ying conditions[CFD93. Now, the numericalmethodprovided
to Airbus Francehasreachedhe level of a designtool within the framavork of “steady” coefcients for

pitching, rolling andyawing movements.The computatiorof “unsteady”coefcients, which is very close
to aeroelasticstudiesin termsof numericalingredientsto implementandvalidate, is the next stepto be
considered.

In theframeof the EuropearProjectAWIATOR startingin June2002,CERFACSwill producetheanalysis
of the dampingderivativescoefcient of a full aircraftequippedwith large wingletsby meansof RANS

simulations.

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

TheNSMB teamhasstartecturbomachinenactiity attheendof 1998,in theframeof aregionalcontract
(OCMATH) involving LiebherrAerospaceToulouse(LTS), Technofin and RatierFigeac as industrial
partners. Speci cally, LTS is interestedn the noisegeneratedy the fansthey produceand CERFACS
is to performanunsteadycalculationaccountingor inlet distortion. The aerodynamicesultswill beused
asinputfor theacousticcodeusedby LTS. At the presentime, steadycomputation$have beenperformed
using Baldwin-Lomaxturbulencemodeling. The turbomachineryuse of NSMB hasbeenvalidatedby
comparingboth aerodynamiand acousticresultswith thoseobtainedwith anindustrialturbomachinery
code(BToB3D), usingthesamemesh.NSMB is alsobeingvalidatedon aturbofantestcase py comparison
with experimentaldata. With the phase-lagechnique a major steptowardsthe unsteadysimulationhas
beenmadeby developinga boundaryconditionallowing to computea singleblade-to-bladeassagén the
caseof periodic o w. An inlet distortionhasbeensimulatedwith this technique.

In the frame of the developmentof the analysisof the acousticggeneratedy turbomachinesCERFACS
hasful lled acontractof collaborationwith thelaboratoryof EcoleCentralede Lyon.

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

Within the frame of the OCMATH region contract,the CFD teamhasstartedpropelleractiity in 2000.
RatierFigeacis particurlarly interestedin the prediction of aerodynamicaroundadwancedhigh-speed
propellersfor aeroelasticanalysis. CERFACS has developed parallel meshingtechniquesaiming at
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performingsteadyandunsteadycalculationsaroundrotatingpropellers.
At the end 2001, a collaborationstartedwith Airbus Franceon the A400M military aircraft projectto

provide CFD tools for aerodynamic4) rotor-statorinteractionmaking useof sliding-meshtechnique 2)
dampingderivativesof a propellermodelledby anactuartordisk (seeFigureii in the appendix).

4.1.6 Axial fan optimization (C. Martin , B. Marque2)

In the OCMATH projectframawvork, a setof axial fan computationdasbeenachiesedin orderto provide
the TECHNOFAN society(SNECMA) with the mostreliable settingsof its CFD solver. Thesesettings,
guidelinesandresultscanbe consultedrespectiely in [CFD107 and[CFD109. Througha collaboration
contractwith thelaboratoryof ENSICA, CERFACSis how involvedin aanaxialfanoptimaldesignprocess
soasto evaluateits ef ciency in the TECHNOFAN fandesignprocess.

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

Theobjectivewasto provethatthe CFD codeNSMB possessabenecessarpumericafeaturego compute
the o w aroundcomplex 3D geometriesn hypersonicight conditionsassuminghegasto beperfect.The
nal testcasethe o w aroundare-entrycapsulecalledARD (seeFig.4.1)ataMachnumberof 15, hasbeen
successfullycomputedwith the restrictive assumptiorof dealingwith a perfectgas. Numericalschemes,
physicalmodeling of turbulenceand computationalstratgjies have beenwidely investigatedto provide
EADS LaunchVehiclesanef cient way to computesuchcon gurations. The CFD codeNSMB hasbeen

deliveredto EADS LaunchVehiclesandis now usedfor variousapplications.
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Figure4.1: Perfectgashypersoniosiscous o w aroundthe ARD: skin friction lines.

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

The NSMB codehasalsobeenextendedandadaptedo predict o ws at chemicalandthermalequilibrium

using the upwind AUSM+ schemein space,andthe implicit LU-SGS (Lower-Upper SymmetricGauss
Seidel)in time. Air wasmodelledasamixtureof vespecies: , , and ,with threechemical
reactions.Thermodynami@ropertiesverecomputedusingPark's model. Validationof the new codewas
obtainedfor hypersonico ws aroundtwo differentbluntbodies.Initially, the rst ordermethodscombined
with the MUSCL reconstructiorhave beentestedfor a ~ hypersonicoviscous o w with around
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acylinder. Thesecondestwasthe  viscous o w aroundthe ARD reentryvehiclewith ight conditions
providedby EADS LaunchVehicles.

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

Work on this topic hasbeencompletedthis yearwithin the context of a contractwith Airbus [CFD72].
Numericaltools developedduring this study have beenincludedin the of cial versionof the CFD code
NSMB. Cross-functionalitiehave beenextendedand veri ed (implicit, multigrid, centraland upwind
schemes)eadingto an efcient and precisetool for solving inviscid, laminarand turbulent o ws at all
machnumberswith this compressibleCFD code. The nal studyconductecat CERFACS consistedn the
evaluationof the total pressuralistortionthat occursin the fan planeof a nacellein crosswindwith its
enginerunningwhenthe aircraftis stoppedat the groundjust beforetaking off. This applicationhasbeen
appliedon a genericshapeof nacelle. Now, this tool is usedby designerdor realistic con gurationsat
Airbus.

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

4.2 Numerical Methods and Software Engineering

4.2.1 Finite Element Method in Unstructured Meshes(G. Chevalier, F. Ducros,
B. Marque2)

Thework onthat eld hasfollowedthreeaxis.

rst a work on the Domain Decompositionand preconditioning,with rstly the implementation
of the ILDU methodin an of cial versionof AETHER, and secondlyotherimprovementssuch
asintroductionof explicit Runge-Kutta schemeyvariablesinterpolation,LES modeling. All these
developmenthave beendirectly deliveredto DassaultAviationin anof cial versionof AETHER;

seconda work concerningthe modelingrelative to the LES of complex unsteadyo ws. This work
hasinvolved the developmentand validation of two formulationsof wall functions, validatedon
standardberiodizedchannel o w. CERFACS hasalsocollaboratedvith DassaultAviation through
the LESFOIL EC program sharingexpertiseanddataon the subject([CFD89);

following the work on the preconditioninga studyhasbeenconductedn thein uence of the node
numberingon therobustnessndef ciency of the preconditioning.This wasdoneon differenttypes
of preconditioning.

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

Grid generatioris a crucial problemfor the computationof complex aircraft con gurationsusinga body
tted structuredcode. Furthermoredueto the datamanagemendf structuredgrids, the local re nements
aroundthe CAD (boundarnylayers,stagnatiorines,wakes)will bepropagatedhroughthewholegrid even
in zoneswheregradientsareexpectedto below. This canleadto very large grids, especiallyfor complex
geometries.Two approachepermitto reducethis drawback: i) conserative patchedgrid, ii) automatic
meshre nement.

CERFACS:is developingthesetechniquesn orderto help Airbus Francein reducingthe turnaroundime
and in enhancingthe ow accurag on a given grid size. Thesetwo meshingtechniqueshave been
implementedandvalidatedin NSMB.
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4.2.2.1 Consewative PatchedGrid (CPG) (M. Montagnac)

The purposeis to develop an efcient way to simplify the grid generationand to deal with comple
con gurations using moderatelysizedgrids. The approachhasbeenchosento use NSMB on meshes
having no coincidentinterfaces.For this kind of meshesblocks musthave commoninterfacesbut do not
needthe samelocation of grid nodes. This approachavoids meshpropagatiorfrom a block to another
block. The e xibility of thiskind of meshallows meshre nementandmalesit easietto clustergrid points.
A 3-D conserative patchedgrid algorithm using Jamesorcenteredschemehas beenimplementedin
NSMB. The Multigrid acceleratiorcornvergencetechniquehasbeenextendedwhen using patchedgrids
strat@y. Theparallelprogramminghasbeenimplementedo maintainthe CPU performancef the NSMB
code.Theef ciency of themethodhasbeendemonstratedn complex geometry Thewake vorticesbehind
acivil aircraft(DLR-F11)have beencalculatedon tenprocessorsisinga grid containing3 millions nodes
with non-coincidentnterfaceqFig.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 techniquedor 3D turbulent o ws wereimplementedn the elsAcode.
Specialcarewasalsotaken to ensurethe useof thesetechniquesvhencomputingon parallelcomputers.
An exampleis shavn in the Fig.iii in theappendiXor a 2D turbulentapplication: the RAE 2822testcase.
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4.2.2.2 Adaptive MeshRe nement (AMR) (J.-Ch. Jouhaud, M. Montagnac)

Anotherapproacthis to enrichthe meshwith a hierarchicalgrid structure thatis to sayusingan Adaptive
MeshRe nementStratgy (AMR). It consistdn splitting a clusterof grid cellsin a characteristicsegions
(shocks,boundarylayers, wake vortices,...) andto automaticallyjoin thesecells in new blocks. The
activity on AMR hasincreasedver the periodwith a new algorithmto improve the method.In particular
aparallelimplementatiorhasbeenrealized.In the next phasegxtensionto viscous o wsis planned.

The ef ciency of the methodhasbeendemonstratedn a complex geometry The wake vorticesbehinda
civil aircraft(F11)have beencalculatedon ten processorsisinga grid containingl.5 millions nodeswith
two levelsof re nement.

The mostrecentinvestigationswere realizedwithin the elsAtool. Two major objectveswere reached.
Firstly, the extensionof the AMR methodto turbulenttransonic o ws. Secondlythe addtionof local time
incrementprolongationsasin standardnultigrid stratejies,in orderto increasehe corvergencerate. The
RAE airfoil andthe AS28wing testcasesave shovn theef ciency of thisnew AMR extension(Fig. iv in
theappendix).

4.2.3 Spalart-Allmaras (H. Pascal-Jknny)

In theframework of ' elsANSMB' corvergenceactiities, the updateof the oneequationturbulencemodel
functionnalitiesfor a production-lerel use hasbeenaddressediuring year2001. This topic follows the
work previously realizedfor the algebraicturbulencemodel of Baldwin-Lomax. The LU-SSORimplicit
algorithmextensionto the well-known Spalart-AllmaragSA) turbulencemodelhasbeentransferedrom
theNSMB codeto theelsAsoftware. Speci ¢ treatmentgunknavn's positivity monitoring,parallelism,...)
have alsobeenimplementedeadingto a robustandef cient solver for the computatiorof turbulent o ws
over full aircraftcon gurations. The extensionof the multigrid algorithmto the SA modelis in progress
andwill be nalized duringthe beginningof year2002. Theseactvities arepartof a contractwith Airbus
Francewith the goal of providing the samelevel of ef ciency with both softwaresin orderto switchfrom
oneto the otherin atransparentvay insidethe designprocess.

4.2.4 MAEVA (H. Pascal-Enny)

During year2001,CERFACS hasseena growing involvementin the developpemenbf the elsAsoftware
through the MAEVA project (ModelisationsAerothermiquesdes Ecoulementsen Ventilation Avion)
betweenAirbus Franceand ONERA. Indeed, CERFACS has beenin chage of implementinga nev
turbulencemodeldedicatedo stronglythermalycoupled o ws (impinging jets for instance) namelythe
( ) modelof Durbin. This modelis describedy 3 additionalstransportequationg ) and
anotheronefor f which is elliptic. An explicit versionof the modelhasbeenimplementedn the elsA
softwarethis yearandvalidationsarein progressExtensionsarescheduledor theyear2002.

4.2.5 Developmentand implementation of awake vortex modelin ight simulators
(H. Moet, G. Grondin, D. Darracq)

In theframawork of the S-Wake program,the CERFACS s involvedin the safetyaspect®of aircraftwake
vortices. An engineeringvake vortex behaiour model(called VORTEX) developedwith the purposeto
do probabilisticinvestigationshasbeenimproved by integrating several decaymodelswhich govern the
decayof circulationdueto turbulence,strati cation, viscosityandcrosswind. The effect of crosswindon
wake vorticeshasbeeninvestigatedn orderto incorporatethe effect properlyin the VORTEX model.
A new decaymodelaccountingor aircraftparameterandatmospheri¢urbulencecharacteristichasbeen
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developedat CERFACS[CFD49. An analyticalmodelhasbeendevelopedwhichis integratedin industrial
(AirbusDeustschlandandresearci{TU-Berlin, NLR, TU-Braunschweig)ight simulatorervironmentsto
performparametricstudiesfor wake vortex encounters.Theseparametricstudies(including variation of
vortex parametershave the purposeo obtainthe safetyhazardfor anencounterto obtainhandlingcriteria
andto determinethe in uence of cockpitmotion on piloted simulations.Furthermorea numericalmodel
is developedwhich usesa morerealisticvortex velocity distribution is usedfor the samepurposesasthe
analyticalmodelandto simulatea more realisticwake vortex encountermndto investigatethe effects of
"low-vortex'- designsof futurevery largetransportaircraft.

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

Dealingwith the CFD codeNSMB, the CERFACSis morethanever consideredsthe of cial provideras
muchfrom the AirbusFrancepointof view astheoneof EADS LaunchVehicles. Integration,management
andvalidationprocessebave consequentipeenimprovedin orderto facethis responsibilityin areliable
way (controlversioningwith both CVS (integration)andSCCS(development) testingover awide rangea
representatie test cases). Transferring,optimizing and benchmarkinghe CFD codeNSMB on various
parallel platforms have also beencarried out and continued,motivated by both Airbus Franceas well
as EADS Launch Vehiclesfor the renaval of their own computingfacilities. Algorithm performance
improvementsandvariousoptimizationshave beenrealizedleadingto anincreasedef ciency of the code
both on vectorand RISC architectures.Finally, the harmonizatiorbetweencomputationatools coming
from CERFACS and Airbus Francehasbeencontinuedwith the delivery and the use of new software
(JEDM, GAME, LAMA3D) sothatdevelopersat CERFACS canwork within anindustrialervironmentin
orderto reducethe costof theknow how transferwhena developments 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
ensembldogiciel de simulation Aérodynamique The elsA software comesalong with procedurego
enhanceproductvity in a multi-user and multi-platform environment: validation databaseunitary test
casescvsmanagemertbols,softwarequality program.Thiswork takesfully partof theframeavork wanted
by Airbus Francefor the harmonizatiorbetweerNSMB andelsA

The CERFACS elsA team was in chage of the conceptionand the developmentof the implicit
time-integration LU-SSOR methodas well as of the Baldwin-Lomaxalgebraicturbulencemodel with
generalizedlistanceslt hasalsocontributedto write the speci cationandthe userguidemanuals.Some
validationandunitarytestshave beenintegratedin the correspondinglatabase®o.

All developmentshave beentestedon usual casesas 2D-3D multi-blocks sequentialor parallel square
nozzle, at plates, NACA andRAE pro les. Thesedevelopmentsvereintegratedin the of cial versionof
elsA

The code has beeninstalled on FUJITSU VPP700and VPP5000vector machinesto run the S3CH
con guration (seeFig.4.3)for AirbusFrance.
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Figure4.3: Cp distribution aroundthe S3CH(wing+pylon+nacelleon 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://lwwwcerfacs.fr/cfd. The mostimportantwork consistedn updatinginformationabout
the teamthat now t its currentstructure. A wide modernizationhasbeenconductedo make it more
attractve, simplerto navigate and easierto maintain. A speci c effort hasbeenmadeto rationalizethe
managemernf the CFD Teambibliographythatnow consisteof morethan600referencedrom year1986
to 2001from which someareavailableon-line.
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1 Overall presentation

A. Bendali

The team has carried on with its strateyy of developing nev methodsand codesto addressthe
dif culties involvedin solving industrialand engineeringoroblemsrelatedto propagatiorand scattering
of electromagnetigvaves. Thesedif culties resultmostly from the very large sizeof the nal systemdue
to the industrialrequestgo considerproblemsat higherandhigherfrequencies.Theincreasdn sizecan
alsoresultfrom the consideratiorof small parameterselatedto the descriptionof variousobjects: small
detailsin the structure athin dielectriccoatingor substratea smalldistanceseparatingwo metallicsheets
like thoseinvolvedin patchantennasetc.

Themostimportantstepsreachediuringthelasttwo yearscanbe describedasfollows:

Generalcode: Implementationof a high precisionschemefor the computationof hypersingular
integrals, implementationand parallelizationof the so-calledCombinedField Integral Equation,
implementatiorof the extensionof the codefor the caseof absorbingmaterials,studiesrelatedto
simpleandmoreaccuratenodelsfor thefeedingof a patchantennaimplementatiorof anout-of-
core solwer tailoredfor high performanceparallel plateforms treatmentof the caseof a metallic
wire crossingthe interfaceseparatingwo differentmaterials testof somespeci ¢ stratgiesto deal
with deepcavities.

Fast multipole method: Writing a new version of the multipole code in FORTRAN 90,
implementatiorof the CombinedrField Integral Equation,jmplementatiorof a novel way permitting
to reducethenumberof matrix multipole evaluationgrom four to two. The expertiseaccumulatedh
dealingwith this intricatebut powerfull techniquehasalsobeenusedto devise a novel andaccurate
way to performthereconstructiorof theelectromagneticeld in thenearzoneof anantenndrom the
measurementsf its far eld patterns.Fully validatedandimplementedthis techniquewill provide
ausefultool for CNESin thedesignof satelliteantennas.

Prospectie studies:Rolusteffective impedancdoundaryconditionsfor scatteringoy metalscoated
by thin dielectriclayers,deeptheoreticaktudyof the Despgs' integral equationsfobustmethodgor

domaindecompositiorsolutionsof scatteringproblemsin theframeof anintegral equationsolution.
N. Bartoli hasdefendecher Ph. D. thesiswhich hasconsistedn a thoroughstudyon the rst two

topics. At thetime of writing, Y. Boubendirs Ph.D. thesisis closeof beingdefended.

Theoverall policy of theteamhasbeenrewardedduringthe lasttwo yearsby animportantincreasen the

demandbf collaborationcomingfrom theindustry Jointstudieswith EADS on designingspeci ¢ methods
to efciently dealwith problemsrelatedto the scatteringoy adeepcavity have beenfollowedthisyearby a

closercollaborationon the multipole method.Meanwhile theteamhasbeenapproachedor collaboration
by severalacademi@ndindustrialpartners:

KTH (Stockholm)for expertisein implementingooundaryintegral equationsnethods.

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 accurag.

CNES for numericalmodelsof some specialantennasand for a study of the in uence of the
ervironmentof a antennaiponits radiationcharacteristics.

CEA-CES™ (Bordeauxjor validationof electromagneticodesor generaproblemsandnumerical
modelsfor athin metallicwire crossinganinterfaceseparatingwo dielectriclayers.

All thesedemandsnatchthe mainaxesof developmenibf theteam,which arestill to developanexpertise
in thetreatmentf largesizeproblemshroughspeci ¢ procedureandmethodsndto developanasgeneral
aspossiblesolver capableof solvingmicrowavesproblems.

The actiities are detailedin the next parts. The scienti ¢ productionof the team has resultedin
the publication of two articlesin internationally-reiewed journals and in several communicationgo
internationalmeetings. In 2000, two researchecturesto specialistshave beendeliveredby a member
of theteamattheinvitationof KTH (SwedenandINRIA (Sophia-Antipolis).In 2001,two memberf the
teamhave beeninvited to respectiely deliver a plenaryconferencet the internationaworkshop’Grands
sysemedinéaires’which hasbeerheldatINSA of Toulousefrom 2 to 8 march2001anda minisymposium
conferencatthemajorinternationacongressComputationaFluid DynamicConferencewhich hasbeen
heldat Swenseakznglend,duringaugust2001.

Finally, let us mentionthat the researchersf the teamare being asked to deliver high-level coursesn
academicinstitutions of Toulouse. N. Bartoli hasindeedcoauthoreda book on stochasticalgorithms
[CEM1] lastyeat
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2  Boundary Integral Equation Methods

2.1 ThecodeCESC

M. Fares,A. Bendali, F. Collino

Much of the effort hasbeendirectedtowardsextendingthe capabilitiesof the codein termsof increasing
thevariety of problemswhich canbe handledandthe reliability of the resultswhich aredelivered.In this
respectthegenerakolver codeCESChasbeenextendedn variousdirections:

Absorbing materials. Thecodecannow dealwith absorbingnaterials Dielectricscanbedissipatve
or presentan absorbingmagneticpermeability This part of the codehasbeencarefully validated
througha comparisorwith similar codesdevelopedby KTH.

Implementation of the CFIE. The CombinedField Integral Equationis given in terms of a
combinationof the Electric Field integral Equationandthe MagneticField Integral Equation. The
MFIE requireshe computatiorof singularintegralsin theform

which werenot availablein the previousversionof the code. Along with the implementatiorof the
computatiorof thesenew integrals,a new versionof the codeimproving the previousonehasbeen
written. As for the former partsof the code,the CFIE implementatiorhasbeenparallelizedto deal
with large size problems.As aresult,it hasbeenusedto validatethe solutionof the CFIE with the
multipolemethod.

Accurate schemedor the computation of hypersingular integrals. For problemsnvolving athin
coatingor a thin dielectric substratethe singularintegrals, having a singularpart in
includeakind of Dirac functionwhenthe domainof integrationis a pairing of two paralleltnangles
separatedy averythin distance Usualapproachefail to give accuratevaluesfor theseintegrals: a
powerful procedurébasedn arecursive decompositiorof thetwo trianglesinto smalloneshasbeen
developedto obtaina correctapproximatiorof theseintegrals,aswell asof a casewherethelimiting
valuefor anintegral of this kind canbe obtainedexactly for its radiation.

Figure 2.1 illustratesthe improvementwhich resultsfrom the newv procedurewhen the distance
separatinghe two trianglesgoesto zero. Figure 2.2 shavs that the accuratecomputationof these
integralsareessentiato preventfrom meaninglessesults.

Patch antennas. Patchantennasare commonlyusedas deviceswhich canbe conformedto the
structurewith powerful propertiesof emitting and receving enegy. Direct numericalmodeling
is importantto predicttheir behaior. However, it givesrise to seriousdif culties. CEA-CESRA

hassubmitteda casewherethe determinationof the gain of the antennais decreasedby a loss of

accurag neartheresonancdrequeng. A simpleschemeéhasbeentried, which improvessomevhat
thecalculationof thegain,althoughmoreprogresiasto bedonein this direction.Also in connection
with the patchantennasaccuratemodelsof feedingthe antennasre beingimplementedspecially
by a coaxialfeed.
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Figure2.1: Plainnumericalandanalyticalintegrationof the singularity

Validation of ElectromagneticSolver Codes. For the lasttwo years,the teamhasbeeninvolved
in studiesrelatedto the validationof otherElectromagnetiGolver Codesmainly to dealwith some
extremelyseverecasesSomepartsof the solver codeof KTH have thenbeenvalidated particularly
for thetestcaseproposedy Maci etall. [1] asaseveretestto validatenumericalcodesandmethods.
In this contet, a studyrelatedto a comparisorof code CESCof CERFACS and codeARLENEof

CEA-CES™ hasalsobeenconductedThecomparison®etweerthetwo concernedhecomputation
of the RCSof ametalscatterecoatedby athin dielectriclayerandthe accurag of the computation
of singularintegralsin somenonstandardsituations.Theresultsarereportedn [CEM25].

Numerical modelsfor wirescrossingan interface betweentwo media. The possibility to deal

with wiresinsideary dielectricmediumhasbeenaddedto the codeCESC This functionnalitywas
previously limited to only the exterior in nite medium. The casewherethe wire is crossingthe

interfaceseparatingwo dielectricmediadoesnotseento have beendealtwith, andrequiresaspecial
treatment.Sucha study hasbeenconductedandhasresultedin an accurateprocedure.Figure2.4

andFigure 2.3 depictan exampleof sucha caseandillustratesthe accuray wich hasbeenreached
by usingthe usuallD modelfor thewire.

Out-of-core Solver. An out-of-core functionnality has beenaddedto code CESC All the
performanceseachedy thein-core  versionof thecode particularlyin termsof takingadwantage
from parallelplateforms remaininchanged Presentlythis solver candealwith problemsinvolving

up to 75000 degreesof freedomon the COMPAQ machineof CERFACS. The stratgly adoptedio

designehis solveris describedn [CEM26].

2.2 Largesizecavity problems

M. Fares,A. Bendali
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Figure2.2: MonostaticRadarCrossSectionof a coatedsphere

Thestudyconductedn 1999ontheJINA testcasen 10, Waggoncavity, hadbroughtouttheneedto clearly
de ne theparameter@évolvedin themodels:light speeddegreeof accurayg of the numericalcomputation
of theintegrals,etc[CEM10].

A preliminary study on the JINA test-casecavity COBRA, hasshawvn thatthe nite elementprocedure
INLET, particularly suitedto dealwith deepcavities, canbe usedin the context of a Integral Equations
solution. The useof thelatterproceduréhasin principlethe advantagehatthe solutionaremuchmoreless
dispersve than nite elementprocedures.Figure2.5 constitutesa rst steptoward the validationof this
approach.

[1] S.Macietal., (1996),Analysisof surface-vave excitationandradiationmechanisnmof amonopoleon
circulargroundedlielectricslab,IEEE Proc.-Microw. Antennagrop., 143, 335-340.

CERFACSACTIVITY REPOR 81



BOUNDARY INTEGRAL EQUATION METHODS

-10 /
{
/ \
/

N
1S
a T TT—
T .20
0
o
14
30 —— wire alone
—————————— 3D mesh of the wire
Box + 3D mesh of the wire (contrast = 1)
/ """""" Box + wire (contrast = 1) ]
/
40 | | | | |
0 10 20 30
Wave number

Figure2.3: Validationof the numericalmodelof awire crossinganinterfacebetweerntwo dielectrics

Figure2.4: Variousmesheasedfor thevalidationof themodel
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Fast Multipole Method

3.1 FastMultipole Method in electromagneticcalculations

F. Millot, F. Collino, N. Bartoli

Electromagneticscatteringsolutions by integral equationsmethodslead to densesystemsof linear
equations. Whenthe characteristicsize of the obstacleis aboutsix times the wavelength,the solutions
canbe computedby directmethodswith high performanceandmassiely parallelcodes.However, if the
sizeof the obstacléncreasesthe solutionscanonly be obtainedby meansof someiterative methods.The
computationof the matrix-vectorproductthenbecomesghe basicpart of theiterative algorithm. It canbe
doneef ciently by meansof the Multilevel FastMultipole Method(MFMM).

Computer implementation aspectshave included:

— Rewriting a completelynew versionof the code CESC Multipoles , with FORTRAN90

and GNUMAKE
Implementingandruningthe codeon at leastthreedistinct plate-forms;

Using extensiely the capabilitiesof FORTRAN9O (derived types, dynamic allocation of
memory etc.),allowing for exampleeasycouplingof this codewith variousiterative solvers;

Implementingand validating an out-of-coreversionof the code[CEM27], allowing to solve
large scalediffraction problems(for examplein the caseof two conductingsphereswith one
million of unknawns);

Validatingthe codefor an academidestcase(scatteringby a perfectlyconductingspherefor
which anexactsolutionis availablein termsof a Mie's seriesexpansion)andanindustrialcase
(JINA testcasen 10WaggonCavity);

Optimizing the computationof the transfertfunctions. Tranfertfunctionsare de ned on the
unit sphere. They transforma far eld of the chagesincludedinto a given box into a near
eld. After ashift anda numericalintegration,this givesthe correspondingpotentialat points
containednto anothebox. Theoptimizationusegheinvarianceof thetransferfunctionsunder
varioussymmetrie®f thediscreteunit sphere This studyhasbeensupportedy a contractwith
DassaultAviation.

Theoretical aspectshave concemed:

— A comprehensve presentationof the method. A generakcomprehensie presentatiorof the

MFMM hasbeenwritten atthe demancof EADS [CEM21].

— An intr oduction of somenew approaches.Standarcapplicationof the MFMM to scattering

problemsin electromagnetisnelassicallyrequiresat leastthree scalarmultipole calculations
for eachmatrix-vectorproduct,onefor eachcomponenbf the current,andin mostcasedour,

anotheronefor the chage. A new approachhasbeendesignedjmplementedand validated.
At the prize of a slightincreasdn the costof eachscalarmultipole calculation,the complete
multipole matrix-vector productis obtainedwith only two of suchscalarcalculations. This

work hasbeensupportedy Dassault-Aiation [CEM23] [CEM9].
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— A Christiansen's Preconditionner for the EFIE. Recently Christianserand Necklec have
proposeda newv preconditionnerfor the Electric Field Integral Equation(EFIE). EFIE is the
mostpopularequationfor solving the diffraction of an electromagnetigvave on a conducting
body It leadsto solve a linear systemwhosecondition numberis not very good, especially
whenopencavity geometriesare occuring. Christianserand Nédelecs ideaconsistsin using
oneof theCalderonsidentity to transformthe EFIE into anequatiorinvolving alinearoperator
in theform “ldentity + compact”. The maindif culty is thento dealcorrectlywith the
operatoiin thediscretesetting.Onehasanalysedhismethodand,in particular fully understood
thelack of inversibility of this new preconditionnerA rst implementatiorhasbeencarriedout
andsomeresultson anacademiaasehave beenobtained.Someadditionalwork remainto be
doneto have a clearunderstandingf the potentialityof this preconditionner

— A theoretical estimate of the accuracy of MFMM for very high frequencies.The number
of multipolesat a given level is a crucial parameteifor the accurag of the method. Some
semi-empiricalformulae have beenproposedin previous studies. By meansof theoretical
estimates somenew formulae have beendesignedand validated,in collaborationwith Q.
Carayol(Dassault-Aiation).

Testcasesand validation of the code CESC Multipole

— The MFMM utilizes several parametersvhich have to be broughtundercontrol. A method
which calibrategheseparameteraccordingto the caseto be dealtwith hasbeendesignedand
implemented.The maintechnigueconsistsin computing,by an exactassemblyprocessover
two triangles onecolumnof thematrixandcomparingheresultwith amultipolecalculation. A
crudesearchof the degreeof freedomgiving thelargesterroris performed.A few calculations
give an indication for adjustingthe parameters.The resultsindicatethat the error strongly
depend®n the casebeingconsidered The designof a moregeneralstratgy for choosingthe
parameterseemgo beadif cult task.

— The FMM codehasbeencomparedwith otherindustrial codesusingalsothe FMM method.
In particular resultshave beencomparedvith thoseobtainedat EADS andDassault-Aiation.
Goodagreemenhasbeenobsened. A technicalreportis underprogress.

— Themethodhasbeenusedto solve industrialtest-casess,e.g.,anon-academicaseprovided
by Dassaulfthe“CETAF" benchmark) Goodresultshave beenobtained.Thedif cult JINA
testcasen 10 Waggon Cavity hasalsobeensuccessfullyperformedwith corvergenceof the
iterative processbeingreached.However this testhasclearly indicatedthe dif culties metby
the methodfor this type of problem. A reporton the treatmentof this testcaseby the direct
solveraswell asby the multipole codeis available[CEM19).

3.2 Farto near eld transformation using the multipole method

F. Collino, N. Bartoli

Theradiatingpropertieof acomplicatecantennaanoftenbedocumentedy measurementnly. Further
thesemeasurementsan 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
reconstructiorof theelectromagneticeld in thenearzonefrom measurementsf thefar led patterns.

Basedon the machineryof the multipol method,a powerful approximationprocesshasbeendesignedo
dealwith this reconstructionlt yields accuratevaluesfor the eld ata distanceof only onequarterof the
wavelength. This is largely beyondthe capabilitiesof standardnethodsbasedsimply on the addition of
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a multiplicative factor . Table3.1, giving a comparisorof the eld andof the currentson the
satellite,obtainedby a directcomputatiorusingcode CESGC andthatresultingfrom the knowledgeof the
dipolefar eld patternonly, demonstratethe ef ciency of the approach Note thatthe simpleexp model
completelyfails in this case. Figurevi in the appendixgivesan ideaof the currentsand of the far eld
whicharecomputed.

Field
direct CESC
antenna2sat FMM
exp model

Table3.1: Errorfor the eld onthesatellite,antennalipoleis placedat a distanceof

Oneof the key pointsof the methodlies on a correctinterpolationof thefar eld patternusingspherical
harmonicsThis parthasbeenvalidatedon dataobtainedbothexperimentallypy CNESandby simulation.
Figure3.1respectiely depictegheaccurag which hasbeenreachedCEM17].

phi=0 phi=45 phi=90 phi=135
2 2 2

0

0 0 0
0 100 200 0 100 200 0 100 200 [~ interpolation 10
q pour differents f (COUPES2)

Figure3.1: Modulusof for x ed computedrom CNESmeasurements.
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4  Prospective studies

4.1 High order impedanceboundary conditions

N. Bartoli, A. Bendali, F. Collino

The objectie s to investigatethe scatteringof a perfectly conductingobstaclecoatedby a thin dielectric
layer. Solvingthe directproblemgivesrise to somenumericalinstabilitieswhenthe shellthicknesss too
small. For this main reasonthe effects of the thin shell are classicallytaken into accountby usingsome
impedanceboundaryconditions. A processto build andto analyzetheseconditionshasbeendevised.
It yields numericalschemedotally free from the usualnumericalinstabilities. Appropriateimpedance
boundaryconditionshave beenconstructedor the casewherethe orderof the approximatiormustbe high
enoughto characterizéhe effectsof curvatureandto getmoreaccurag for the high frequenciesThethird
orderimpedanceboundaryconditionsare then consideredor arbitrary geometries.It thenrequiresthe
useof pseuddifferentialoperatorsij.e., a combinationof differentialandinverseof differentialoperator
The theoreticalaspectshave beenstudiedand a corvergencetheoremwith an estimationerror hasbeen
developed. Numerical applicationshave beenperformedto validate the approximation. This studies
point out that pseudadifferentialoperatorsaare more stableandrobustthanclassicaldifferentialone. This
propertybecomeparticularlyrobustwhenthe probleminvolvessomeovermeshingequiremenfCEM16],
[CEM18].

4.2 Desprésintegral Equations

N. Bartoli, F. Collino

Investigationon the integral formulation of Bruno Despgés has been pursued. This formulation is
basedon a minimization of a quadraticfunctional. The resultinglinear systeminvolves only real and
symmetricmatrices.In contrastthe classicalintegral equationdasedon an EFIE (Electric Field Integral
Equations)formulation yields a symmetricsystembut with a non-hermitianmatrix. Furthermoreonly
directmethodsare usuallyusedin connectionwith classicalformulations,while Despés' formulationis
speciallyappropriatefor solving throughiterative procedures.The basicpropertiesof the methodhave
beenclearly exhibitedandgeneratheoremsnsuringthe convergenceof its solutionby aniterative process
have beenestablishedNotethatsucha corvergences notguaranteedor the classicaformulations.Many
numericalexamplesareperformedto investigatehe potentialitiesof the method.For instancefor corvex
geometriegellipse,square,..) agoodbehaior is obsenedwhenthefrequeng increasesr whenthemesh
becomesrregular. For a noncorvex geometrylik e a perfectlyconductingcavity, the corvergenceis more
dif cult to obtainwith the Jacobialgorithm. The GMRESalgorithmis suitableto copewith this particular
geometry In addition,the systemis particularlyappropriateo solve scatteringoroblemswith impedance
boundaryconditions.Indeed theright-handsideof the systemdepend®n theimpedanc®peratoronly. A
last applicationconcernghe domaindecompositiortechniques.Somealgebraicpropertiesof the system
of Despésprovedto be of interestfor the couplingwith the domaindecomposition.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. Despeés, was aimedat allowing its usein the context of an Integral Equationsolution. Particularly,
thisimprovementgave riseto anef cient tool to couplea Finite ElementMethodanda Boundaryintegral
Equation.Much of the efforts for thetwo lastyearshave beendevotedto fully understandvhy theheuristic
proceduravorkswell, in orderto developcon dencethatit canbeimplementedvithin agenerakolver.
Whenstudyingspecialgeometriesfor whichthewavescanbeseparateth apropagatieandanevanescent
part,it hasbeenshawvn thatthe previous proceduresntroducedoy Depies's dampstronglythe propagatie
partbut only very moderatelythe evanescenbne. In the contet of the numericalimplementatiorof the
domaindecompositiormethod,inherenterrorsdueto the schemecanleadto anincreasen the level of
the evanescenmodeswhich, in the end, completelydamagethe solution. The new procedure gven if
it is not optimal for propagatie modes,introducesa strongdampingof the evanescenbnes. Figure4.1
clearlyillustratesthis feature. Figure 4.2 presentsa severe caseof a cavity problemfor which, despitea

Dumping
inductance=0: Despres's method inductance > 0
T T T T

= Interior problem
=e= Exterior problem

Coupled system Coupled system
=e= Exterior problem
14F = |nterior problem T 141

Dumping rate
-
Dumping rate
-

15 15
Mode order Mode order

Figure4.1: Previousandnew procedure

strongcouplingof the propagatie andthe evanescenmodestheresidualduringtheiterationscontinuego
exhibit avery nice behaior.

It has also been obsenred that domain decompositionmethodsbypassthe dif culties relatedto ill-
conditioningof thelinear systemscomingfrom directformulations,in caseof the presencef a dielectric.
Figure4.3shavsindeedthatthe distribution of the moduli of eigervaluesof interior andexterior problems
is muchmoresuitablefor aniterative solutionthanthe global problemresultingfrom a directformulation.
A novel domaindecompositiorprocedurehasalso beentested[CEM20]. The methodis basedon the
numericaldeterminatiorof theimpedancematrix to take accounftfor a partof thedomainwhich afterwards
is removed from the formulation. The bene t of this methodlies in the fact thatit doesnot resortto
an iterative process,andthat it becomesvery attractve when the samegeometricalobjectis repeated.
However, theresultsrequiresomefurther studiesto validateor dismissthis approach.

The domaindecompositiortechniquehasbeenalsoextendedto ef ciently coupletwo differentmethods
of solution,eachonebeingadaptedo the form of the problemin arelatedzone. Thetechniquehasbeen
usedto coupleanodal nite elementsolution,to dealwith anonhomogeneoudielectricmaterial,with an
integral equationmoreappropriatdo dealwhith the propagatiorin thein nite exterior medium[CEM8].
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1 Introduction

Olivier Thual

1.1 Generaloverview

Six projectsaredescribedn this report. The rst threeareresearclorientedand canbeensketchedwith
thefollowing titles:

Climatevariability,
Seasonagprediction,
Oceandataassimilation.

Theseclimatemodellingactivities combinesigni cant scienti ¢ contributionsin several specialitiegsuch
asthe studyof the North Atlantic Oscillation)with the developmentof complex computingsystemgsuch
asaseasonalorecastchainwith variationnaloceaniadataassimilation).The two following projectsof the
“Climate Modelling & Global Changeteamarebasecdon the developmentof two softwares:

The PALM softwarefor dataassimilationin models,
The OASIS couplerfor ocean-atmospheraodels.

Thesestwo projects combine advancedscienti ¢ computing developmentswith deepimplications in

scienti ¢ applications Jeadingto high quality researcton differenttopics (from appliedmathematicgo

atmospherigollution). Thelastprojectcorrespondso developmentactivities which aredirectly included
in the MERCATOR project (aiming toward operationaloceanographwnd gatheringthe contributions of

severalinstitutions). This CERFACS contrikutionis entitledasfollows:

The MERCATOR prototype

1.2 Signi cant achievements

Theteamis composef 4 researcher® post-docs5 PhDStudentand7 researclengineersSincethelast

scienti ¢ report(2 yearsago),15 journal publicationshave beenpublished 15 contrikutionsto conference
proceedindhave beenrecordedand49 technicalreportshave beenregistered. ThreePhD Thesishave been

granted.

In parallel,3 prototypeshasbeenreleaseda validatedprototypeof a seasongbredictionchain,aready-to-

use(andused)versionof the PALM prototypeandthe Atlantic andMediterraneamprototypein agreement
with the MERCATOR working plan. The developemenbf the prototypefor the variationnalassimilation

chainfor the globaloceaniomodelhasbeenalsoundertalenduringthis period.

Four Europeanprojects have startedduring this period under Framavork Program5 (PREDICATE,
DEMETER, ENACT and PRISM) and have led to the hiring of one seniorscientist,two new post-doc
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and one researchengineer Two researchprojectshave beenfunded by the CNRS/PNEDC(National
Programfor Climate DynamicsStudies)and oneby the CNRS/GMMC (Scienti ¢ researctprogramfor
MERCATOR).Severalcollaborationsvith national,europearor internationalaboratoriehave beeractive.
Furtherdetailsarecontainedn thefollowing sections.
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2 Climate variability over the North
Atlantic-European region at inter-annual
to decadal time-scales

2.1 In uence of seasurfacetemperature anomalieson low frequency
atmosphericvariability over the North Atlantic Europeansector
(C. Cassoy M. Drévillon, L. Terray, S. Valcke)

The climate of the North Atlantic-European(NAE) sector exhibits considerablevariability on a wide
rangeof time scales.Improved understandingf this variability is essentiato assesshe likely rangeof
futureclimate uctuations andthe extentto which these uctuations arepredictable For instancedetailed
knowledgeof the so-callednaturalvariability is a necessarprerequisiteto assesshe potentialimpactof
climatechangeadueto anthropogenidorcing [GLO14).

A large part of the climate variability over the NAE region is associatedvith a dominantmode of
atmosphericcirculation variability called the North Atlantic Oscillation (NAO). The NAO refersto a
meridionaloscillationin atmospherianasswith centersof action nearlcelandand over the easterrpart
of thesub-tropicalAtlantic (Azores).In its positive phaselow pressur@nomaliesverthelcelandicregion
areassociateavith high-pressur@anomaliesacrossthe sub-tropicalAtlantic. The NAO is a naturalmode
of variability of theatmospheravhichemegeswhenatmospherigenerakirculationmodels(AGCMs)are
forcedwith climatologicalannualcyclesof insolationandSeaSurfaceTemperatureéSSTs)aswell as x ed
trace-gagoncentrations.

Thereare clear indicationsthat the North Atlantic oceancovarieswith the overlying atmosphere.For
instanceijt hasbeenshavn thatthe SSTsarerespondingo theatmospheri¢orcing on monthlyto seasonal
time scales.On the otherhand,obsenationsshown that SSTshave low frequeng variationswhich could
imprint themselesbackontotheatmosphereThe questionthenbecomesdo the oceansurfaceconditions
play anactive role in shapingmid-latitudeatmospheriwariability atlow frequeny ?

To answethisquestionthestratey reliesuponadualapproachlwhich combinesstatisticaimethodsapplied
ontoobsenedor re-analysisdlataand numericalmodellingwith generalcirculationmodels. For instance,
usingreanalysigdatasetsrom NCER the relationshipsetweerthe low frequeng variability of the zonal
wind jet at200hPa (U200)over the North Atlantic-Europedomainandthe geographicatiistribution of the
SSTanomaliehave beendocumentedin contraswith otherstudiesnonlineartechniquesuchascluster
analysishave beenusedasthis classof methodsdoesnot requireary constraintregardingthe symmetry
andorthogonalityof the variability modes.For thewinter monthsoverthe 1958-199%eriod,the signature
of the two phasesof the NAO is capturedandis associatedvith the North Atlantic SST tripole. The
classi cationalsoextractsa “La Nifiamode™relatedto a strongridge off Europeandreducedet over the
Azores.

By analysingthe data coming from two ensemblesof multi-decadalintegrations performedwith the
ARPEGEmodel, a systematicassessmentif the effect of Atlantic SSTson low-frequeng atmospheric
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variability over the North Atlantic-Europeregion has beenperformed. In the rst ensemble(GOGA)
[GLO14], theobsenedSSTsandseaice extents(SIE) from theGISSTdatasetareprescribedyloballywhile
they arerestrictedto the Atlantic oceanin the secondensemblg AOGA). A signal-to-noisemaximising
EOF analysisis usedto isolate the dominantforced responsdrom the internal atmospheriovariability.
Themethodis appliedto North Atlantic low-pass- lteredseasonaineanMeanSeal evel PressuréMSLP)
anomaliesandtheanalysidgs madefor boththewinter (DJF)andspring(MAM) seasonsverthe1948-1998
period.Theprincipal ndings of this studyarethefollowing:

98

Theleadingresponsén the GOGA simulationscanbeattributedto oceanicchangeselatedto the El
Nifio-SoutherrOscillation(ENSO)The spatialpatternof theleadingforcedmodein winter exhibits
aprimarycenterof actionlocatedslightly northof the Azoresarchipelag@nda secondarynaximum
off theFloridacoast.Thetime seriesof theforcedresponsés stronglycorrelatedo theNifio 3 index;

In orderto nd outwhetherthelocal Atlantic SSTsdo exertary in uence on atmospheriwariability
over the NAE sector two differentapproachesvere usedandcompared.The ENSOin uence was
removed from the GOGA simulationswith a simple linear regressionof the MSLP datawith the
Nifio 3index andthe EOF algorithmwasappliedto theresidualpartof the data. The EOF algorithm
was also appliedto the AOGA ensemble.A commondetectableresponsés found in winter and
to a lesserextentin spring. In fact, while the forced springresponsdrom the AOGA ensemblds
closeto thecommon(GOGA andAOGA) winter signal,the forcedspringGOGA respons&oesnot
exhibit alarge-scaleeoherenpattern.The characteristitemporalevolution of thewinter responsés
alsoobtainedfrom the applicationof the samealgorithmto otheratmospherivariablessuchasthe
AOGA 500hR1height eld (2500)andthe200hRazonalwind (U200). Thistemporakvolutionshavs
quasi-decadaVariability (with a period between6 to 8 years)superimposean a lower frequeny
uctuation. It is alsowell correlatedwith uctuationsin a tripole patternof SSTanomaliedn the
North Atlantic;

The spatialstructureof theleadingforcedresponsén winteris dominatedby a large-scaladipolein
MSLP, resemblinghe NAO structurebut with a strongemid-latitudecenterof action. Applying the
signal-to-noisenaximizingEOF algorithmto othervariableZ500andU200)shovs avery coherent
signalwith aquasi-barotropisignaturecloseto thatof theNAO. Thelow-frequeng changebetween
the rst partof theperiod( ) andthe secondpartcanbe explainedin termsof changesn
thefrequeng of occurrenceof a naturalregime of atmospheridntraseasonal-interannuadriability
with a spatialstructurevery similar to thatof the positive phaseof the NAO;

Theleadingforcedatmosphericesponsés inducedprimarily by thetropicalpartof the SSTtripoleas
shawvn by the strongcorrelationbetweerthetropical North Atlantic SSTindex andthe characteristic
temporalevolution of the forcedresponse.To further con rm this nding, two 30-yearadditional
integrationswere carried out with idealized SST anomaliesrepresentinghe positive (TAP) and
negative (TAN) phasesf the tropical part of the SST tripole. Similarity betweenthe difference

elds andtheleadingforcedresponseffom the AOGA integrationsdemonstratéhat
thetropicalNorth Atlantic SSTanomaliesanleadto changeshattendto re-enforcehegeopotential
structureof the simulatedNAO;

The physicalmechanisninvolvesrelatedchangesn tropical corvection,Hadley circulationandthe
modulationof the stationaryplanetary-scalavaves by the low-frequeng variability in subtropical
winds inducedby the persistentropical circulationanomalies.Enhancedaroclinicity andrelated
changesn planetary-scaldéransienteddiesin the westernsubtropicalNorth Atlantic may have a
catalyticrole in forcing andsustaininghe anomaloustationarywave activity.
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2.2 Study of the obsewed covariations of the Atlantic seasurface
temperature and mid-tr opospheric ow signatures over the
extra-tr opical North Atlantic (M. Drévillon, C. Cassoy P. Rogel
L. Terray, S.Valcke)

While thereis statistical-cum-obseationalevidenceof signi cant atmospheridorcing of the underlying
SSTatmonthly-to-seasondime scalesatmospherienodelsimulationshave alsoshavn possiblein uence
of SST patternsuponthe mid-latitudetropospherico w andits associatedtorm-tracks However, thereis
alarge scatterin theresponsesf atmospherianodelsto SSTanomaliesdependingn the modelphysics
andresolution,the basicmeanstateor the structureof the SST anomalougatterns. Thus, it is of great
interestto assesglirectly from obsened and reanalysisdatathe possiblelinkagesbetweenthe SST and
variousatmospherivariables.

To addresghis questionthe interactionsbetweernthe SST, the Storm Track Activity (STA) andthetime
meanatmosphericirculationin the North Atlantic Europeregion [GLO7] have beeninvestigated.Lead-
lag Maximum CovarianceAnalysis (MCA) betweenseasonab00 hPa geopotentialheight (Z500) and
SSTover the NAE region capturesa signi cant covariancebetweenthe previous summerSST anomaly
anda winter NAO structure. The sameanalysis,but restrictingthe atmospherizoneto Europe,points
out a strongantigyclonic (cyclonic) anomalyover Europerelatedto cold (warm) oceanicconditionsoff
Newfoundland,this SSTstructurebeingindependanon the consideredatmospherieegion. This summer
SSTanomalyis found to persistenoughuntil winter throughsurfaceheat ux esexchangeswhenit can
nally haveanimpactontheatmosphericirculation.Compositeanalysigdravn from theMCA expansion
coefcient) is appliedto thewinter STA anddifferenttransientandstationaryeddiesdiagnosticsassociated
with the extremepositive andnegative eventsof the SSTanomaly Thesediagnosticsuggesthatthe SST
anomalyinducesin winter ananomaloustationarywave, creatinganinitially smallanomalyover Europe.
Anomaloustransienteddieslocatedover northernEuropethen strengtherthis anomalyand maintainit
duringwinter, thusactingasa positive feedback.

The sensitvity of the ARPEGEmodelto theseobsened summerSSTanomaliess thenassesseth a set
of ensembldorced experiments. Thesesimulationsallow to betterdescribeand understandhis ocean-
atmospherénteractionandto further studyasymmetrie@ndnonlinearitieswith respecto the sign of the
SSTforcing. As therearealsoevidencesf autumnSSTforcing of the North Atlantic Europeatmospheric
winter circulationfrom thetropics,a complementargetof simulationsis performedn orderto investigate
the possiblemechanismsesponsibldor this remotetropical forcing prescribedn the model. Additional
experimentsvith ARPEGEcoupledwith a simpleoceaniamixedlayerin the mid-latitudesarealsocarried
out.

Thefall tropical SSTforcing inducesn OctoberNovemberDecembefOND) a strongwave-like response
bothin theforcedandmixed-layercoupledexperiments This Rossbywave signalis dueto themodi cation
of thelocal Hadley cell branchover Amazonia/CarribeaBeaaffectingin ne themomentuncorvergence
aroundthe subtropicalet entrancethe latterexporting the signalto higherlatitude. The occurrencef the
winter weathemregimesis affectedin agreementvith the signi cant spatialcorrelationof the midlatitude
part of the wave responsewith the NAO pattern. We shaw that the thermalcoupling betweenthe ocean
andthe atmosphereallows a betterrepresentationf the midlatitudepart of the responsewhich 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. Cassoy M. Drévillon, L. Terray, S. Valcke, E. Maisonnave)

A detailedstudyof the asymmetrybetweerthe two phase®f the NAO is carriedout basedon the climate
regimesparadigmdescribedn section2.1 and appliedon differentobsened (or reconstructedylatasets
of MSLP, SST and precipitation. Among the 4 preferredwinter atmosphericstatesextractedby the
classi cationalgorithms,two correspondo the negative and positive phasesf the NAO. Departingfrom
the traditionnallinear picture, the positve NAO regime shows a signi cant eastvard shift of the Azores
centre(about ) by comparisorto the offshoremeridionaldipole alignedwith the IcelandicLow for the
negative NAO one. Ulbrich and Christoph[1] attributedthe obsened eastvard shift of the NAO centres
of actionto theglobalwarminginducedby the greenhousgasedorcing. Theregime approachmodulates
this statemenasthe eastvard shift seemdo be intrinsically relatedto the positive phaseof the NAO (it is
alsopresenwhenanalysesrelimited overthe 1900-197(eriod),the latter beingpresumablyfavoredin
ananthropogeniperturbectlimate.

Thesimultaneou$STanomalieselatedto the2 NAO regimesexhibit a rathersymetricaltripole structure
betweenthe 2 phases,over the North Atlantic basin. This oceanicsignatureis primarily due to the
anomalousatmosphericsurface conditionswhich imprints their shapethrough latent and sensibleheat
ux es(asdescribedn section2.3). However, laggedrelationshipsbetweenwinter regimesand previous
summelSSTsanomaliesevealasymmetricafeaturesaccordingo thephaseof theNAO. Thenegative one
is associatedvith the summeroceanicmodeextractedby linear techniguesanddescribedn section2.2
(Horseshoemode). The positive phaseis relatedto a reinforcedmeridional SST dipole betweenthe
LabradorSeaandthe Gulf Streamarea.Both arealsolinkedto a con ned equatoriakignalin thetropical
Atlantic. The existenceof the two midlatitude modesare investigated. Compositesanalysesshav that
thesearelinkedto the previouswinter SSTtripole andto the simultaneousummeratmospheridorcing.
Theasymmetrybetweerthetwo phasess thusexplainedby the differencein the persistencef thewinter
to winter oceanictripole structure. A strongerSST gradientin winter (positive NAO phase)is likely to
persistmorethanareducecbne(negative NAO phasedueto the nonlinearitiesof the oceanicmixedlayer
stability. As explainedin section2.2, the persistencef these2 modesis high enoughto further impact
theatmospheratthe early beginning of the following winter whenthe climatologicalbackgrounds more
favorable. The oceanicanomaliesthen affects the strengthand the path of the synopticstormsleading
to a modi cation andthe maintainof anomalousstationarywaves. The in uence of the equatorialSST
anomaliess setvia the 2 local Hadley cells over SouthAmericaandover the africancontinent. Thelocal
modi cation of the Walker cell betweenAfrica and South America associatedvith the equatorialSST
anomaliess indeedlinkedto the existenceof locally modi ed Hadley circulationaffectingthe strengthof
thejet-streamdbothover Floridaandover North Africa. The persistencef themodi ed tropicaldynamics
is persistenfrom summerto winter, the extensionof the climatologicalstationarywaves at early winter
beingresponsiblgor the “junction betweerthe jet anomalies consistentlywith the establishmentf the

winter NAO phase.

Thisasymmetricaperspectielinks tropicalandmidlatitudeforcings,bothplayingarole in the midlatitude
atmosphericcirculation variability. Basedon the persistenceof the oceanicmodesand knowing the
mechanismst work, seasonapredictabilityis thusconsideredand presentlyunderinvestigation(see g.
viii in the appendix). It is shown in this studythatit is essentiato have a global picture of the climate
variability over the NAE region, beingin 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 the NAO andincreasingstormtrack activity over Europedueto
anthropogenigreenhousgasforcing, Clim. Dyn,, 15.
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3  Seasonal Prediction

Theaimof the SeasonaPredictionprojectis to studyhow inter-annuaklimateanomaliesanbeforecasted
someseasonfn advance.Sincealarge partof thememoryof theclimatesystematthosetime scalediesin
theupperoceanthisrequiresheuseof acoupledocean-atmospheraodelasrealisticaspossible andthe
determinatiorof accuratenitial conditions,n particularfor theocean.This actiity is thenstronglylinked
to theglobaloceandataassimilationactvity (seechapte).

After the completionof the DUACS Europeanproject early 2000, actiities have focusedon further
exploitation of the existing experimentsin preparationto the DEMETER program. This includedthe
developmentof speci ¢ diagnosticgdescribedn the next subsection.Their applicationsto the numerical
experimentarepresentetdh thesecondsubsectionith emphasi®ntheNorthernHemispherandEurope.
The DUACS experimentshave beenfurther usedto studythe predictabilityof ENSOthroughananalysis
of thetemperatur@anomalygrowth modesdescribedn thethird subsection.

Theupgradeof the coupledpredictionsystenfor DEMETER, describedn thelastsubsectionbeganatthe
endof 2000,andconstitutednostof thework in 2001.Its exploitationbeganatthe endof 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-gcle) were
concludedin January2000, producinga completesetof seasonaforecastensemblesthroughtthe years
1995t0 1999, (seeSection3.2).

Along this period,the toolsdevelopedin the framewvork of DUACSfor preparationlaunchingandcontrol
of seasonaéxperimentson Méteo-FrancendECMWF Fujitsu machinesverenot substantiallymodi ed,
exceptfor abettermanagemenf the successie launchingof ensemblanembersThis wasneededn the
VPP5000which power enablego run severalmembersiuringonenight or oneweekend. Thosetoolsare
documentedn [GLOG63].

Technicadevelopmentsnainly consistedn creatingaframewnorkin whichseasongbredictionexperiments
caneasilybeanalyzed Dataarestoredocally at CERFACS,whichtakesfull bene t of thestoragecapacity
andof its acces$rom the SGI-Origin2000for postprocessingurpose Thosediagnosticshasednaseries
of scriptsand Fortran programsallow to handlehundredsof overlappingshortcoupledexperimentshat
constitutea setof seasonapredictionensemblesAmong others,it is easyto computeanddraw for each
variable:

ensemblaneansspreadsgeviations;
meanclimatedrift, with respecto obsenationsor analysesandto removeit variableby variable;
predictedanomaliesgitherensembleneansor individual forecasts;

comparisorwith obsenedanomaliesor with analyses;
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predictionscoressuchas Anomaly CorrelationCoefcients, or Root Mean Squareerrors, either
globally or for selectedegions;

predictedprobability of occurrencef selectedavents;

probabilisticscoreqseenext section)for selectedegions...

In orderto visualize modelsoutputsover geographicalcrucial areas,and consideringthe importance
of processeddata, new automatizationtools were developed (Xmgr/Vairmer graphical software
parameterizatioscripts,formatcorverters )

Finally, efforts weremadeon documentationasks,concerningcouplingstrateyy [GLO62] and[GLO64],
seasondiorecastpeculiaranalysistools[GLO63] andVPP700-VPP500@ortingprocedure$GLO61].

This work madeeasierupgradingthe forecastchain usedon Demeterproject (coupledGCM ORCA-
2/Arpege-3-22a-gcle), seeSection3.3. The ORCA oceanmodelhasbeenrun rst on the CerfacsSGI-
Origin 2000, andfully takes advantageof the Compagsener. The forced model begins to be usedon
new dataassimilationexperiments Lots of technicaltaskshave beenhandlecto take into accounthe new
datastorageformatusedby ORCA (NETCDF). A largesetof diagnosticarenow takeninto accounfrom
the STATPACK softwaredevelopedat LODyC (providedby P. Terray)thatreplacesomefunctionalitiesof
Vairmer andvisualisedthroughlDL andFERRET This analysisandvisualisationlibrary is to becomea
standardool for mostactiities dealingwith modeloutputsin theteam.

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

In preparatiorfor the DEMETER project,whosemainfocusis to studyatmosphericeasonagbredictability

in the Europearregion, the DUACS coupledintegrationswere extendedto the March 1993- June1999

period,andto 9 memberginsteadof 5). This ensemblesizeis the minimum neededo sampleenough
atmospheriwariability in theregionsof interestjn orderto havereliableresultsonthe predictive capability

of thecoupledmodel.

ClassicakcoredACC,RMSSS)have beenapplied.Theresultshave alsobeenanalyzedoverthe Northern

HemisphereandEuropeusingsomescoresstudiedin the PROVOST project. Thosediagnosticsarebased
onthechoiceof one“event” (e.g.temperaturéowerthanclimatology)for whichseasongbredictionsystem
forecastghe probability of occurrenceThis probability canof coursebe estimatednly from anensemble
of deterministicpredictions.Brier Scores ROC Curvesand EconomicValuescoreg(see[GLO53]) were

thususedto evaluatethe modelpredictioncapability

The Brier scoremeasureshe 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
ratio betweerforecastedaseghatactuallyoccurredandtotal forecastedtases;

For a given event, a speci ¢ userof the forecastcould considerthat above a certain probability
threshold, the event is to be consideredas forecasted. The Relatve OperatingCharacteristics
(ROC) measureshe relative variationsof “Hit rate” (goodforecastsand“Falsealarmrate” (event
erroneouslhforecastedyhenthis probability thresholdvaries. This scoreis illustratedin gure 3.2.
Theareaunderthe ROC curve shouldbe higherthanthe diagonalfor forecastingsystenthatis more
predictve thanclimatologicalforecast;
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Economicvalueis linked to ROC, but weightsthe “Hit rate” and “Falsealarm rate” to compute
mean user expenses,deducedfrom a simple economicsystemwhere a lost L is causedby an
unforecaste@vent,anda costC is spentto preventthis lostif the eventis forecastedFor eachC/L

ratio and eachprobability threshold, gure 3.2 measureshe relative gain of usingcoupledforecast
versusclimatologicalforecast. This allows to determinean optimal thresholdfor eachapplication
characterizedy its C/L ratio.

Reliability Diagram & Brier Skill Score DJF N Hem
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Figure3.1: Reliability DiagramandBrier Score
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Figure3.2: Relative OperatingCharacteristicendEconomicValue

Theeventusedto producescoresn gures 3.1and3.2is “temperatureat 850hRalower thanclimatology”,
andtheveri cation is theNCEPre-analysisDataover NorthernHemispherdiave beenconsideredScores
foundhere,andon othereventsandregions,arecomparablédo resultsshovn on ECMWF web site. They
shaw thatourcoupledsystenmhasapredictioncapabilitysigni cantly higherthanclimatologicalprobability.
The effect of usingaltimeterdataassimilationdegradesthe results,as expectedfrom our previousresults
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on ENSOprediction.However, over Europe they areimproved, maybedueto a samplingeffect, but more
probablyto thefactthatlessintenseENSOeventpredictedwith assimilationreduceghe (erroneocusPNA
extensionoverthe North Atlantic.

3.3 Oceananomaly and error growth in the oceanfrom seasonal
prediction experiments(Ph. Rogel H. Kamil, E. Machu)

In orderto betterunderstangredictability andmoreespeciallyin theoceanwe havedevelopedatool based
on [2] studyof the growth of SSTanomalies.This tool is basedon a statisticalevaluationof oscillatory
modesthat are either dampedor exponential. Sincethe systemis stable,it is found that all modesare
damped. The growth of oceananomalieshus canonly be explainedby someconstructve interference
of thosemodesat someperiods. It is possibleto constructhow the modesshouldinterfere,whatarethe
structureinitially andhow they evolve.

The initial studywasdonewith historical SST anomaliesandthe sameanalysiswas reproducecbon the
coupledmodelSSTissuedfrom the DUACS experiments Results(Fig. 3.3) shov thatthe optimal growth
structureof the modelandits evolution over 6 monthsis very similar to thatfrom real obsenations,which
meanghatthe modelinherentlyhasthe capacityto producerealistic seasonahndinterannualvariability
[GLO59].

This tool is currentlyusedto extendthe studyto otheroceanvariablesandthe correspondingtmosphere
forcing asit appearsn the coupledmodel. In the framework of the perfectmodel,it alsopavestheway to
abetterunderstandingf the ENSOpredictability in allowing the descriptionof the structureghatproduce
moreor lessspreadnsideensemblesf coupledintegrations.This work will becarriedin 2002.

[2] C.PenlandandP. D. Sardeshmukh(1995), The optimal growth of tropical seasurfacetemperatur@anomalies,).
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
hindcastsare currently produced.Besidesthe evolution of the dataassimilationsystem(seesection4.4),
both oceanand atmosphereomponenthave beenupgraded OASIS coupler (2.4 release seesectionb)
andthe methodto produceforecastensembles.

A new versionof the OPA global oceancon guration (ORCA2) hasbeenusedsincethe end of the yeatr
It wasusedin collaborationwith LODyC, run onthe CERFACS SGI-Origin2000 andportedon ECMWF
VPP700,which will be the machinededicatedto DEMETER hindcastproduction. The physicsof the
versionis closeto the older one,but hasa new grid con guration, andimplementsa free surfacescheme
which allows easiercomparisorwith altimetry (andis a goodthing for assimilation).A ve-yearforced
experiment(1986-90)with ERA15windsand ux eswasinitially producedandtheconstructiorof ERA40
forcingis beingdonecurrently following the reanalysigroduction.This versionis beingcoupledwith the
latestversionof ARPEGE-Climatasusedat CNRM. Stratgy to useERA40windsand ux eswasde ned
in collaborationwith CNRM and LODyC, andwe are in chage of the productionof the unassimilated
restartsbothfor LODyC andourseles,sothatathoroughcomparisorwith their resultswill be possibleat
theendof theproject.
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Figure3.3: Seasurfacetemperaturénitial structureleadingto the optimalanomalygowth in the tropical
Paci c (top) andits maximumevolution four monthslater (bottom).

In the framavork of PROVOSTandDUACS, the ensembla&onstructiorstratgy wasbasedon initialising
thecoupledmodelwith atmospheriénitial conditionsfrom consecutie dayanalysesFor DEMETER, this
stratgy waschangedo the useof forcing perturbationgwind, ux esandSST).Practically a setof daily
wind perturbationsprovided by ECMWF basedn differenceetweerntwo atmospheranalysissystems,
andfour setsof SST perturbationssimilarly built. This introducesinitial anomaliesin the ocean,thus
morepersistinghanatmospheri@anomaliesPerturbednitial conditionsarealsoprovidedto LODyC. This
ensemblingechniques alsousedfor dataassimilationpurposen orderto assessomeassumptionsbout
backgrouncerrormodelling(seesectiord.4).

Early resultsshow thatthe modelhasa warmbiasin thetropics(thusof the oppositesignasfor DUACS).
A few hindcastexperimentshave beenproducedsofar duringthe 1987-88ENSO-LaNina period(Fig. vii
in the appendix)lt shavs thatthe modelis ableto pick up the shift from warmto cold conditions. The
amplitudeis wealer for warm conditions,but asit correspondso the very beginning of the period,it may
bedueto thefactthatthe oceanforcedmodelis still in spin-upmode.
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4.1 Three- and four-dimensional variational assimilation for the
tropical Paci ¢ Ocean
(A. Weaver, S.Ricci, E. Machu, P. Rogel)

Three-andfour-dimensionalariationalassimilation(3D- and4D-Var) systemshave beendevelopedand
extensvely validatedfor arigid-lid, tropical Paci ¢ versionof the OPA OGCM. This work hasbeendone
in closecollaborationwith the oceanmodelling group at LODyC andthe seasonaforecastinggroup at
ECMWE ThetropicalPaci ¢ systemsenesasanimportanttest-bedor developmentgo the globalocean
assimilationsystem(section4.4). An importantdesignfeatureof the assimilationsystemhasbeento
provide a cleardevelopmentpathfrom 3D- to 4D-Var. The systemshave beendevelopedfollowing the
incrementabpproach.The controlvariableof the variationalminimizationproblemis anincremento the
backgroundestimateof the modelinitial conditionsat the beginning of eachassimilationwindow. The
fundamentatlifferencebetweerthe 3D- and4D-Var formulationslies in the level of sophisticatiorof the
linear modelusedto transportthe incrementbetweenobsenationtimes. In 3D-Var, a simple persistence
modelis used whereasn 4D-Var a dynamicalmodelderivedfrom thetangent-linea(TL) of OPA is used.
Theincrementaformulationof 3D-Var (alsoknown as3D-FGAT for First-Guesst AppropriateTime) can
be viewed asa limiting caseof incrementadD-Var in which the TL operatoris replacedby the identity
matrix. In both systemspbsenationsare assimilatedat their appropriate¢imessincethey arecompared
directly to the backgroundstatewhich is propagatedh time usingthe OGCM.

Theassimilatedbsenationsconsisof aquality controlledsetof in situtemperatureneasuremenfsomthe
GlobalTemperatur@andSalinity Pilot ProgramméGTSPP) This data-seincludesmeasurementsrimarily
fromtheTAO arrayandXBT network. Thesystemsave beencycledfor theperiod1993-98usinga 10-day
assimilationwindow in 3D-Var anda 30-daywindow in 4D-Var. Thereferenceexperiment(the control)
is an integration of the oceanmodelwithout dataassimilation;i.e., using the past-historyof the surface
forcingastheonly sourceof information.A meridional-\erticalsectionof the 1993-96averageemperature
at140 W is shonvnin Fig. 4.1for 4D-Var, 3D-Var andthe control. Thethermoclinestructurein the control
experimentis too diffusecomparedo obsenations.To compensatéor this problem,the assimilationof in
situtemperatur@lata,in both3D- and4D-Var, produces large meancorrectionto thethermal eld, which
resultsin acolderthermoclinewith increasedtrati cation. Thetilt of theisothermsn theNorth-Equatorial
CounterCurrent(NECC)regionbetweerb N and10 N is considerablyeinforcedn bothdataassimilation
experiments.Thethermoclinetightnessandtilt is strongefin 4D-Varthanin 3D-Var (cf. Figs.4.1aandb,
near7 N). This steepeningf the meridionaltemperaturgyradientresultsin a moreintenseNECC which
is closerto obsenedclimatology

Theassimilationimprovesnot only thethermalmeanstatebut alsovariability oninterannuatiown to daily
time-scalesFor example,Fig. 4.2 shows the daily depthof the20 C isotherm(D20)at140 W, 5 N from
TAO dataandfrom the 3D-Var, 4D-Var andcontrol experiments.The large oscillations(up to 60m from
peakto trough)at a 30- to 40-daytime-scalecorrespondo tropical instability waves(TIWSs). Thereis no
TIW activity duringthe April-to-Juneperiod. The controland3D-Var do not exhibit clearTIW variability.
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In 4D-Var, however, the TIWs arereproducedvith the correctphaseandamplitude. This is animpressie
exampleof the ability of 4D-Varto t variability in the datahaving a time-scalecomparablédo or shorter
thanthe 30-dayassimilationwindow.
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Figure4.1: Meridional sectionalong140 W of the 1993-96averagetemperatureén a) 4D-Var, b) 3D-Var,
andc) control. Thecontourinterval is
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Figure 4.2: Time-seriesof the daily averagedD20 during 1994 at 140 W, 5 N. The thick solid curve
correspondsgo the (assimilated)TAO in situ data,the solid curve to 4D-Var, the dashed-dottedurve to
3D-Var, andthedashedcurve to thecontrol.

4.2 Background-error covariance modelling
(A. Weaver, S.Ricci, E.Machu, A. Piacentini, P.Rogel
L. Besseres

An important elementof the data assimilationsystemis the statistical model usedto representthe
background-errocovariances. In a variational assimilationsystem,the statisticalmodelis embedded
within a covarianceoperatorthatis appliedin a preconditioningtransformationon eachiteration of the
minimization algorithm. The numericalef ciency of the covarianceoperatoris critical, especiallyfor
dataassimilationproblemsinvolving large statevectors(typically greaterthan componentgor global
oceanapplications).The operatorshouldalsobe e xible enoughto capturethe maincharacteristicef the
availableestimate®f the background-errocovariances.

An errorcovarianceoperatormay be split into two main components:a univariate componentand a
multivariate component. The univariate componentaccountsfor the auto-cwariancesof errorsin the
individual statevariables,while the multivariatecomponentaccountsfor the cross-cearianceshetween
errorsof differentstatevariables.For modellingthe univariatecomponenta generalcorrelationoperator
hasbeendevelopedusinganalgorithmbasedn anumericaiintegrationof ageneralizedliffusionequation
[GLO16].

The modelis sufciently e xible to accountfor a variety of desirablefeaturesin a correlationmodel:
functionswith a wide rangeof shapesand spectralcharacteristic§{Fig. 4.3); 2D and 3D anisotroyy,
geographicallyaryinglengthscalesand o w dependencé-ig. 4.4). Moreover, it is particularlywell suited
for applicationin domainswith complex boundariessuchas oceanbasins. The (generalizeddiffusion
algorithmis currently solved usingan explicit forward-differencingscheme.An implicit schemds also
being implementedto extend the rangeof functional forms permittedby the correlationmodel and to
reduceits numericalcost. This work is beingdonein closecollaborationwith the Parallel Algorithms
groupat CERFACS, usingsoftwarefrom the Harwell Subroutine_ibrary (HSL).

The multivariatecomponenbf the covariancemodelis beingdevelopedusing a powerful techniquethat
involves separatinghe model statevariablesinto balancedand unbalanceccomponents.The balanced
component®f the statevectorarede ned througha setof linear transformations. A numberof balance
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Figure4.3: An exampleof threedifferentcorrelationfunctionsthatcanbe generatedisingthegeneralized
diffusion equation. The left panelshaws their variancepower spectrum;the right paneltheir grid-point

values.Thesolid curve corresponds$o a Gaussianimportantfeaturesof the functionsarethatthey canbe

oscillatoryin grid-pointspacgdashecurve, right panel)andcanhave awide rangeof spectrakdecayrates
(dottedanddashecturves,left panel).

transformationsiave beendevelopedandarecurrentlybeingtestedn thetropicalPaci ¢ model.Figure4.5
shows an exampleof a salinity incrementgeneratedrom a temperaturéncrementusinga linearizedT-S
relationin the covariancemodel. Multivariateconstraintsbetweenthe massand velocity errorsare also
beingtestedusinghydrostaticandgeostrophidalanceelationshipgwith ahigh-ordergeostrophicelation
appliednearthe equator).

The free parametersof the errorcovariance model (correlation length scales, variances, regression
coefcients in the balancetransformationsare being tunedusing time-averagedstatisticsof differences
betweermember®f anensembléntegration. Eachmembermnf theensembldasbeengeneratedby forcing
the oceanmodel with slightly differentsurface ux es. Suchan ensemblds designedo sampletypical
uncertainty(backgrounderrors)in oceansimulations. A similar approachis being usedfor ensemble
seasondlorecastingn the DEMETER project.

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

In formulatingthe 4D-Var, it is commonto assumehatthe numericalmodelis perfect. For example,this
assumptiorhasbeenmadein the OPA 4D-Var describedn section4.1. Thereasorfor this assumptions
primarily practical,but is dif cult to justify sinceoceanmodelsareknown to have numeroudle ciencies
(e.g., systematicerrors). Theseerrorscanlead to signi cant biasesin the analysesproducedby 4D-
Var. New methodsaimedat relaxingthe perfect-modebssumptionn 4D-Var have beeninvestigated.In
particular anew formulationof the4D-Varhasbeenproposedhataccount®xplicitly for systematienodel
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Figure4.4: An illustration of differentcorrelationstructureghatcanbe generatedrom thediffusion-based
correlationmodel. The vertical axis is depth; the horizontalaxis is latitude. The left panelillustrates
an auto-correlationeld de ned in a geopotentiakcoordinatesystem. The right panelshaws the auto-
correlationeld de ned in anisopycnal coordinatesystem(cf. with the meridionalsectionof thethermal
eld at in Fig.4.1a).

error, resultingfrom, for example,missingmodelphysics.This is doneby includinga biascorrectionterm
in the modelequationgo compensatéor the missingphysics. The time-evolution of the biasis speci ed
by a deterministichiasmodel. Theinitial conditionof the biasmodelis assumedo be unknavn, however.
Theinitial conditionof boththe biasandthe modelstatevectorarethenestimatedogetherin the 4D-Var
minimization problem. (In the classicalformulation of 4D-Var, it is only the initial statevectorthatis
estimated).

Identical-twin experimentshave been performed using a shallav-water model in which simulated
(altimeter) obsenations of sea-surice height are assimilatedin a model contaminatedwith systematic
error, the latter beingimposedby incorrectly specifying the windstressforcing and mixing coefcients
relative to thoseusedin themodelrunto generatehe“obsenations”. Figure4.6 (left panel)shovs how the
analysisfrom 4D-Var with a biascorrectionterm (modelledhereasa time-independerias)canleadto a
signi cant improvementover a 4D-Var without biascorrection.A particularlyintriguing questionis what
to dowith themodelcorrectiontermin anensuingorecast.Figure4.6 (right panel)suggestshattheremay
be substantiabene t to forecasfquality if thistermis persistednto theforecaststep.

The 4D-Var with model bias correctionhasalso beenimplementedin OPA and testedusing the same
con gurationdescribedn 4.1. Experimentshawv that4D-Varwith biascorrectionis ableto alleviate some
of thede cienciesin the original systemin which initial conditionsaretakenascontrolvariables;e.g.,by
reducingthe sizeof the“jumps” betweeranalysisstepsandby correctinga salinity drift.
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Figure4.5: An exampleof how the linear T-S balancecanbe usedto reconstruci salinity perturbation.
The temperatureand salinity perturbations( and ) have beengeneratedrom wind-perturbation
experimentgerformedwith the global(ORCA) model. Theleft panelshavsa  pro le attheequatotin

thecentralPaci ¢, andtheright panelthe correspondingeconstructed pro le. Themiddle panelshovs

the“true”  pro le. Notethatthereconstructegro le is very closeto thatof thetruepro le exceptin the
mixed-layemwhereT-S conserationbreaksdown.

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

The present3D- and4D-Var systemshave beenextensiely validatedin the tropical Paci ¢ basin. Globall

versionsare beingdevelopedfor the free-surbceORCA-versionof OPA. ORCA is the oceancomponent
of two coupledmodels (ORCA2-ARPEGEand ORCAZ2-IFS) being usedfor seasonaforecastingand

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
analysedor seasondorecasting DEMETER,ENACT). The3D- and4D-Var systemarebeingdeveloped
togethersince, apart from the TL and adjoint models, they shareall other components. 3D-Var is
computationallymuch less expensve than 4D-Var and henceis potentially more practical for high-
resolutionapplications.|t alsoprovidesa naturalreferencefor evaluating(the morecostly) 4D-Var. The
importantdevelopmentghathave beenmadespeci cally for the globalsystemsnclude:

extendingthe controlvectorto includeaninitial conditionincrementfor sea-sutdiceheight(SSH);

relatedextensiongo the background-errocovariancematrix to includea diffusion-basedorrelation
modelfor SSH;

ageneralD interpolation(obsenation)operatorandits adjoint,for usewith thedistortedhorizontal
grid of ORCA,;
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Assimilation Prédiction

Figure 4.6: RMS error in the sea-surice heightas a function of time (negative dayscorrespondo the
assimilationtime-window, positive dayscorrespondo the forecast)for 4D-Var without bias estimation
(solid curwe), for 4D-Var with bias estimationbut with the correctionterm droppedduring the forecast
(dashedcurve), and 4D-Var with bias correctionand with the correctionterm persistednto the forecast
(dottedcurve).

a 1D splineinterpolation(obsenation) operatoyandits adjoint, for the verticalgrid;
theTL andadjointof thefree-surhcemoduleof ORCA;
asimpli ed TL andadjointof isopycnalandeddy-inducedliffusionparametrisations.

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

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

Thedesignof thePALM softwareprototypewasde nedin thepreviousphase®ftheMERCATOR project.
Thecodinghasstartedn 1999andthe rst applicationswith theearliestversionsof the prototypedateback
to the secondsemestenf 1999. The experienceobtainedwith theseapplicationsandthe increaseof the
manpaver allocatedto the PALM projecthave permitteda thoroughrewriting of the PALM prototypein
2000and2001.

While keepingthe threemain characteristic®f the old version(Fortran90 programming SPMD - Single
ProgramMultiple Dataparadigm MPI1 messag@assingdibrary), the rewritten prototypepresentanary
new featureswhich make it closerto whatthe nal implementatiorof PALM will be. In particular the
internalmodularity of the codehasbeengreatlyimproved, making neaterthe role of eachcomponenbf
PALM. The PALM driver hasbeenenhancedn orderto correctly handlerace conditionsbetweenunits
on separatébranches.The internal storagehasbeenentirely rede ned: it is now more compactandthe
accesandupdatetime of theinformationhandledby the driver arelargely improved. The communication
functionsaresaferandtheproblemof thetemporarystorageof largedatabetweerpostingandreceptiorhas
been x ed. The graphicalinterfacehasbeencompletelyrewritten. Its egonomicss greatlyenhancedthe
cohereng checkshave beenimproved,the rst functionsfor theexecutionpost-mortenanalysishave been
implementedandtheissueof thealgorithmdescriptionthroughthe graphicalinterfacehasbeenaddressed.
A thoroughstudy on the implementatiorof the parallelcommunicationsandof the algebraicsolvershas
beencarriedon [GLOG65]. Thede nition of thefunctionalitiesto beimplementedn the algebratoolboxis
summarizedn [GLO4(]. Theimplementatiorof thealgebraidernelhasstartedattheendof theyear

At theoveralllevel, thecodeis portedon SGI02000,0n FujitsuVPP700andVPP50000n CompagSC232
andon NEC SX5 andit hasheenoptimizedto take advantageof vectorarchitectures.

The sourcesof the PALM prototypeand of the graphicalinterface PreRALM _PROTO are handledwith
Cvs.

Thelatestdocumenbn the stateof play onthe PALM prototypeis [GLOG67].

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

The PALM prototypehashbeendeliveredat the end of 2001. Its useis free for researchpurposesand
is encouragedor the MERCATOR relatedassimilationactiities. That makesa good documentatiora
necessaryatout’ for thediffusionof the software.

ThePALM projectis thoroughlypresenteen thewebsite: http://www.cerfacs.fr/"globc

The softwareis providedwith aninstallationguideanda userguide. The userguideincludesa tutorial to
go progressiely throughall thefeaturesof the PALM prototypeandof its graphicalinterfacePreRALM.
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A threedaytraining sessiorcanbe providedif necessaryOnetrainingwasgivenin decembe001to part
of the MERCATOR staf anda secondsessioris plannedor january2002.

The PALM team provides a constantuser support for the PALM products. The mail address
palmhelp@cerfacs.fr canbeusedby all usersto contactthe PALM team.

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

The prototypingactiity is naturallyaccompaniedy an extensie testingof the new code. With the aim

of testingthe e xibility, the performancesandthe portability of the PALM prototypeand of its interface
PreRALM _PROTO, a benchcasehasbeendesigned.It is basedon a 2D Shallav Waternonlinearmodel
andit makesuseof its lineartangentandadijointversions.The modelshave beendevelopedandsetinto the

PALM formalism(seesectiord.3).

Thesemodelshave beenusedto implementa 3D-Varanda4D-VarassimilatiorschemdGLO35]. Starting
from theseassimilationschemesthe benchcasehasbeenimproved andit includesnow twelve different
casesmplementinghe 3D-Var, the3D-FGAT, the 3D-PSAS the4D-Var, theincrementaldD-Var methods
with differentminimizers.

Thisbenchcaseis thebaseof thedevelopmenbf anadvancedutorialfor the PALM prototypeapplications
in dataassimilation.

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

PALM providesan algebraictoolboxto handlethe mostcommonoperationsn dataassimilation.A very
importantelementin variationaldataassimilationis the minimizer: variationalassimilationis posedasa
non-quadraticyery large scaleoptimizationproblem.

In orderto choosethe mostsuitablealgorithmsandthe mostperformingimplementationswe explore the
existing software,usingthe Shallov Waterbreadbordasbenchcase.

This topic is treatedin collaborationwith the Parallel Algorithm team at CERFACS and with the
MathematicdDepartmenbf the University of 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 providedto the MERCATOR projectby the endof the rst semester
of 2003. Startingfrom the experienceobtainedwith the PALM prototype,the PALM grouphasdesigned
andde ned the MPMD (Multiple ProgramdMultiple Data)versionof PALM. This versionis identi ed as
PALM _MP. The technicalsolutionsto be retainedfor this versionstrictly dependon what the computer
constructorsandthe software providerswill provide for the next generation®f supercomputerskor this
reasoraclosecontactwith themainconstructorss animportantissueduringthe phaseof design.A special
collaboratiorhave beenestablishedvith the FECIT teamof Fujitsu Europe.

Thespeci cationsfor theinternalstructureof PALM _MP aresummarizedn [GLO66]. Thisis the starting
point of the subdvision of the developmentof the codecomponentamongthe membersof the PALM
team. A strict managementf the teamwork is necessaryo follow the developmentcalendaimposedby
the MERCATOR planning.
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Theimplementatiorof the rst linesof the nal versionhasbegunattheendof theyear2000[GLO46]. By
theendof 2001the PALM prototypeversionhasbeenfrozen(but for maintenanceandall the manpaver
hasbeenswitchedto the PALM _MP implementation.

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

5.6.1 Application to the MERCATOR prototype

The PALM prototypeis usedto implementthe dataassimilationsuite in PSY1, the rst prototype of
the operationaloceanforecastingsystemof the MERCATOR project. Satellite dataare assimilatedin
a primitive equationmodel of the North Atlantic with a horizontalresolutionof 1/3 (MNATL). The
assimilationschemas the sub-optimainterpolationmethodfrom SOFA3.

During 2001thesecondMERCATOR prototypePSY 2hasbheenimplementedSatellitedataareassimilated
in aprimitive equatiormodelof theNorth Atlantic andMediterraneanvith a horizontalresolutionof 1/15
(PAM). Theassimilationschemas the sub-optimalinterpolationmethodfrom SOFA3.

5.6.2 Investigationof saddlepoint type algorithms

In [GLO33], a new classof variational data assimilationmethodshas beenintroducedbasedon the
formulationof the optimizationproblemsasa saddlepoint search.This classof methodcanbe considered
asacontinuumbetweerthewell known primal anddualformulationsof thevariationalassimilation.These
nev methodshave beentestedand comparedwith the classicalformulationson a simple model. The
implementatiortakesadvantageof PALM modularityandparallelismconcepts.

5.6.3 Model error estimationin four-dimensionalvariational assimilation

In [GLO34], the PALM prototypehasbeenusedfor the rst time to realisea full size dataassimilation
applicationwith PALM. Furtherdetailson thiswork aregivenin the previoussection.

5.6.4 Data assimilationfor atmosphericchemistry

The aim of this work is the extensive comparisonsof data assimilation methodsmethodsfor new
applications.Simpli ed modelsfor atmospherichemistryhave beenusedin orderto comparedifferent
variationalformulationsand Iters [GLO18]. Thiswork is the objectof a collaborationwith EDF/DER.
The comparisonof data assimilationmethodsfor simple pollution modelsis also the object of the
collaborationwith INRIA/IDOPT and ENPC/CEREVEIn the framework of the "Action de Recherche
Collaboratve' COMODE.

5.6.5 Application to Numerical Weather Prediction

ThePALM groupis involvedin ascienti ¢ andtechnicalcollaboratiorwith SMC (Servicemétéorologique
du Canadapimedto setthe basisfor the useof PALM in the next operationaforecast/assimilatiosuite.
As acounterpartSMC will take partin somespeci ¢ developmenbf the nal versionsof PALM andwill
insurethe portingto the supercomputersstalledat SMC.
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Figure5.1: The 3D-FGAT methodasseenthroughthe Pre ALM _PROTO interface
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6 The OASIS coupler and applications

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

Constantlyimproving the OASIS software,a new versionOASIS 2.4 wasreleasedn June2000. Themain

additionin this new versionis the possibility of usingthe emeging standardVIPI2 as messagepassing
library within the CLIM communicatiortechnique Thisimprovementwasrealizedin collaborationwith J.

Latour from Fujitsu/FECIT Anotherimportantimprovementwasthe new possibility of usingthe GMEM

techniqueintroducedn OASIS 2.3-to couplea MPI parallelmodel.

Con rming the CERFACS asa centralactorin the coupledclimatemodellingcommunity aninternational
workshopon the“TechnicalAspectsof FutureSea-Ice-Ocean-Atmosphere-Biosph€oupling” gathering
about70 scientistandengineersvasorganizedointly by CERFACSandFUJITSUin Toulousen October
2000.Theobjective of theworkshopwasto assesshe futureneedsn sea-ice-ocean-atmosphere-biogghe
coupling. The workshopwas very successfuthanksto the active participationof all peoplepresent.
The conclusionsof this workshophelpedthe OASIS teamto identify the preferredlong-term OASIS
developmentaxes:

designa genericinterfaceto be usedin the modelsallowing a standard,and possibly parallel,
communicatiorwith OASIS;

improve anddeveloptheinterpolationfunctionalitiesof OASIS;

parallelizeandoptimize OASIS internalfunctionalities.

All theseaspectwill in factbe developedin theframavork of the PRISM projectfundedby the European
CommunityunderFramavork Progranb, thatstartedon Decembefist2001. Theobjective of PRISMis to

realizea e xible infrastructurevhichwill facilitatetheassemblingexecutionandpost-processingf global

coupledmodelsfor climatemodelling. The PRISM Systemwill be basedon componenmodelsexisting

in different Europeaninstitutionsthat will be modi ed to incorporatestandardinterfaces. The coupler
will be basedon OASIS; CERFACS is thereforeleadingthe workpackageon the couplerdevelopment
thatwill bring anadditionalresourceof 88 person-month$or the OASIS development. The work 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-ARPEGE coupled model assembledn the framewvork of our seasonalfforecasting
actiities effectively producechundredsof shortcoupledrun thatwerescienti cally analyzed'seesection
3).
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A control simulationand a scenarioexperimentbasedon anotherversionof the OPA-OASIS-ARPEGE
coupledmodel, were also realizedat the CentreNational de Recherchedléttorologique CNRM) of

Meétéo-France.This scenariatakesinto accountthe anthropogenidncreasdn greenhousgasesandtheir

potential effect on the ozone photo-chemistryconsideringhomogeneousind heterogeneoushemistry
The scienti ¢ assessmendf the control run simulatedclimatology has already started, especiallythe
characterizationf the North Atlantic Oscillationvariability.

Finally, anew CGCMusingthemodelandcoupleratestversiond ORPA/ORCA2,ARPEGEV3, andOASIS

2.4)wasassemble@dndis now running. This CGCMis beingusedin the PREDICATE projectto perform
along 150-yearsimulationto studythe naturalvariability of the currentclimate (seesection?2).
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{  The MERCATOR Prototypes

LaureSiefridtandLaurence~leury

The Mercatorprojectdevelopsseveral oceancirculationmodellingandassimilationsystemso both sene
the internationalGlobal OceanData Assimilation Experiment(GODAE) and the future French Centre
d'Océanographi@pérationnelle’. Two researchaxis have beenselected. The "PrototypeAtlantique et
Méditerraee' (PAM) is designedo investigatevery high resolutionforecastingfeasabilityover a region
thathasalreadybeenwidely studied.The “PrototypeOcéanGlobal' (POG)addressethe global objective
of GODAE andbene tsfrom the previousPAM implementation.

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

TheAtlantic andMediterraneamMercatorprototypeis avery highresolution(5 to 7 km) forecastingsystem
thatincludesmary featuresof the global oceanMercatorsystemandthatwill runin anoperationamode
in 2002.

Itsimplementatiors basednthe OPA8.1 oceargeneratirculationmodeldevelopedat LODyC (Paris)and
bene tedfrom the experiencegainedwith the lower resolution(1/3 ) MNATL con guration. This model
hasbeeninheritedfrom the Frenchmulti-laboratoryCLIPPERresearchproject[8] aiming at simulating
the Atlantic basincirculation. It is usedasa handyresearchanddevelopmentool. Moreover it is part of
the rst Mercatoroperationakystemwhich is usedfor realtime analysisandforecastsinceJanuaryl?
2001.

The PAM modelcon gurationwasdesignedn 1998,implementedcandtunedin 1999and2000. Sensitvity
testshave beenconductedduringthe years2000and2001. They have led to the achiezementof a 11-year
simulationexperimentin a spin-upmodeandof a 1998to 2000interannuakimulation. The interannual
simulationshows very promisingresultsandis actuallyunderevaluation.

Along side, the implementationof the Mercator Assimilation System(SAM) hasbeenperformed. The

rst systemis basedon the SOFA3 optimalinterpolationschemd?7] andonthe PALM [GLOG67] software
which enableghe coupling betweenthe modelandthe assimilationscheme.lt is designedo evolve by
adoptingmoreandmorecomplex assimilationalgorithms.

Activities during2000and2001have consistedn:
performingMNATL 1/3 simulationsto assessherelevanceof the PAM strateyy;
processingndevaluatingtheforcing ux es;
performingsomesensitvity experimentswith the PAM model;
designing performingandvalidatingmultiannualPAM modelsimulations;

designingthe rst SAM system(SAM-1) andimplementingt in the MNATL 1/3 model;
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testingthe multiprocessoapproactof SAM-1 beforeits implementationin the PAM system;
fully couplingthe SAM-1 systemto the PAM model;
studyingtheimplementatiorof a SEEK assimilationscheméor the SAM-2 version.

Next stepawill concerrtheimplementatiorin theocearmodelof numericalschemesndparameterisations
validatedin theresearclttommunity:the BeckmanrandDoscheBottom BoundaryLayer method[3], the
KPP[5] mixing schemendthe TVD [4] or MUSCL [6] adwectionschemeThesoutherrboundarywill be
furtherinvestigated.The introductionof temporalvariability will rst be testedin the actualbuffer zone.
As analternative representationf the PAM southerrlimit, anopenboundaryis beingintroducedat9 N.
The objective is to make the modelmorerealisticand prepareit to comunicatewith the global prototype.
On the otherhand,the SAM-1 schemaewill be upgradedvith multivariateassimilation.A reanalysiswill
be performedfrom 1993to 2001 with the PAM/SAM-1 system. A posteriori diagnosticsof the analysis
andthe assimilationschemearefurthermorebeingimplementedn the systemfollowing the methodology
of O. Talagrand9].

[3] A. Beckmannand R. Dorscher (1997), A methodfor improved representatiorof densewater spreadingover
topographyin geopotential-coordinat@models. J. Phys.Oceangr., 27, 581-591.

[4] 1. James(1996),Advectionschemesor shelfseaoceanmodels J. Mar. Sys

[5] W.Large,(1998),Modelingandparameterizationmceanplanetaryboundarylayers,E.P. ChassigneaindJ. Verron
(Eds),0OceanModelingand ParameterizationKluwer AcademidPublishes.

[6] M. Levy, A. EstubierandG. Madec,(2001),Choiceof anadwectionschemdor biogeochemicamodels GRL

[7] P.DeMey andM. Benkiran,(2000),A multivariatereduced-ordeoptimalinterpolationmethodandits application
to the Mediterranearbasin-scalecirculation, OceanForecasting: Conceptuabasisand applications,N. Pinardi,
Springer-\erlag, in press.

[8] ProjetClipper, (2001),Modélisationa hauterésolutionde la circulationdansl'oc éanAtlantiqueforcéeet coupke
octan—atmospre— RapportFinal d'Activité Scienti que et TechniqueTech.Rep.CLIPPER-R1-2001.

[9] O.Talagrand(1998),A posteriorievaluationandveri cation of analysisandassimilationalgorithms proceedings
of Workshopon Diagnosisof Data AssimilationSystemsReading England,2-4 November1998

7.1.1 The MNATL 1/3 studies
7.1.1.1 The southem buffer zonede nition (L. Fleury)

The PAM domainextendsfrom 9to 70 N. The southerrboundarylocationmay be questionabldecause
it excludesthetropicalvariability andmaydefavour the southerrfeedingof the Gulf Stream.To assesshe
in uence of selectingheprecisdocationof thesoutherrboundarywe comparedheresultsof two 10-year
simulationsperformedusingthe MNATL 1/3 modelover two differentdomains,the rst oneextending
from20 Sto70 N andthesecondnefrom9 N to 70 N. Thetime-mearcirculationaswell astheeddy
kinetic enegy presensimilar patternsandintensitiesalongthe two simulations.

The designof the southerrbuffer zonehasthenbeentestedin the 1/3 model. The CaribbearSeais free
from ary relaxationandthe restoringcoefcients pro le follows a trilinear shapeand correspondgo 3
daysatthesoutherrimit, to 3.3daysat10.5 N, to 30daysat15 N and100daysat17 N.

7.1.1.2 The CE98forcing assessmen{R. Bourdall é-Badie L. Fleury)

Two 10-yearspinup have beendesignedollowing the twin experimentmethodology They only differ by
the surfaceforcing appliedasa perpetualyear In onesimulation,the modelis forced by climatological
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ux es,whicharethelong-termaverageof the 1979-93ECMWF reanalysisux es.In thesecondsimulation
it is forcedby the operationaECMWF forecastdrom March1998to Februaryl999(CE98).

The aim of the studyis to assesghe so-calledCE98 atmospheridorcing and its impacton the ocean
simulation,asit forcesthe PAM modelin its spin-upsimulation.

At the basin scale,the two different forcing setsas well as the simulatedoceancirculations present
comparabldeatures. However, a large differenceis exhibited concerningthe convectionin the northern
Atlantic which is partly inhibited in the simulationforcedby CE98. As a consequence decreasef 2

Swerdrupis obsenedin the meridionaloverturningstreamfunction.

Moreover, differencesare obsered in the Caribbeanbasinwherethe CE98 winds are relatively weak.
Despitea different patternof the circulationin the CarribeanSeaandin the Gulf of Mexico, the Gulf

Streamhasa similar intensityin thetwo simulations.

7.1.1.3 The lateral friction scheme(R. Bourdall &-Badie

Thelateralboundaryconditionin thePAM highresolutionrmodelhasbeenchoserto beafreeslip condition.
A noslip conditionhasbeertestedn PAM andledto lesssatisfyingresults:ithetransportshroughthemajor
straitsaredecreasednda largeandstaticeddyappearedt the separatiorof the Gulf Stream.

A new parameterisatioof the lateralfriction called "no slip accurate'is introducedin the lastOFA code
version.Furthermorea “hybrid condition' thatgeographicallydiscriminategheapplicationof a classic no
slip' conditionanda “freeslip' conditionhasbeendesigned.

Sensitvity testshave beenperformedwith the MNATL con guration andhave focusedmore speci cally
onthe CaribbearbasinandGulf Streamseparation.

The Gulf Streamseparatiorfrom the coast,andmore preciselythe turbulent structureghat aregenerated
there,are very sensitve to the lateral condition. Using the "no slip accurate'parameterisationloesnot
improve the separatiorof 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,hasshovn very encouragingesults. Thetransportghroughthe Caribbearstraitsareeven
increased.

This study will be pursued. Some parameterof the "no slip accurate'condition needto be further
investigated On the otherhand,anautomatiadiscriminationof the straitlocationsshouldbeimplemented
for the “hybrid condition'.

7.1.2 Evaluation of the forcing uxes (L. Siefridt, H. Pere2)

A global andregional evaluationof the ECMWF operational ux es hasbeenperformedover the CE98
(March 1998to February1999)period. While a rst investigationindicatesthatthe netheat ux entering
theoceanis globally balancedyery strongregionalbiasesareidenti ed with theintroductionof the TL319
ECMWF new truncationgrid. In particular anirrealistic cloud cover is presentat the Equator just south
of the southerrboundaryof the PAM model. Moreover, the clearsky atmospherés too transparento the
solarincomingradiationdeadingto too muchincomingenegy atnorthernmid latitudesandoverestimated
gradientsn thenetheat ux. Then,while biasesn evaporationand precipitationcompensatever warm
boundarycurrentsthe overall netfreshwater ux exhibits too muchfreshwaterincome.

In otherrespectsthe Mediterraneanux es are found consistentsince the introduction of the new grid
truncationbecausef the betterrepresentationf the orography

A comparisorbetween6-hour and 36-hour ECMWF forecastshasbeenundertalen. The purposewas
to evaluatethe impactof the meteorologicaimodel spin-upphase(12 h) on daily surfaceforcing terms
in orderto possiblyrecommendhe useof speci ¢ meteorologicatime forecastgo 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 end of 1997, the impacthas
beendrasticallyreducedn relationwith the betterhandlingof the meteorologicakpin-upphase.As the
6-hourwind are known reliable,and moreover, asthe temporalcoherences crucial to the oceanmodel,
thereis no more strong motivation to use an other forecastlength to derive daily forcing uxes. It is
foundpreferablao applya.85reductingcoefcient to theprecipitationandkeepusingthe 6-hourforecasts.

7.1.3 The Atlantic and Mediterranean Prototype experiments
7.1.3.1 Tuning experiments(Y. Drillet)

Sensitvity teststo different parameterizationand calibration experimentshave beenperformedbefore
the achievementof the spin-upsimulation. The principal testsconcernedhe lateralboundarycondition,
theviscosityanddiffusivity coefcients, the southerrbuffer zoneandthe wind eld. Objectve criterions
chosento assesshe “best' simulationwere basedon the transportthroughthe principal straits (Florida,
Gibraltar Denmark,...) andon the principal currentstrengthand position (Gulf Stream,SubpolarGyre,
North Atlantic Current,Azorescurrent).

Thespinup experimentcalledPAM-05, hasbeenperformed.lt is a11-yearsimulationforcedby the CE98
ECMWF atmosphericux es. The realisationof the simulationhasrequiredover 2000CPU hourson the
VPP5000andhasgenerated 100Go of output les.

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

Theanalysisof thesimulationbene tedfrom theexperienceof the CLIPPERandMERCATOR community
andalsofrom the directinvolvmentof K. Bérangert LODyC concerninghe MediterranearmasinandS.
TheetterthenC. Talandierat LPO concerninghe eastAtlantic.

The analysishasfocusedon the representatiomf the Gulf Streamand especiallyits separatiorat cape
Hatterasthe othermajor currentslik e the North Atlantic Currentor the Azoresfront, the Mediterranean
out ow, theCaribbearSeacirculationandthemeridionaloverturningstreamfunctionThe PAM simulation
was rst comparedto lower resolutionresults,especiallyto the MNATL 1/3 simulation, designedas
closeaspossibleto the PAM simulation,andalsoto the Clipper1/6 results.Secondlyit wasconfronted
to equialentresolutionmodels,in particularto the americanMICOM 1/12 [10] and POP1/10 [11]
simulations.

The rst ensembl®f comparisonallowsto discriminatehebene t of thehighresolutionfrom thebiaseof
themodelandthe physicalparameterisationg\lthoughtheresolutiondoesnot solve problemssuchasthe
too northernseparatiorof the Gulf Streamthe sinking of the Mediterraneanvatersat a non-realisticdepth
andthesalinisationandwarmingof the Labradomwaters,it inducesinterestingandrealisticcharacteristics
suchasmodalMadeirawaters African coastaupwelling, Meddiesandturbulentactivity up to the Gulf of
Biscay Moreover, we notethatthe residualeddypresentat the separatiorof the Gulf Streamin the 1/6
CLIPPERsimulationdoesnot appeatary moreat PAM resolution.

An atlasof thesimulation[GLO52] hasbeenedited,following theformatof the1/6 CLIPPERone.

Someweaknessesf the simulationwerefurtherlooked at with subsequergensitvity tests.In particulay
themeridionaloverturningstreamfunctionwasfound quite weak,sowasthe North Atlantic Current.
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PAM-05 y1963m01-y1963ml12 EKE (cm2/s2)
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Figure7.1: Annually averagededdykinetic enegy (cm /s ) ascalculatedby the spin-upsimulationover
the vyear

The secondensemblef comparisonsllowedto confrontdifferentmodelsanddomaincon gurationsata
comparableesolution. The PAM modelbehaesquitewell, despitethe limitations previously mentioned.
The eddykinetic enepy levels arerealisticaccordingto satellitedata,the rst ordercirculationis good.
The pathway of the Gulf Stream afterits separatiorat CapeHatterasis realisticandintermediatédbetween
the POPsimulationthatwould locateit too muchsouthandthe oneof the MICOM simulation.

[10] A. M. Paiva,E.P. ChassignetandA. J. Mariano,(2000),Numericalsimulationsof the North Atlantic subtropical
gyre: Sensitvity to boundaryconditionsandhorizontalresolution,Dyn. Atmos.Oceans32.

[11] R.D. Smith,M. E. Maltrud, F. O. Bryan,andM. W. Hecht,(2000),NumericalSimulationof the North Atlantic
Oceamat1/10,J. Phys.Oceargr., 30.
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7.1.3.3 Sensitivity experiments(Y. Drillet, R. Bourdall e-Badie

A 2-yearsimulationexperimentshaved that a slight smoothingof the bathymetry(3 successie Shapiro
Iters) with a carefulcheckof key topographicfeaturessuchasthe Florida straitis really improving the
results.Thetransporthroughthe straitof Floridais increasedy 2 sverdrupsandthe eddykinetic enegy
eld exhibits a northernpenetrationof the North Atlantic Current, which hardly existedin the spin-up
simulation.
Ontheotherhand the CE98yearusedo forcethemodelin thespin-upsimulationwasfoundquitespeci c.
The useof a 3-yearaveraged1998to 2000)forcing setallows to simulatea ‘morestandard'atmospheric
state andincreasesgainthetransporthroughthe Straitof Floridaby 1 sverdrup.

Moreover, several 6-monthexperimentshave beenperformedto testandtunethe introductionof a deep
relaxationzonein the gulf of Cadizin orderto relocatethe Mediterraneanatersat a realisticdepth. The
relaxationzoneis a 3 degreewide circle centerecat 8 W. Temperatur@ndsalinity elds arerelaxedto the
Reynaudclimatologywith a coefcient linearly increasingrom 500mto 1000mandconstanidownward.
The maximum relaxationcorrespondgo 25 daysat the centerof the circle and at 1000m. The upper
Mediterranearwatersthat are presentin the spin up but not in the climatology are simulatedagain,and
the lower watersarenow representedvith theright properties.Furthermoretheintrinsic ocearnvariability
doesnot suffer sofar from theintroductionof therelaxationzone.

7.1.3.4 Theinterannual experiment (Y. Drillet, R. Bourdall &-Badie L. Siefridt)

The interannual experiment bene ted from the introduction of the upgradespreviously mentioned
(smoothingof the bathymetryrelaxationzonein the Gulf of Cadiz,new surfaceforcing). It alsobene ted
from the correctionof the Mediterraneannitialisation elds that had beenfound instable. The surface
relaxationto the climatologicalReynaudsalinity andto the Reynoldstemperaturdasbeendecreasetly a
factorof 2.

The experimentconsistsin a 16-monthspin-upsimulationforcedwith the 1998to 20003-yearaveraged
ECMWF ux esfollowedby a 3-yearinterannuakimulationfrom 1998to 2000.

This simulationis underevaluation. First resultsare very promisingas highlightedby the eddy kinetic
enegy eld displayedin gures 7.1 andix in the appendix. Moreover the meridional overturning
streamfunctiorexhibits anincreasedndquiterealisticintensity

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

7.1.4.1 The rst Mercator assimilation systemSAM-1

The OPA oceancirculation modelandthe SOFA3 assimilationcodehave beencoupledwith the PALM
software (seechapter5). The resulting SAM-1 systemhasbeensuccessfullyimplementedin the 1/3
resolutionoceanmodelMNATL in a quasioperationamode.SinceJanuaryl7 2001,Mercatorbulletins
have beenavailableon line to obsere andpredictchangingoceanconditionscontinuously

SAM-1 is basedon an optimal interpolationschemegSOFA3 code)for which experiencein assimilating
satellitealtimetry hasbeengainedin differentoperationakystemdike SOPRANEandMFSPP Only the
SLA (Sealevel Anomaly)is assimilatedwith a univariatemodein the SAM-1 rst version. The model
initialisationis mainly basedn thelifting-loweringmethod[12] usedin the GANES project.
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7.1.4.2 Implementation of SAM-1 in the PAM con guration

TheassimilationschemeSAM-1 hasbeenimplementedn its actualversionin the PAM con gurationand
shouldbe operationaln 2002.

Figurex in the appendixshavs an exampleof SSH (SeaSurfaceHeight) initial conditionscalculatedoy
theactualSAM-1/PAM system.

Dueto the PAM sizeandthe PAM grid compleity, two importantmodi cations of SAM-1 wererequired:

- developmentbf amultiprocessoversionof SAM-1 wherebothocearmodelandassimilationschemeare
distributedover several processorsThe sequentiabssimilationschemehasthenbeenparallelized(model
integration and analysisare distributed on the sameprocessors). Therefore,a particular processingof

parallelcommunicationfiasbeensetup.

- adaptatiornof the dataselection. In particular a 'canvas' grid (2D irregular grid) hasbeenintroduced,
sothat modelgrid pointsandanalysisgrid pointsarelocatedon the samereferencecoordinatesyithout
needinganadditionalinterpolation.Consequentlydatapointsareeasilyselectedvhichis anadvantagefor

thecalculof theinnovationvector

7.1.4.3 The secondSAM system(SAM-2)

A collaborationhasbeeninitiated with the LEGI laboratoryto implementa new Mercatorassimilation
systemnamedSAM-2, basedon the SEEK (SingularEvolutive ExtendedKalman)algorithmdevelopped
atGrenoblg13].

The SEEK algorithm is a ReducedOrder Kalman Filter designedto assimilatealtimeter and surface
temperaturelata. The intrinsic advantageof the evolutive Kalman lter is the possibility of updatingthe
stateerrorcovariancematrix with the dynamicsof themodel.

The SAM-2 prototypewill have the sameframewnork than SAM-1, and the transitionis madesimpler
throughthe useof the PALM coupler The Optimal InterpolationPALM unit will simply be replacedby
a SEEKPALM unit. In this con guration, the assimilationPALM couplerwill be usedto drive boththe
ocearmodelandthe SEEK Iter whichis implementedvith the SESAMsoftware.

[12] M. CooperandK. Haines,(1996),Dataassimilationwith waterpropertyconseration,J. GeophysRes.,101,p.,
101, 1059-1077.

[13] C.-E.Testut,(2000),Assimilationdedonréessatellitalesavecun ltr e de Kalmanderangréduitdansun moctle
aux EquationsPrimitivesdel'océanAtlantique PhDthesis,Universié Joseptourier(Grenoblel).

7.2 The Global OceanPrototype: POG (L. Fleury)

The POGgrouphasbeeninitiated at PREVIMAR, a Meteo-Francalepartmentjn 2000andrelocatedat
CERFACSin March2001asateamof two personsTwo othermembergoinedin November2001.

The groupis in chage of the developmentof the 1/4 global oceanMERCATOR prototype,which will
runin a pre-operationamodeduring the GODAE (Global OceanData Assimilation Experiment)period
(2003-2005)In orderto testdifferentmodellingandassimilationchoicesandto assesshe systemalower
resolution(2 ) prototypeis developedaswell andwill be operatedn nearrealtime mid-2002.
Thegroupis attheearlybeginningof thework andthenext paragraphsvill presenmostlyits perspecties.

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) andis usedin different Europeanresearchiaboratories. The ORCA-type
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grid for theglobaloceanproposesnoriginal treatmenbf the North Polesingularity: two polesarepresent
in the Northernhemispherdocatedover the Canadaandthe Russia.Thelatitudecircles,which areregular
from thesoutherrimit of thegridto 20 North,becomenoreandmoreelliptic from20 to 90 North. The
ORCAZ2grid counts181 149pointsand31llevels. It is asisotropicasit mightbe,exceptin theequatorial
beltwherethe meridionalresolutionis diminisheddowvnto 0.5 .

Differentquestionshave alreadybeensolved. First, the processingf the atmospheridorcing hasbeen
setup. The chainusedfor the alreadyoperationalMERCATOR systemhasbeenmodi ed in orderto
addresghe global domain(east-wesperiodicity andnortherncondition)andto write theforcing elds in
theNetCDFformat,usingthe |O-IPSL software. The new processindasbeendocumentedGLOA48].

The ORCA2 modelhasbeeninstalledon the Métto-France/PP5000. A four-yearsimulationhasbeen
performedusinga climatologicalforcing duringthetwo rst yearsandaninterannuaforcing afterwards.
All thetools(pre-processingnodel,post-processing)ecessaryo performfreesimulationshave thenbeen
tested.

An assimilationrschemes now beingimplementedn themodel. TheoptimalinterpolationschemeSORA3
[7] is usedandcoupledto the modelwith the PALM software(seesection5).

7.2.2 The1/4 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
parameterisationinclude a free surface condition, TKE vertical mixing, harmonicisopycnal tracers
diffusion and biharmonicdynamicsdiffusion. The LLN (Louvain-la-Neuw) ice modelalreadycoupled
with OPFA for climatestudieswill beused.

An ORCA-typegrid hasbeensetup. It has1442 1021pointsand42 verticallevels. Theverticalspacing
increasedrom 6 metersat the surfaceto 60 metersat 400 meterdepthand300 metersat the bottom. The
bathymetryhasbeenprocessedrom the Smith and Sandwelldatasebetween72 Southand72 North,
the BedMapdatasetouthof 72 Southandthe IBCAO datasenorth of 72 North. The bathymetryis
now beingchecledanstestedthroughnumericalsimulation. The atmospheridorcing processindnasbeen
adaptedo the1/4 con guration.

The modelroutineshave beensetup. They originatemostly from the standard2001 OPA8.2 sourceshut
alsoincludediagnosticswvhich have beenusedin the PAM model. New optionshave beenaddedik e the
possibility of writing resultsin the NetCDFformat while performingmultiprocessosimulations. Some
checkingof the sourcess still underprocess.

First simulationsare expectedto be performedin the rst half of 2002. After validatingthe results,the
optimalinterpolationschemeSOFA3 will be coupledto themodelwith the PALM software.
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TechnologyTransfer Group







1 Introduction

Pierre-Henri Cros

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

eachCERFACS' teamwork programmes agreedvith CERFACS shareholderayhich arethe main
bene ciariesof thisresearch,

eachCERFACSteamis managingts own work asfar asdiffusionof its resultsis concerned.

In this contet, wheretechnologytransferis partof everyteamswork, it is necessaryor the TT Groupto
beinnovativein orderto offer acomplementargapproachfully compatiblewith the otheractuities.

As CERFACS is mainly working with large companiesjt hasbeendecidedthat the TT Group would
addresSME's (SmallandMediumEnterprises)To beinnovative the TT grouphasimplementedts work
asfollows:

characteris€ ERFACS' offering from a genericpoint of view,

developa goodunderstandin@f users needsgiventhattargetenterpriseslid not previously work
with CERFACS nor have familiarity with computerstudies,

establishaninnovative approach,
testit,

and nally deploy thecorrespondingctivity with the customer
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2 CERFACS offering

SusanneCHANSSARD, Pierre-Henri CROS

For thescienti c communityaswell asfor largecompaniesCERFACS' competenciearenow well known
for eachapplicationdomain for example. ComputationaFluid Dynamics.They obviously understandhat
computersimulationshave to be usedto documendifferentcon gurations.

To sene userswho arenotsofamiliarwith computempossibilitiest wasnecessaryo nd awordingwhich
would be both understandablby everyoneand summarizecorrectly CERFACS' offering. It was nally
chosento presentit asa "Numerical Simulationoffering”, a wording quite frequentlyusedby different
informationmeansmakingit easierto contacttarget usersevenif they do not have a clearideaof what
immediateadvantagethey cangetfromiit.
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3 Target user needs

GillesBAUBE (since September 1999), SusanneCHANSSARD (until august 1999),
Pierre-Henri CROS, StphaneGRES (since September2000)

Thanksto the EC HPCN-TTN (High PerformanceComputingand Networking - TechnologyTransfer
Nodes)programmeTT Grouprecevedsupportjn 1997,to meetsuchpotentialnew users.

This programmeinvolved 20 other Europeangroupscoming from importantresearctcentreswho were
willing to diffusetheir numericalsimulationknow-how to SME's.

Thethree-yeawork included:

studiesto establishat which level of the processiwumericalsimulationcould offer improvementsand
to adaptoneof CERFACS' numericaltool to oneof the needs,

organisatioror participationin eventspromotingthe useof numericalsimulation.

The work programmewas organisedn large sectorsthe TT Groupleadingthe AerospaceSectorGroup.
During thesethreeyears,the TT Groupworked closelywith approximately200 SME's, mainly in France
but alsoin therestof Europe.

Most SME's which have beencontactedvere designingtheir own productsor wereput in chage by big
customer®f designingmoreor lessimportantpartsof their product.

All SME's declaredhemselesasbeinginterestedy numericalsimulationpossibilities,andassessethat
thistechnologycould helpthemto meettheir generakhallenges

shortenproductdesigncycles,
improvethe productquality,

bemorereactie.

It hasbeennecessaryo understandvhy thesecompaniesapparentlyinterestedn numericalsimulation,
were nally notreadyto usethistechnology In orderto introducenumericalsimulationin their procesghe
requirementsire:;

hardware
software

expertise for bothmaintainingandfully takingpro t of theabore means.
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TARGETUSERNEEDS

Thesethreeresourcesare dif cult to get simultaneouslymainly becausethe associatedcostsmust be
chaged againstdifferent projects, and becausdollow-on projectsrequestingsimilar resourcesare not
alwaysavailablein suchSMEs.

Furtherto this analysis,it appearedhatthesecompaniescould be interestedn an offering consistingof
accesdo a setof resourcesThis offeringwasdescribedasa way to getall the missingmeangequiredfor
the durationof the project. It wasfurthernecessaryo make SMEsfeel this complementaryo their own
tools,andto favour betterinteractionswith the TT Group's experts.

As aresultthe TT Groupde ned aso-called’ServicePlatform”, thatcanbe characterizeéh the gure 3.1.

‘ Collaborative ’
Working Tools

Computing means Numerica tools

Entreprise

Service Platform

Figure3.1: ServicePlatform

It is acompleteserviceoffering, basedn collaboratve working tools enablingthe SME to remotelyaccess
theexpertise humericaltoolsandcomputingmeangequestedo performits numericalsimulations.
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4 Test the solution

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

Througha Ten-TelecomEC programmethe TT Groupreceved a grantin 2000to implementwith two
otherresearcttentregUniversityof Stuttgart-RJS, PDC-KTH-Stockholm)andfour technologyproviders
(Alcatel Space Silicon Graphics Storage €k andVirCinity), atwo-yearprojectenabling:

implementinga prototypeof this platform,
testingin industrialscenarios,

assessinthe economiarelevanceof this serviceapproach.

This projectwascalled: EuropearNumericalSimulationServicesfor SME's (ENScube).

As farasCERFACSis concernedthe settingup of the ENScubeserviceplatform prototypehasrelied on
the CFD andCSGteamg(seecorrespondinghaptersandon the possibleaccesgo the O-2000computer

Furthermore,the following stepswere identi ed as requiring interactve exchangesduring numerical
simulationproject:

speci cations,
parametrization,
analysisof theresults,

validationof theresults.

To enableparticipantsof suchprojectsto meeteasilyandevery time thatit wasnecessarywithout having
totravel, it hasbeennecessaryo developaproductfor working remotely called’"ENScubeWork package”
characterizeth the gure 4.1.

It is basedon threedisplayshaving eacha speci ¢ function:

Display1 is usedto sharedocumentsEachparticipantcantake controlto underlineaparticularpoint,
to changewordssentencesr pictures.The documentremainsthe propertyof whosever proposedt.
This meanghatthe modi cations canonly beacceptear declinedby the owner, himself,

Display2 gathersall monitoring buttons (for allowing the control, for openingdocumentso be
sharedfor launchingtheco-visualization)audioandvideofunctionalities chatfacilitiesandashared
whiteboard,
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TESTTHE SOLUTION

Display 3

Display 1 Display 2

Figure4.1: ENScubeéNork package

Display3 offers a functionality enabling participantsto shareand to manipulateinteractively
computingresults.

Displaysl and2 arerun by a Window PCanddisplay3 by anUNIX workstation.

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

Scenaridl
For this scenario(see gure 4.2),the work is performedbetweenthe ServicePlatformandthe compaly,

whichwaslinkedby ISDN facilitiesto CERFACS, thanksto the ENScubénNork package.

’ Specifications and workplan ‘

— the study preparation is

checked Results
. ) delivery
The study is The study is
prepared performed
3

1 bis 2 bis
N ew Redefinition of
specifications the workplan

Figure4.2: Scenaridl

140 Jan.2000- Dec. 2001



TECHNOLOGY TRANSFERGROUP

Scenarid?

For this scenariqsee gure 4.3),thework involvesthreesiteshaving differentskills, andlinked by ISDN
facilitiesthanksto the ENScubeNork package.

I ntegrator

Experimentations

Smulations

Manuf acture

Figure4.3: Scenarid?

The objectivesof thesetwo scenariosvereto assesshatworking with this serviceplatform thanksto the
ENScubework packagevas:

easy

allowedaneasyuseof distantmeans,

metcompaly requirementgasily andin realtime, madethemunderstandable,

favouredthe appropriatiorof the nal resultsby thecompauy.

To reachtheseobjectivesthework o w appearedsa critical step. Onestartedthe analysisfrom the work
o w of aclassicahumericalsimulationproject(seeFigure4.4).
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TESTTHE SOLUTION

Project Results
N N :
start deliv
U U &
Revigw Eina
meetings —— Vadidation
Results
integration

Figure4.4: Work o w of a classicahumericalsimulationproject

The review meetingsare usually organizedon a regular basiswithin the durationof the project, with an
agendasuchas:

progresseport,
discussiorof theproblemsencountered,
decisiondor correctve actions,

futurework plan

Consequentlyhevalidationof the nal resultsis madequiteoftenonly afterhaving beingintegratedin the
compary processlf it doesnotcorresponaxactly to whatwasexpectedtheonly solutionfor thecompaly
is thento askfor anothercomplementangtudy To avoid this dif culty andto achiese a moreinteractve
procesave decidedo:

changethe purposeof review meetingswhich arenow organisedo betterundertale the next steps,

pay more attentionat eachstep so that the delivery of the nal productmatcheswith the nal
validation.

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

The objective is to determineat which momentit is necessaryo meet,basedon the type of work to be
undertalenat a particularstep. The scheduleof remotemeetingds however not de niti ve, andeverybody
hasthe possibilityto call for anadditionalmeetingif needed.

To reachthe nal objective,thecompaly is askedto de ne at eachvalidationstepthe type of skills which
will beconcernedvhenthe nal resultswill beusedin the productionphase.

The meetingsorganizedat the end of eachscenariostudy have beenvery interestingfor the companies.
Most of themarenow working on nen scenarioswhich they would fund from their own resources.
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TECHNOLOGY TRANSFERGROUP

; Results

et 0 0 Delivery
start And
Final

Review Validation
meetings
Prepare the Realize the step Delivery the
step step
Book of Pre- Caculation  Post- Andysis Validation
specifications Processing processing

Figure4.5: GeneralConcept

‘ Company
‘ ENScube Workpackage ‘
A
v b v
Prepare the Realize the step ¢ Delivery the
step v v step
Book of Pre- Calculation Post- Analysis Validation
specifications Processing Processing
| 4
‘ ENScube Workpackage ‘
‘ Service Platform ‘

Figure4.6: Revisedwork o w
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S Deploy the activity

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

Alwayswith thehelpof theENScubeEC grant,andin parallelto theabovetests a marketanalysishasbeen
undertalen. It shavs thatcompaniesave to focuson their corebusinessandform allianceswith partners
with complementargkills in orderto improve their competitvenessvhenfacedwith increasingeconomic
constraints.

The on-going restructuring of the aerospace and automotve sectors showvs that their

subcontractors/supplierand more particularly the SMEs, are now facing this situation: they are

asled more and more to be responsiblefor a subsysteminsteadof being just suppliersof components
compatiblewith givenspeci cations.

This requiresthemto adapttheir work o w to thesenew challengesnd,for mostof them,to increasehe
useof numericalsimulationtechniquegor designand/orimprovementof their products.

This leadsthento join the conceptof " extendedenterprise”:

Theextendedenterprises thenetworkmadeof onesingleenterprisewith its partners within theframewvork
of a commonproject and/or program. Its objectiveis to shale information betweerthosepartneis who,
at a giventime, on a giventopic, shae the samecommoninterest. It impliesnew methodsin program
managemeniandthus,new organizationalstructues

andof "concurrent engineering’ one,

This conceptis basedon taking into account,at the right time, the needsof all the productlife cycle
participants. Its objectiveis to designand manufactue the productright at the r st attempt(designto
cost). Concurientengineeringmplementatioris mainly basedon forming multidisciplinaryteams,made
of representativesf all thoseentitiesinvolved

Thisaltogethemeanghatthesecompanieshouldhave to adapto theguidelinesof themajorindustryand
to adoptthesametoolsandstandards.

The market analysisthat hasbeenundertalen hasunderlinedthat EuropeanSMEsin the manufcturing
industryexpressinga needfor numericalsimulationandfor collaboratie work and/orvisualizationtools
arethe rst target. It hasalsounderscoredhat potentialnew usersof numericalsimulationcould also
be companiesalreadyinvolved in CAD/CAM and supplying sub-component$o larger contractorsand
integrators.

The promisingresultsof the scenariocampaignanalysedogethemwith the resultsof the market analysis
con rms thatthereis anemegentandlargebusinesgo address.
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6 Publications

Pierre-HenriCROS, Gilles BAUBES, TomasMELIN (KTH),
E-business: Issues,Application and DevelopmentslOS Press,2000: ENScube,EnhancedEuropean
NumericalSimulationServicesor Smallandmediumsizedenterprisegp.967).

Gilles BAUBE andStephaneGRES.

7th InternationalConferenceon Concurrententerprising2001 proceedings Engineeringthe Knowledge
EconomythroughCo-operationENS3- NumericalSimulationat Hand(p 377).
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Computer Support Group






1 Introduction

NicolasMonnier

1.1 Keyresponsibilities
Key responsibilitiesof CERFACS' "ComputerSupportGroup” are:

To de ne CERFACS' Computerand Network architecturesand perspectiesfor their upgradeand
evolution;

To provide, integrate and maintainall necessanand selectedCERFACS' hardware and software
solutions;

To addres<CERFACSteams'needswith integratedsolutionsandservices;

To assistresearchergroviding themtechnicaland applicationexpertiseincluding assistancevith
programmingandoptimisation;

To spreadall necessarpracticalinformationadvisingCERFACS' userdn theirmainareaf interest.

This strongsupportactivity is theresponsabilityof a ve peopleteam.

1.2 Generalstrategy
Generaktratgy is :

Listeningto theusers'needsfederatinghemto bene t from scalingfactors;

With the help of HPCN suppliers,allow CERFACS' researcherto work in an up-to-datesoftware
and hardware HPCN ernvironment (Storage capacities, Computing power, Post-processingnd
Networking);

Ensuredevelopmentsportability throughthe accesso a wide rangeof architectures;

Establishpartnershigor accessibilityto high-endcon gurations.
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2  Architecture and Actions. Jan. 00 - Dec.

01.

Isabelled'Ast, GerardDejean FabriceFleury, Patrick Laporte

2.1 CERFACS' computing resources(As of Dec01).

PRODUCTION PROSPECTIVE
Compaq SC24 - 24 CP SGI 02000 - 32CP PC/Cluster - 16 CP
32 Gflops 16 Gflops 16 Gflops
Visualisation STOCKAGE

SGI Data Server
22TB

SGI Reality Center

STK L180

7TB

During this period (2000-2001)CERFACS computeresource$iave seerfour mainimprovements

Datastoragecapacity: anew le senermanagin@.2TB of ber channelisks(200GB in 99);

Computingpower: aCompadAlpha-Senrer (tripling in-doorsGFlopspeakperformance);

New visualisatiorresources a SGI Reality Centerintegration;

New prospectie hardware: a PC-clusteicon guration.

2.2 Software ervironmentand Support.

CERFACS' softwareervironmentcoversthreedomains:
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COMPUTERSUPPOHR GROUP

Scienti ¢ developmenttools : CERFACS' usersneeda whole array of tools which allow them
to create, test, dehug and exploit their computationalsimulations. In this frame, one looks
for availability of a wide range of scienti ¢ tools (compilers, pro lers, deluggers, scienti cal
libraries, and parallelizationtools) and their associatedlocumentation.The availability of several
OperatingSystemsassociatedvith their scienti cal developmenternvironmentguarantegportability
of developmenton awide rangeof Unix machines;

Jobanddatamanagementools : giving usersa completesetof tools is not enough. One hasto
provide a job managemengrvironmenton the centralcomputersjncluding batchqueuesyules of
usageandaccountingneango optimiseglobalthroughpubof CERFACS' computergNQS,LSFand
PBSbatchsystemarecurrentlyin use).Ontheotherhand the”ComputerSupportGroup” provides
databackup/ restore(Time Navigator);

Dedicatechpplicationsseners: in additionto developmenandmanagemertbols,severaldedicated
applicationsenersare essentiato completea high-level software ervironment. Theseapplication
seners are either an extensionof computingfacilities (Visualizationseners, Data Management
Sener, MatLab seners)or anintegral part of CERFACS' infrastructure(Web seners,Mail sener,
printersener, NIS, ...).

2.3 Support to N'S3 project

The”"ComputerSupportGroup” hasbeenquite extensively involvedover the periodwith N'S3 project. It
supportedarchitecturale nition, softwareandtoolsidenti cation, testsandrelationswith vendors.

SGI Reality Centerinstallation,usableby eachCERFACS' researchemwas one of the spin-ofs of this
project.

2.4 PCcluster prospectve

Themainresultsof this studyare:

Recommendationsor PC Cluster architectureand software, results concerningbehaiour and
stability of CERFACS' PC's clusterin a multi-userparallelandscienti ¢ ervironment;

Evaluation of price/performanceatio in CERFACS' ervironment, and comparisonwith more
classicakolutions,

Resultssharingwith CERFACS' partnergmeetingsvith CNESandMETEO-FRANCE presentation
at CEA SimulationandPFlopsmeeting),

Portingof main CERFACS' codeson theclustey for presenexploitationin productionmode.

Next yearprospectie studieswill belaunchecconcerninghe new Intel 64 bits productline.
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Color illustrations






APPENDIX: COLORILLUSTRATIONS

Figurei: LES of mixing in agasturbine.

Figureii: Euler o w simulationaroundthe HSPpropeller
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APPENDIX: COLORILLUSTRATIONS
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APPENDIX: COLORILLUSTRATIONS

Figureiii: elsAPatchedgrid techniqueappliedto the RAE2822testcase

Figureiv: elsAAMR techniqueappliedto the AS28Gairfoll
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APPENDIX: COLORILLUSTRATIONS

Figurev: Gastrajectorieshbehinda particle. Trajectoriesarecoloredby the U-componenbdf velocity, and
particlesarecoloredby the pressureoefcient. =0.15,Re=300.

current -
0.523239 y-axis oriented Dipole
0.488357 At position (x,0,0)
0.453474

0.418591
0.383709
0.348826
0.313944
0.279061
0.244178
0.209296
0.174413
0.13953
0.104648
0.0697652
0.0348826

Figurevi: Currentsonthesatellite.

Figurevii: Marchdifferenceof temperatur@alongtheequatotmetweerl987( El Nino) and1988(La Nina):
asanalysedleft) andcoupledpredicted(right).

CERFACSACTIVITY REPOR 159



APPENDIX: COLORILLUSTRATIONS

160 Jan.2000-Dec.2001



APPENDIX: COLORILLUSTRATIONS

Figureviii: a) Normalizedprojectioncoefcient of the AugustSSTanomaliesbetweenl958to 2000in the phase-spacspanned
by thetwo summerSSTmodes Eachdotrepresentagivenyearandthecolorindicateghe predominancef thewinter NAO regimes.
White dotsreferto winterswhereNAO regimesarenotdominant.Blue (yellow) dotsstandgor wintersprimarily dominated2 months
outof 3) by the positive (negative) NAO regimewhereasleep-blugorange)dotsrepresentvinterswherethe positive (negative) NAO
regimeis exclusively presen{3 monthsout of 3). Theincludednumberrefersto theyearof the consideredvinter. b) Time seriesof
theobseredwinter NAO index andthenormalizeddifferencebetweerthe projectionsof the AugustSST eld ontothe SMG andSHS
modes.TheNAO index is de ned by the principalcomponentime seriesof theleadingEOF of the seasonalDecembeto February)
SLPanomaliesoverthe NAE sector Blue (orange)arsrepresenthe numberof monthsoccupiedby the NAO+ (NAO-) regimes.
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APPENDIX: COLORILLUSTRATIONS

Figureix: Annually averagededdykineticenegy (cm /s ) ascalculatedy thein terannuakimulationover
the  year

initial sea surface height : SSH on 14-03-2001 near Om
-90 75 -60 -45 -15 0 15 30

30

Min =-1.155 M!S pax = 0,506

<1200 -0975 -0.750 -0.525 -0.300 -0.075 0150 0.375  0.600

jul day 18700

Figurex: Exampleof Initial seasurfaceheight(SSH)calculatecby the SAM-1/PAM systemon 14 March
2001.In anoperationamode,SLA tracksfrom TOPEXandERS-2areassimilatedcavery week
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