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ExecutiveSummary

The goalsof our researchare to understandthe physicalphenomenaencompassedby quantum
chromodynamics(QCD), andto make precisioncalculationsof its predictions.To do sorequires
terascalesimulationswithin theframework of latticegaugetheory. Suchsimulationsarenecessary
to solve the fundamentalproblemsin high energy andnuclearphysicsthatareat theheartof the
Departmentof Energy’s largeexperimentalefforts in thesefields. A computationalcapabilityof
tensof Tflopsis neededto achieve our neartermscientificgoals.In this documentwe setout our
plansfor developingthis capabilityin partnershipwith theDOE. By takingadvantageof special
featuresof latticeQCDcalculations,wewill achievetherequiredcomputationalpoweratafraction
of thecostthatwouldberequiredwith conventionalhigh performancecomputingplatforms.

Major goalsof theDOE’sexperimentalprogramin highenergy andnuclearphysicsarei) verifying
thetheStandardModel,ii) determiningthepropertiesof hadronicmatterunderextremeconditions,
andiii) understandingthestructureof nucleonsandotherhadrons.LatticeQCD calculationsare
essentialto researchin all of theseareas.

A centralfocusof experimentsat U.S. high energy physicsfacilities is precisiontestingof the
StandardModel. Theultimateaimof this work is to find deviationsfrom thismodel—adiscovery
which would requiretheintroductionof new physicalprinciplesto describematterat theshortest
distances.Many of thesetestsrequire,in additionto preciseexperimentalmeasurements,accu-
rateevaluationof the effectsof the stronginteractionson processesinducedby the electroweak
interactions.Suchevaluationsrequiresmulti–TflopslatticeQCD simulations.We estimatethata
computersustaining0 � 5 TFlopsfor a yearwould leadto a reductionof error in theevaluationof
crucialweakmatrix elementsby abouta factorof two, andthat a machinesustaining10 TFlops
for a yearwould halve theuncertaintiesagain. Sucha reductionin errorswill becrucial for the
interpretationof experimentalresultsfrom theSLAC B-factory, theTevatronB-mesonprogramat
FNAL andtheproposedCLEO-Cprogramat Cornell.

At low temperaturesanddensitiesquarksandgluonsareconfinedin elementaryparticles,suchas
neutronsandprotons. At very high temperaturesanddensitiesoneexpectsa phasetransitionor
crossover from this ordinarystronglyinteractingmatterto a plasmaof quarksandgluons,which
is believedto havebeena dominantstateof matterin theearlydevelopmentof theuniverseanda
possiblecentralcomponentof neutronstarstoday. A primaryphysicsgoalof theRelativisticHeavy
Ion Collider (RHIC) at BrookhavenNationalLaboratoryis thediscovery andcharacterizationof
thequark-gluonplasma.Theproposedfacility wouldallow theoriststo determinethenatureof the
transition,thepropertiesof theplasma,includingstrangequarkcontent,andits equationof state,
subjectswhich arecritical to theRHIC physicsprogram,andwhich canonly be addressedfrom
first principlesthroughlatticeQCDcalculations.

Thethird majorscientificgoalis to achieveaquantitative,predictiveunderstandingof thestructure
andinteractionsof hadrons.Theinternalstructureof thenucleonis adefiningproblemfor hadron
physicsjust asthehydrogenatomis for atomicphysics. Indeed,theDOE Strategic Planspecif-
ically highlights the goal of developinga quantitative understandingof how quarksandgluons
provide thebindingandspinof thenucleonbasedon QCD. Major experimentalefforts in recent
yearsat Bates,JLab,SLAC, FNAL, theHERMESexperimentat DESY, andtheEMC, SMC,and
NMC experimentsat CERNhaveprovidedrich andprecisemeasurementsof thequarkandgluon
structureof thenucleon,andproposedexperiments,suchasthe RHIC spin program,promiseto



revealevengreaterdetail. Theproposedmulti-terascalefacility, togetherwith recentadvancesin
latticefield theory, will make it possibleto calculatethisnucleonstructuredirectly from QCD,and
thusrealizethefull physicspotentialof majoracceleratorsanddetectors.

We proposeto constructa distributedcomputingfacility for latticeQCD with majorhardwarelo-
catedat Brookhaven NationalLaboratory, Fermi National AcceleratorLaboratory, andThomas
JeffersonNationalAcceleratorFacility. Two typesof hardwareplatformswill beutilized: (1) the
QCDOC,a speciallydesignedcomputerthatcombinescomputationandcommunicationcapabil-
ities on a singlechip, and(2) large-scalecommodityclusters,which areconfiguredto maximize
theircost–effectivenessfor latticeQCDcalculations.Thesoftwareinfrastructureneededto achieve
veryhigh efficiency on theseplatformsis underdevelopmentwith supportfrom theDOESciDAC
program.Theconstructionandmaintenanceof computationalinfrastructurefor latticeQCD will
requirea sustained,long term effort. We proposeto rampup spendingfor productionhardware
duringthe2003–2005fiscalyears,reachingaplateauof approximately$9.4Mperyearin FY 2006
andbeyond. By theendof 2006we expectour distributedfacility to sustainmorethan20 Tflops
on latticeQCD calculations.We emphasizethat this numberrepresentssustained,not peak,per-
formance.Beyond2006continuedfundingandMoore’s law will enableusto steadilyincreasethe
capabilitiesof thefacility.

Theprojectto construct,staff andoperatea distributedcomputingfacility for latticeQCD will be
managedundertheadministrativestructurecreatedfor ourcurrentSciDAC grant.It consistsof an
Executive Committee,which hashave overall responsibilityfor theproject;a ScientificProgram
Committee,which monitorsthe scientificprogressof the project,provides leadershipin setting
new directions,andwill allocateresourceson all hardwarebuilt in this project;andanOversight
Committee,which reviews progressin implementingtheplansof thecollaboration,reviews plans
for theacquisitionof hardware,andmakesrecommendationsregardingalternative approachesor
new directionsfor theproject. Our collaborationcomprisesalmostall of theseniorlatticegauge
theoristsworking in theUnitedStates,aswell asseveral computerscientists.The hardwareand
software infrastructuredevelopedunderthis projectwill be opento the entireU.S. lattice QCD
community.

Timeiscritical. Experimentalresultswill beproducedin thenext few yearsatacostof hundredsof
millions of dollars.Their interpretationwill requirelargescalelatticeQCDcalculations.Theorists
in EuropeandJapanpresentlyhave computationalresourcesexceedingthosenow availablein the
U.S., andaremoving rapidly to securenew resourcescomparableto thosewe propose.If U.S.
latticegaugetheoristsareto playasignificantrole in themajoradvancesexpectedin thisareaover
thenext decade,wemustactnow.



1 Intr oduction

Theover–archinggoalof our researchis to understandthephysicalphenomenaencompassedby
quantumchromodynamics(QCD), and to make precisioncalculationsof its predictions. To do
sorequiresterascalesimulationswithin the framework of latticegaugetheory. Suchsimulations
are necessaryto solve fundamentalproblemsin high energy and nuclearphysics,which are at
theheartof theDepartmentof Energy’s largeexperimentalefforts in thesefields. Virtually all of
themembersof theU.S. latticeQCD communityareworking togetherto constructthehardware
andsoftwareinfrastructureneededfor this research.We have recentlybeenawardeda threeyear
grantundertheDepartmentof Energy’sSciDAC programfor softwaredevelopmentandhardware
prototyping.In this documentwe setout our plansfor theconstructionandoperationof terascale
hardwarefacilities.

The twentiethcenturywasan eraof striking progresstowardscomprehendingthe fundamental
structureof matter, beginningwith thediscoveryof quantummechanicsandatomicphysics,pro-
gressingto nuclearphysics,and culminatingwith the StandardModel of high energy physics.
However, traditionalanalyticaltoolshaveproveninadequateto extractmany of thepredictionsof
QCD.Ourunderstandingof naturewill remainfundamentallydeficientuntil weknow how therich
andcomplex structureof stronglyinteractingmatter, which comprisesmostof theknown massof
theuniverse,arisesfrom theinteractionsamongquarksandgluons.

Perturbationtheoryhasprovento beapowerful tool for studyingtheelectro-weakinteractionsand
thoseaspectsof QCDthatarecontrolledby shortdistanceeffects,for which theeffectivecoupling
constantis small. However, mostQCD phenomenainvolvedlargedistanceeffectsfor which the
effectivecouplingconstantis large,andperturbationtheoryis thereforenotapplicable.At present,
the only methodto extract predictionsof QCD in the non-perturbative regime from first princi-
plesandwith controlledsystematicerrorsis throughlarge scalenumericalsimulationsof lattice
gaugetheory. Latticegaugetheorycalculationshave demonstratedimportantqualitative features
of QCD, suchasquarkconfinementandchiral symmetrybreaking.They have alsoyieldedquan-
titative resultsof increasingaccuracy. Recentrefinementsof numericalalgorithmscoupledwith
majorincreasesin thecapabilitiesof massively parallelcomputershavebroughtthesesimulations
to a new level. It is now possibleto calculatea few crucial quantitiesto an accuracy of a few
percent. The strongcouplingconstantand the massesof the c andb quarksarenotableexam-
ples. Furthermore,theexperiencewe have gainedallows confidentpredictionsof thecomputing
resourcesrequiredfor accuratedeterminationsof a broadrangeof fundamentalquantities.A very
substantialfraction of the DOE’s experimentalprogramsin high energy and nuclearphysicsis
aimedat carryingout precisiontestsof theStandardModel,understandingthestructureof nucle-
onsandotherhadrons,anddeterminingthepropertiesof hadronicmatterunderextremeconditions.
Latticegaugetheorycalculationsareessentialto this research.Theterascalecomputingfacilities
we proposeto constructarerequiredif thesecalculationsareto reachtheneededaccuracy in step
with theexperimentsthey support.In Section2 of this documentwe setout our scientificgoals,
and identify projectsthat will receive high priority for early useof the proposedfacilities. We
estimatetheresourcesthatwill berequiredto make substantialprogresson theseprojects.A list
of major achievements,aswell asneartermprospectsfor futureonesis given in AppendixA.1,
alongwith thecomputerresourcesneededto achieve them.

Thesizeof thecomputingresourceswe seekto constructis drivenby our scientificobjectives. It
is clearfrom thediscussionin Section2 that in orderto provide supportto theexperimentalpro-

1



gramsin highenergy andnuclearphysicsin a timely fashion,andto keeppacewith theambitious
plansof ourcolleaguesin EuropeandJapan,theU.S.latticeQCDcommunityrequirescomputing
resourcescapableof sustainingtensof teraflopswithin thenext few years.By takingadvantage
of simplifying featuresof lattice QCD, suchas regular grids and the well understoodinfluence
of eachsite on its neighborswhich leadsto uniform, predictablecommunications,it is possible
to constructcomputersfor lattice QCD that arefar morecosteffective thangeneralpurposesu-
percomputers,which mustperformwell for a wide varietyof problemsincludingthoserequiring
irregularor adaptive grids,non-uniformcommunicationpatterns,andmassive input/outputcapa-
bilities. Wearethereforeconvincedthatit is possibleto addressourscientificgoalsin asignificant
mannerat acostof lessthan$10M peryear.

Wehaveidentifiedtwo computerarchitecturesthatpromiseto meettheneedsof latticeQCD.One
is theQCDOC,thelatestgenerationof highly successfulColumbia/Riken/BrookhavenNational
Laboratory(BNL) specialpurposecomputers,which is beingdevelopedat ColumbiaUniversity
in partnershipwith IBM. The other is commodityclusters,which arebeingspeciallyoptimized
for latticeQCDatFermiNationalAcceleratorLaboratory(FNAL) andThomasJeffersonNational
AcceleratorFacility (JLab). This two trackapproachwill positionus to to exploit future techno-
logical advances,andenableus to retainflexibility . Eacharchitecturehasits own strengths,and
eithermay prove optimal for differentaspectsof our work. The QCDOCproject is expectedto
provide very powerful computingplatformswithin the coming yearat a cost of approximately
$1 persustainedMflops. Theseplatformsarelikely to beparticularlyeffective at generatingthe
computationallyexpensive dynamicalquarklatticesthatarecrucialfor our research.Theclusters
will allow usto takeadvantageof therapidadvancesin thecommoditycomputingmarket to build
increasinglycost-effectivemachinesovertime. Thewell developedsoftwarepackagesandflexible
communicationssystemsof clustersmake themparticularlyadvantageousfor themorecomplex
physicsapplicationsand for the developmentof new algorithmsand computationaltechniques
crucial for theadvancementof our field. We discussbotharchitecturesin Section3 Thedevelop-
mentof thesoftwareinfrastructureneededto obtainvery high efficiency on theseplatformsis in
progressunderourSciDAC grant.It is briefly describedin Section4.

Theconceptof atopicalcomputingfacility, assetout in theOfficeof Science’scomputingplan,is
particularlywell suitedfor latticeQCD. We proposeto constructa distributedfacility with major
hardwarelocatedatBNL, FNAL andJLab. Initially BNL will focuson theQCDOC,while FNAL
andJLabwill concentrateon clusters.This approachwill allow us to take advantageof thevery
considerableexpertiseat eachof the participatinglaboratories,while building platformsof the
appropriatesizeto meetour researchobjectives.Thefacilitiesplannedfor eachof thelaboratories
aredescribedin Section5.

Theconstructionandmaintenanceof computationalinfrastructurefor latticeQCD will requirea
sustained,longtermeffort. At present,developmentwork for theQCDOCis beingfundedthrough
the HEP baseprogram,andthat for the clustersthroughour SciDAC grant. The SciDAC grant
providesfunds to develop software that will enablethe U.S. lattice QCD communityto exploit
both typesof computersproductively. We proposeto rampup spendingfor productionhardware
during the 2003–2005fiscal years,reachinga plateauof approximately$9.4M per year in FY
2006. During 2003and2004we will focuson the QCDOC,becauseit is expectedto provide
the mostcapableandcost-effective hardwareduring this period. Extrapolationsindicatethat by
2005clusterscansurpasstheQCDOCin costeffectiveness,sowe anticipateswitchingour focus
to themfor 2005and2006.Giventhecomputerindustry’s rapidrateof development,it is essential
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thatwere-evaluateourplanseachyear, andwhennecessaryre-allocateresourcesto maximizethe
scientificreturnon theinvestments.Beforebuilding any new, largeplatform,we will constructa
smallerprototypeto evaluatetheperformanceof productioncodes.We will selectmachines(and
their configurations)to maximizephysicsproduction,andwill target software developmentsto
areaswith thegreatestpotentialfor furtherperformancegains.Thefundingprofile we proposeis
setout in Section6.

Theprojectto construct,staff andoperatea distributedcomputingfacility for latticeQCD will be
managedundertheadministrative structurecreatedfor our currentSciDAC grant. TheExecutive
Committeewill haveoverall responsibilityfor theproject.TheScientificProgramCommitteewill
monitor thescientificprogressof theproject,andprovide leadershipin settingnew directions.It
will alsoallocatetheresourcesonall hardwarebuilt in thisproject.TheOversightCommitteewill
review progressin implementingtheplansof thecollaboration,review plansfor theacquisitionof
hardware,andmake recommendationsregardingalternative approachesor new directionsfor the
project.Themembersof thesecommitteesaregivenin AppendixA.2, andtheseniormembersof
thecollaborationin AppendixA.3.

2 PhysicsGoalsand Required Computational Resources

Our goal is to understandthephysicalphenomenaencompassedby QCD, andto make precision
calculationsof its predictions.Wewill follow a multifacetedapproachin which wecalculateboth
quantitiesthatcanbecomparedwith existing experimentalresults,soasto calibratetheaccuracy
of our methods,andusethe samemethodsto predictquantitiesyet to be measured.In particu-
lar, our calculationswill allow increasinglyprecisetestsof theelectroweaksectorof theStandard
Model,allow usto determinethepropertiesof hadronicmatterunderextremeconditions,andun-
derstandnucleonstructureandinteractions.We describeeachof theseareasbelow. Furthermore,
we expectthecalculationaltechniquesandcomputationalinfrastructurewe developfor thestudy
of QCD to beapplicableto stronglycouplestheorieswhich go beyondtheStandardModel, such
assupersymmetricgaugetheories,chiral gaugetheories,andstringtheory. Indeed,work in these
directionsis alreadyin progressby somemembersof ourcommunity.

2.1 PrecisionTestingof the Standard Model

A centralfocusof experimentsat U.S. high energy physicsfacilities is precisiontestingof the
StandardModel. Theultimateaimof this work is to find deviationsfrom thismodel—adiscovery
which would requiretheintroductionof new physicalprinciplesto describematterat theshortest
distances.Many of thesetestsrequire,in additionto preciseexperimentalmeasurements,accu-
rateevaluationof the effectsof the stronginteractionson processesinducedby the electroweak
interactions.SuchanevaluationrequireslatticeQCD, theonly known methodwhich cansystem-
aticallyreduceall sourcesof error. Thesecomputationsareoneof themajorphysicsfocusesof our
researchplan,anda crucialcompanionto theU.S.experimentalprogramin highenergy physics.

The technicalchallengeis to calculatequantitiesknown as“weak matrix elements”(matrix ele-
mentsof electroweakoperatorsbetweenhadronicstates).Eachsuchmatrix element,whencom-
binedwith aparticularexperimentalquantity, givesadirectmeasurementof anunderlyingparam-
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eterof theStandardModel. If multiple measurementsof theseparametersdisagree,new physical
principlesarerequired.Table1 summarizesthepresentsituationfor four key matrixelements.For
threeof the four, latticecalculationslag well behindexperiment.The impactof the larger lattice
errorsis shown in Figure1. For the StandardModel to be correct,the parametersρ andη are
constrainedto lie in theregionof overlapof thesolidly coloredbands.Thefigureontheleft shows
theconstraintsasthey exist today. Thefigureontheright showstheconstraintsasthey wouldexist
with no improvementin the experimentalerrors,but with lattice gaugetheoryerrorsreducedto
3%.

Terascalecomputerswill leadto anenormousadvancein latticecalculationsof suchmatrix ele-
ments,thusbringingthetheoreticalprecisionmuchcloserto thatof theexperiments.Weestimate
that a computersustaining0 � 5 TFlops for a yearwould lead to a reductionin the uncertainties
in thequantitieslisted in thefirst threerows of Table1 by abouta factorof two, andthat a ma-
chinesustaining10 TFlopsfor a yearwould halve theuncertaintiesagain.Theseareconservative
estimates,relying on the measuredscalingpropertiesof existing algorithms. Sucha reduction
in errors—coupledwith improvementsin experimentalresultsfrom theSLAC B-factoryandthe
TevatronB-mesonprogram—will narrow the correspondingbandsin Figure1 by four or more,
allowing thepossibilityof inconsistentdeterminationsof ρ andη.

Measurement CKM Hadronic Expt. Current Lattice Lattice
Matrix Matrix Error Lattice Error Error

Element Element Error 0.5TF-Yr 10TF-Yr

∆MBd

�
Vtd

� 2 f 2
Bd

BBd 4% 35% 18% 9%
(B̄B mixing)

∆MBs � ∆MBd

�
Vts � Vtd

� 2 f 2
Bs

BBs � f 2
Bd

BBd Not yet 10% 5% 3%
measured

ε ImV2
td BK 2% 20% 10% 5%

(K̄K mixing)

B � � ρ
π � lν

�
Vub

� 2 � ρ
π ��

�
V 	 A
 µ

�
B � 25% Calc. in 15% 5–10%

progress

Table1: Impactof latticeQCD on thedeterminationof CKM matrix elements.In thetableabove,
fX is theleptonicdecayamplitudefor theindicatedmeson,andBX is thematrixelementof ∆S � 2
or ∆B � 2 for four-quarkoperators.Thelasttwo columnsshow theimprovementsin latticeerrors
thatweestimatewould beobtainedwith computerssustaining0.5and10Tflopsfor oneyear.

Therearemany othermatrixelementsthatcanbeusedin asimilarwayto testtheStandardModel,
but for which thelatticecalculationsarelessadvanced.Examplesincludesemileptonicform fac-
tors of D mesons(e.g. D � π  ν which canbe usedto studyc � d transitions),radiative form
factorsof B mesons(e.g. B � K � γ), CP-violatingpartsof K � ππ decayamplitudes(measured
by ε � � ε), andtheelectricdipolemomentof theneutron(of measurablesizein someextensionsof
thestandardmodel).In thesecases,a Terascalefacility will enablesubstantialimprovements,and
provideanessentialsteptowardsreachingthedesiredaccuracy.
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Figure1: Constraintson the StandardModel parametersρ andη (onesigmaconfidencelevel).
For theStandardModel to becorrect,they mustberestrictedto theregionof overlapof thesolidly
coloredbands.Thefigureon the left shows theconstraintsasthey exist today. Thefigureon the
right shows the constraintsasthey would exist with no improvementin the experimentalerrors,
but with latticegaugetheoryuncertaintiesreducedto 3%. R. Patterson,CornellUniversity.

Thereare also a large numberof measuredhadronicpropertiesthat will be calculableto high
precisionusinga Terascalefacility, andwhich canbe usedto calibrateour methods.Suchtests
will be importantdemonstrationsof thereliability of latticecalculations.Examplesof properties
that canbe usedfor calibrationincludethe massesanddecayconstantsof B andD mesonsand
correspondingbaryons,of charmoniumand bottomoniumstates(boundstates,respectively, of
charmor bottomquarksand their antiparticles),and of hadronscomposedof light quarks. An
accuracy of a few percentis expectedfor someof thesequantitieswith a Terascalefacility. We
note that this calibrationwill be significantlysharpenedif the proposedCLEO-C programgoes
forwardatCornell.

An importantfeatureof thelatticemethodologyis its flexibility . Particlephysicistswill no doubt
discover other interestingmatrix elementsto calculate,andit is often the casethat thesecanbe
“piggybacked” on previouscalculationswith little overhead.Thusour proposedTerascalefacility
will provideaflexible databasewhich canbereusedrepeatedlyasnew ideasappear.

Finally, we notethat our calculationswill alsoprovide precisevaluesfor otherfundamentalpa-
rametersof the StandardModel—thequark massesand the strongcouplingconstant,αS. Pre-
ciseresultsfor theseareneededto differentiatebetweencompetingmodelsof flavor physicsand
electroweaksymmetrybreaking,andlattice simulationsprovide the only methodfor doingsuch
calculations.Indeed,thelatticeresultsfor thec andb quarkmassesarealreadyveryaccurate(e.g.
theerror is 2% for mb). Thelight quarkmasses—mu, md andms—aremoredifficult to calculate,
requiringextensive simulationswith light dynamicalquarks.Presenterrors,estimatedto be25%,
will besubstantiallyreducedby a Terascalefacility.
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Figure2: Lastseena few microsecondsafterthebig bang,thequarkgluonplasmais thequarryof
theRHIC facility, andcanbeexploredfrom first principlesusinglatticegaugetheory. http://www-
aix.gsi.de/˜alice/phase-diag.jpg

2.2 Simulating the Quark Gluon Plasma

At low temperaturesanddensitiesquarksandgluonsareconfinedin elementaryparticles,such
asneutronsandprotons.At very high temperaturesor densitiesoneexpectsa phasetransitionor
crossover from this ordinarystronglyinteractingmatterto a plasmaof quarksandgluons.Sucha
plasmais believedto havebeenadominantstateof matterin theearlydevelopmentof theuniverse,
andit mayexist todayin thecoresneutronstars.A primaryphysicsgoalof theRelativistic Heavy
Ion Collider (RHIC) at BrookhavenNationalLaboratoryis thediscovery andcharacterizationof
thequark-gluonplasma.Thereareanumberof issuesthatarecritical to theRHIC physicsprogram
which canonly beaddressedfrom first principlesthroughlatticegaugetheorycalculations.These
includethenatureof thetransition,thepropertiesof theplasma,includingstrangequarkcontent,
andtheequationof state.Their studywill bea majorfocusof ourwork.

Oneof themajoradvancesin latticeQCD in recentyearshasbeenthedevelopmentof improved
actions,that is improvedmethodsof placingthecontinuumtheoryon thelattice. Theseimproved
actionsvastly increasethe accuracy of lattice calculationsfor a given amountof computingre-
sources.Membersof our collaborationhave playedimportantrolesin this work. We proposeto
take advantageof our recentsuccesseswith improvedactionsandtheenormouspower of thepro-
posedfacilities to carryout a definitive studyof thequark-gluonplasmaat high temperaturesand
zerobaryondensitywith arealisticquarkensembleandvastlyreduceddiscretizationartifacts.The
resultsareexpectedto givevaluableassistanceto theRHIC experimentalprogram.Theinitial ob-
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jectivesof thiswork will beto mapthephasediagramin temperatureandquarkmassfor up,down,
andstrangequarks,determinetheorderof thephasetransition,andobtainanaccuratedetermina-
tion of thetemperatureof thecrossover. Thenext stepwill bethedeterminationof theequationof
stateof theplasma,includingstrangequarkcontent,andthepredictionof real-timeexcitationsof
theplasma.Theseobjectiveshaveobviousrelevanceto theanalysisof RHIC experiments.Wewill
alsoseekto understandtherole of instantonsin thephasetransition,andto measurethestrength
of theaxialU

�
1 
 anomaly. This informationis neededto formulatephenomenologicalmodelsthat

extrapolateto regimesinaccessibleto latticegaugetheory.

Thedevelopmentof highly improvedactionsfor latticeQCDhaveopenedthepossibilityof carry-
ing out realisticsimulationsof hadronicmatterin thevicinity of thequark-gluontransition.How-
ever, significantenhancementin computingpower is neededfor thiswork. Basedonourextensive
experiencein the studyof QCD thermodynamicswith simpleractions,this will be a multi-year
project,which will requirelong-termuseof theproposedmulti-Tflopsfacilities.

The studyof QCD at finite baryondensityis a very importantproblem,which will requirethe
developmentof new algorithms.Work in this directionwill beanimportantpartof our effort, and
will requiresignificantcomputingresources.

2.3 Structur eand Interactions of Hadrons

The third majorscientificgoalof our collaborationis to achieve a quantitative,predictive under-
standingof thestructureandinteractionsof hadrons.

Theinternalstructureof thenucleonis adefiningproblemfor hadronphysicsjustasthehydrogen
atom is for atomic physics. Indeed,the DOE Strategic Plan specificallyhighlights the goal of
developinga quantitative understandingof how quarksandgluonsprovide the binding andspin
of thenucleonbasedon QCD. Major experimentalefforts in recentyearsat Bates,JLab,SLAC,
FNAL, theHERMESexperimentat DESY, andtheEMC, SMC,andNMC experimentsat CERN
haveprovidedrich andprecisemeasurementsof thequarkandgluonstructureof thenucleon,and
proposedexperimentssuchastheRHIC spinprogrampromiseto revealevengreaterdetail. With
recentadvancesin latticefield theory, it is now possibleto calculatethisnucleonstructuredirectly
from QCD,sothatmulti-Terascalelatticecalculationshave becomeanessentialtool to obtainthe
full physicspotentialof majoracceleratorsanddetectors.

A wealthof experimentalobservablescanbecalculatedon thelattice. Electromagneticform fac-
torsmeasuredin elasticelectronscatteringcharacterizethedistribution of chargeandmagnetiza-
tion arisingfrom all thequarksin thenucleon,andparityviolatingelectronscatteringexperiments
further reveal the specificcontributions to thesequantitiesfrom strangequarks. Deepinelastic
scatteringof electrons,muons,andneutrinosmeasuresstructurefunctionscharacterizingthelight
conequarkdensity, quarkspin density, andgluon densityasa function of momentumfraction,
andthemomentsof thesedistributionscanbecalculatedon the lattice. A particularlyimportant
exampleis thelowestmomentof thespindensity, whichmeasuresthefractionof thenucleonspin
carriedby thespinof quarks.Indeed,theonly wayto fully resolvetheso-called”spin crisis” which
arosewhenexperimentsshowed that only about20% of the spin of the nucleonoriginatesfrom
quarkspinsis to calculatein latticeQCD how the total spin is dividedbetweenquarkandgluon
spinandorbital angularmomentum.
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Calculationswith limited computationalresourceshave alreadyestablishedthe methodologyto
calculatethenucleonform factor, thecontributionsof strangequarksin thenucleon,andmoments
of the quarkdensity, spin, andtransversity distributionsin thenucleon. Thesecalculationshave
highlightedthe fact that the pion cloud playsan essentialrole in all theseobservables,andthat
quantitativeagreementwith experimentwill only bepossiblein thenext generationof calculations
which areperformedonsufficiently largelatticesat sufficiently low quarkmassesthatthephysics
of thepion cloud is accuratelyincluded. Basedon theknown scalingpropertiesof presentalgo-
rithmsandusingtheanalyticaltoolsof chiral perturbationtheory, therelevantcalculationsin full
QCD with dynamicalquarkscouldbecarriedout in oneyearof productionwork on a computing
facility sustaining10 Tflops.
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Figure3: High energy scatteringexperimentshavemeasuredthedistributionof quarksandgluons
in the proton. The measureddistributions f

�
x 
 for six typesof quarksandantiquarks(denoted

u, d, ū, d̄, s, andc) andfor gluons(denotedg) areshown in thefigure. Multi-teraflopsfacilities
will enablecalculationof the momentsof thesedistributions from first principles,providing a
fundamentalunderstandingof thestructureof theproton.

Spectroscopy is theclassictool for discoveringtherelevantdegreesof freedomof aphysicalsystem
andtheforcesbetweenthem.Oneof thefascinatingfeaturesof QCDis thatit offersthepossibility
of aricherrangeof hadronicstatesthanhasyetbeenobservedexperimentally, sothatpreciselattice
calculationscanplay a pivotal role in helpingguideexperimentalsearches.Lattice calculations
will studythenumberandstructureof hadronicexcitedstates,aswell their transitionform factors.
The presenceor absenceof hadronswith exotic quantumnumbers,the natureof glueballs,and
theoverlapbetweenmodeltrial functionsandexacthadronstateswill provide insightinto therole
of flux tubes,dibaryons,andthe inner workingsof QCD. Again, exploratorycalculationsof the
lowestnegativeparity N � state,a comprehensive calculationof theglueballspectrum,calculation
of hybridmesons,andastudyof theexistenceof theH particleshow thattherequisitemethodology
is ready. Precisionmulti-Terascalecalculationswill providecrucial insightinto currentandfuture

8



hadronspectroscopy.

Currently, thereis no fundamentalunderstandingof the very foundationof nuclearphysics,the
nucleon-nucleoninteraction.Significantinsight into therole of gluonexchange,quarkexchange,
mesonexchange,andtheorigin of shortrangerepulsionwill beobtainedby latticecalculationsof
theadiabaticpotentialbetweenheavy-light systems,thatis, mesonsor baryonscontainingasingle
heavy quarkin additionto otherlight quarksor antiquarks.

In additionto calculatingobservablesto comparewith experiment,latticecalculationsareinvalu-
ableto obtaininsight into fundamentalaspectsof QCD. Currentlattice techniquescanstudythe
role of instantonsandtheir associatedzeromodesin chiral symmetrybreaking,therole of center
vorticesandmagneticmonopolesin confinement,andcalculationof theparametersenteringchiral
perturbationtheory. The lattice alsoallows theoriststo answerinterestingtheoreticalquestions
inaccessibleto experiment,suchashow thepropertiesof QCDchangewith thenumberof colors,
quarkflavors,or quarkmasses.Recentlydevelopedtechniquesmayalsoenablestudyof thephases
of densehadronicmatterandthetransitionsbetweenthem.

A moredetaileddescriptionof researchopportunitiesin hadronstructureandinteractionsmaybe
foundon thewebatftp://www-ctp.mit.edu/pub/negele/LatProp/

3 HardwarePlans

3.1 DeploymentStrategy

Asdetailedin theprevioussection,acomputationalcapabilityof tensof Tflopsisneededto achieve
ourscientificgoals.To meetthisneedweplananaggressivehardwaredevelopmentprojectin part-
nershipwith theDepartmentof Energy. By takingadvantageof thespecialfeaturesof latticeQCD
calculations,we will achieve therequiredcomputationalpower at a fractionof thecostof typical
high performancecomputingplatforms. We plan to follow two independentapproaches,which
both promiseto lead,in a complementarymanner, to low-cost,massive computationalcapabili-
ties. Specifically, we intendto develop(1) theQCDOC,a speciallydesignedmachinethatcom-
binescomputationandcommunicationcapabilitiesonasinglechip,and(2) large-scalecommodity
clusters,which areconfiguredto maximizetheir cost-efficiency for latticeQCD calculations.By
differentiatingour hardwaredeploymentstrategy in this way, we will beableto follow technical
developments,andredirectourefforts, if necessary, soasto achievethemaximumreturnonthein-
vestmentin theproject.Thediversificationentailsanothermajoradvantage.With thebroadrange
of investigationswe plan,differentcalculationswill bebettersupportedon differentarchitectures,
andwe will beableto tailor ourcomputationalstrategiesaccordingly.

3.2 QCDOC Overview

As hasbeendiscussedabove, the regular characterof lattice QCD calculationscanbe exploited
to achieve very significantcost/performanceadvantages.While themostdemandingcalculations
easilyrequirethousandsof closely-coupledprocessors,theunderlyingnearest-neighborcommu-
nication patternallows the useof a mesh-stylenetwork architecture.Suchmeshnetworks can
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provide both low latency andhigh bandwidthat very reasonablecost. By exploiting thepresent
capabilitiesof commercialchip design,it is possibleto fabricatean individual computingnode
which includesthis network electronicsandis containedin a singlechip. It is thiscombinationof
processor, network andmemoryon a singlechipwhich lies at theheartof theQCDOC(Quantum
Chromodynamicsona Chip) architecture.

Targetinga costpersustainedperformanceof $1/Mflops,theQCDOCdesignplansa singlepro-
cessingnodewhich occupieslessthan6 in3 (including up to 2 Gbytesof off-chip memory)and
consumesroughly3 watts.This combinationof price,power andpackagingpermitstheeconom-
ical constructionof the very large, 10K processor, 5 Teraflopsmachinesrequiredfor significant
advanceson many of thecritical physicstopicsaddressedin thisplan.

ThegroupcenteredatColumbiahaspioneeredthedesignandconstructionof specialpurposema-
chinesfor the studyof QCD. The presentQCDSPmachinesat ColumbiaandBrookhavenhave
provided a sustained300 Gflops for lattice QCD calculationsfor the past four yearsand even
now representoneof the two largestfacilities for lattice QCD simulationsinternationally. (The
QCDSPmachineat BNL won theGordonBell prizefor priceperformanceat theNovember1998
SupercomputingConference,SC98.) With substantialfunding from the U.S. DOE, the RIKEN
Laboratoryof JapanandtheUKQCD collaboration,thedesignof thisnext QCDOCmachine,be-
gunin thefall of 1999,is now nearingcompletionwith first prototypechipsexpectedthissummer.
This designwork representsa very fruitful collaborationbetweenColumbia,RIKEN, UKQCD
andtheIBM corporationwhich is exploiting thisarchitecturefor its own futureresearchmachines
(http://www.research.ibm.com/bluegene/index.html).

The QCDOCarchitectureis a naturalevolution of that usedin the QCDSPmachines.Individ-
ual processingnodesare PowerPC-basedand interconnectedin a 6-dimensionalmeshwith the
topologyof a torus.A second,Ethernet-basednetwork providesbootinganddiagnosticcapability,
aswell asmoregeneralI/O. The entirecomputerwill be packagedin a style that providesgood
temperaturecontrol,a small footprint andeasyaccessibility. Centralto this designis IBM’ s tech-
nology which makes possiblethe high-density, low-power combinationof an industry-standard
RISCprocessorwith 64-bit floatingpoint, embeddedDRAM, 500MHz communicationsandthe
widearrayof pre-designedfunctionsneededto assemblethecomplete,functioningunit.

This carefully balancedarchitecturepermitsdemanding,full QCD calculationsto be distributed
overmany processors,providing thenetwork bandwidthrequiredfor theresulting,largesurfaceto
volumeratios. Sincethedesignis now nearingcompletion,theperformanceof real codecanbe
demonstratedwith gate-level simulation.The500MHz floatingpointunit achieves84%efficiency
for theWilsonDiracoperatorwhenoperatingfrom cachefor double-precisionarithmetic,i.e. 0.84
Gflops.Usingthelarge8 Gbyte/secbandwidthbetweenprocessorandon-chipmemory, thissame
Wilson Dirac operatorcanbe evaluatedwith 78% efficiency. Finally with latenciesin the range
of a few hundrednsecsandan aggregateoff-nodebandwidthof 12 Gbits/sec,currentgate-level
simulationsachievea49%efficiency for theWilsonDiracoperatorin themostdemandingcaseof
24 sites/node.

Critical to the effectivenessof this QCDOC architectureis the SciDAC software development
effort. The creationof standard,community-endorsedcommunicationinterfacesaswell asboth
high- andlow-level arithmeticroutinesis supportingan evolution of thevery large andvaluable
U.S. QCD codebasewhich will permit its efficient executionon QCDOCmachinesaswell as
specificallyoptimizedclusternetwork architectures.The resultingefficient interoperabilitywill
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providevery importantadvancesin scientificproductivity for theentireU.S.latticeQCD effort.

We expecttheseQCDOCmachinesto play a critical role in U.S. physicsfor the first 3-4 years
coveredby thisstrategic plan.Towardtheendof thatperiod,we expecttechnologicaladvancesto
offer evengreateropportunitiesfor this system-on-a-chipapproachto massively parallelcomput-
ing. In particular, we expectto seriouslyconsidera follow-onmachineconstructedusingtheIBM
Bluegene/Ltechnologywhichmayachieve$0.25/Mflopsfor QCD,andpermittheconstructionof
a 50Teraflopsscalemachinewithin thebudgetprofile outlinedin thisplan.

3.3 Clusters Overview

Over the last several years,the intensecompetitionfor high performancedesktopcomputershas
leadto enormousgainsin processorperformance.At the sametime, the market for specialized
interconnectsto supportparallelcomputinghasmadeit possibleto assemblecosteffectiveclusters
from commoditycomponentswith theperformancerequiredfor QCDcalculations.An additional
strongbenefitto the lattice communityflowing from theexploitation of clustersis theeasewith
whichuniversityclusterscanbeusedin softwaredevelopment,productionrunning,anddataanal-
ysis,exploiting theidenticalsoftwareusedat thenationalfacilities.For thesereasons,commodity
clustersform anessentialpartof thelong rangeplanfor latticecomputing.

Eachyear, market leadingcomponentswill beusedto build aleading-edgeclusteroptimizedto the
requirementsof latticeQCD (leanmemory, leandisk, low latency semi–commodityclusterinter-
connect).Theensembleof clusterswill bepresentedto theusersasacoherentcomputingresource,
independentof systemversionandclusterlocation,throughthecombinationof platformspecific
librariesandsophisticatedgrid software.As processorperformanceadvances,theperformanceof
the latestclusterswill increase,extendingthephysicsproblemsaccessibleto the lattice theorists
eachyear.

Singlechip processorperformanceincreasesasMoore’s Law (60% per year),with currentIntel
Pentium4 chipssustainingmorethan2 Gflopssingleprecisionon CPU–intensive latticekernels,
and1.6 Gflops for the full Wilson inverter. Intel hasalreadydemonstratedchipsrunningat 2.5
timestoday’sclockspeeds,leadingusto expectsinglechipperformanceexceeding5 Gflopswithin
two to threeyears.

Chipperformanceis limited by memorybandwidth,which tendsto increasewith time lessrapidly
thanCPUspeed,but this limiting effect is softenedby agrowing useof, andsizeof, full speedon–
chip level 2 (L2) cache.Theimpactof thememorybottlenecktodayis thatin adualprocessorbox
andfor problemswhich mostlyfit into theL2 cache,thesecondprocessoraddsonly 25%– 40%
in performance.However, a secondprocessoraddsonly 15%– 20%to thecost,so it canstill be
worthwhile.Quad–processorarchitectureshaveevenhighermemorybandwidthsallowing theuse
of four processors,andareexpectedto becostcompetitivewith dualsin 2004or 2005(thechoice
betweendualsandquadswill bemadebaseduponmarketconditions).Todaythemarket is making
thetransitionto doubledatarateSDRAM (interleavedto achieve 3.2GB/speakbandwidth),and
Rambusmemorieswill soondoublein bandwidthto over 6 GB/s,sohealthymemorybandwidth
gainscanbeexpectedoverthenext severalyears.In thisproposal,sustainedmulti–processornode
performanceis conservatively predictedto grow at approximately40%(insteadof 60%)peryear
for thenext two years,andsomewhat moreslowly thereafter, to accountfor memorybandwidth
limitations.
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Clusterinterconnectsintroduceadditionalbandwidthandlatency relatedinefficiencies.Theband-
width limitations presentlycomefrom the externalbus architectures,currentlyPCI–64/66(512
Mbytes/s),with PCI–X (1 GB/sec)emerging this yearanddoubling in performancewithin two
years. By 2005, Infiniband12X is expectedto be the market leader, providing 6 Gbytes/secof
bandwidthpernode,therebykeepingpacewith processorgains.Thesehighbandwidthbusescou-
pled with high performanceinterconnectsshouldallow us to reducethe inefficiency introduced
by clusteringto roughly 10optimizationon designwill be the overall price performanceof the
entirecluster(CPU,memory, interconnect).Network optimizationwill requirehigh efficiency in
overlappingcommunicationsandcomputation,which will be facilitatedby the communications
librariesbeingconstructedunderour SciDAC grant.

As alreadystated,the proposednational facility consistsof threesites, leveragingthe existing
computinginfrastructureatBNL, FNAL, andJLab. For thetwo cluster–basedcenters,thestrategy
will bea continualdeploymentof new capacity, addingoneclusterat eachsiteper year. With a
constantfunding profile, this will yield ever increasingcapacity(following Moore’s Law), with
oldersystemsbeingreplacedby newer onesin a 3–4yeartimescale.This strategy is thesameas
thatbeingfollowedat a numberof sciencecomputingcentersacrossDOE andotheragencies.

In agivenyear, if marketconditionsarestable,thesystemsatFNAL andJLabmaybeidentical;if
multiple viable technologiesareavailablewith differentstrengthsandweaknesses,or if procure-
mentsdiffer in time by morethan3 months,they may be different. For at leastthe next several
years,thesizesof thelatticesthatwill beused,andtheincreasedflexibility of multipleindependent
systems,supportthis multi–cluster(multi–site)strategy.

A clusterwill consistof multiple racksof computenodesinterconnectedvia a high speedcluster
interconnectsuchasMyricom’s Myrinet (thecurrentmarket leader).Eachnodewill have a lean
memoryconfigurationwith theFNAL andJLabclusterspossiblychoosingdifferentparametersto
optimally cover a rangeof applicationrequirements,andwill have only a small disk of minimal
performance,againbaseduponapplicationrequirements.In addition,eachnodewill have a stan-
dardnetwork connection(today100Mbit ethernet,within 2–3years1 Gbit ethernet).Thestandard
network will link theclusterto asetof conventionalfile servers,someof whichwill serveasadisk
cachefor inputandoutputdatafilesbackedupby thehostlaboratory’s tertiarystoragesystem.

Thetablebelow givesthemostsignificantclusterparameters,andtheexpectedsizeandcostof the
hardwareat eachof the two clustersites. Actual procurementsmay differ, usinga build-to-cost
strategy andmarket optimizations.

FY 2004 FY 2005 FY 2006

CPUs/Node 2 4 4
Gflops/Node 3.2 8.0 10.0
Nodes 192 384 512
Link Bandwidth(MB/s) 300+300 2 � (400+400) 2 � (500+500)
Link Latency µsec 6 5 4
Performance(Tflops) 0.6 2.5 4.5
HardwareCost($M) 0.7 2.5 3.2
$/Mflops 1.2 0.9 0.7

Table2: ClusterParameters
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The price–performanceratio in $/Mflops andthe overall performanceassumesa full-cluster job
with Wilsonquarks.

Anotherimportanttrendin clustersis increasedscalability. Whereastoday(2002)clustersbecome
noticeablylessefficient above 128nodes,advancesin interconnectsareexpectedto raisethis size
eachyear. In 2007,16-wayprocessorsmaybring anotherstep-functionimprovementin thesingle
box lattice surface:volumeratio, further enhancingscalability. many ten’s of teraflops. As part
of the SciDAC project, FNAL and JLab will be working togetherto selector develop various
softwaretools to managelargeclusters(biosupgrades,disk replication,booting,monitoringand
diagnostics,etc.).Thissharingwill continueinto theoperationalphaseof thelargefacilities.

3.4 Distributed Facility Integration

The multiple machines(QCDOCsat BNL andColumbia,andvariousgenerationsof clustersat
FNAL andJLab)will bepresentedto theuserasacoherentcomputingresource.Userswill beable
to submitjobsto aparticularresourcebaseduponknowledgeof applicationdependentadvantages,
or to a virtual batchqueuewhich will deploy the job to the platform which can executeit the
soonest,constrainedby allocationsandotherpolicy.

Inputandoutputfileswill bemanagedusingdatagrid software,particularlyleveragingtheexperi-
encesanddevelopmentsof theParticlePhysicsDataGrid CollaboratorySciDAC projectin which
JLabis anactiveparticipant,aswell asdevelopmentscomingfrom othergroupswithin theGlobal
Grid Forum. In particular, therewill bea locationindependentglobalnamespacefor files,sothat
filescanbereferencedandretrievedfrom any site.

Batch jobs requiring large input files will tend to executewherethe sourcedatais located,but
thesystemwill becapableof automaticallymigratingdataasappropriate,trackingall replicasfor
futureuse.

Generateddatawill be catalogedin a global, searchabledatabase,which can be queriedboth
througha webportalor throughprogramminginterfaces.Toolswill beavailableto automatically
import themeta-dataassociatedwith a particulardataset,suchasa latticeconfiguration,ensuring
thatvaluabledatais accessibleto a largecommunity.

4 SciDAC Software Infrastructur e Project

The goal of theSciDAC softwareinfrastructureproject is to createa unifiedprogrammingenvi-
ronmentthatwill enabletheU.S. latticecommunityto achieve very high efficiency on themulti-
terascalecomputerarchitecturestargetedin our plan.To accomplishthis a nationaleffort is under
way to developuniform standardssothatthetime andenergy of thelatticeQCD communitywill
notbeconsumedby portingandoptimizingapplicationcodeasthearchitecturesevolveovertime.
Moreover, with our two architectureapproach,it is essentialto have in placethe capability to
quickly move applicationsbetweenplatformsto optimizeutilization of resourcesandbalancethe
load. Theability to easilysharedataandrapidly implementnew algorithmswill substantiallyre-
ducecosts,and increasethe speedwith which we cancarry out the ambitiousphysicsprogram
describedabove.
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TheSoftwareCoordinatingCommitteeprovidesoverall leadershipof thesoftwareeffort. Its mem-
bersarelistedin AppendixA.2. Theinitial focusof theCommitteehasbeento definea QCDAp-
plication ProgrammingInterface(API) so that a uniform, highly optimized,communicationand
linearalgebralayer is provide to theentireQCD community. As this API is adopted,thework to
developoptimizedimplementationsandto port themajorapplicationcodeshasaccelerated.The
entirepurview of theCommitteeincludesthe following tasks:I. QCD API andCodeLibrary; II.
OptimizeNetwork Communications;III. OptimizedLattice QCD Kernels;IV Application Port-
ing andOptimization;V. DataManagementandDocumentation;andVI ExecutionsEnvironment.
Detailedinformationon the projectandaccessto publishedstandardsandcodecanbe found at
theURL www.lqcd.org. The goal is to have the infrastructurein placeby the endof 2003,with
essentialpartsof it deployedasearlyasthissummer.

4.1 QCD Application Interface

TheQCDAPI hasbeenthecentralfocusof theSoftwareCo-ordinatingCommittee,asit provides
theoverall softwarematrixwithin whichmuch,but notall, of theothertaskarefound.

QCD-API Level Structure

Level 3

DiracOperators,CG Routines,etc.
(Critical sectionsof applicationcodes)

QDP xxx Level 2

DataParallelQCDLatticeOperations
(overlappingAlgebraandMessaging)

e.g.A = SHIFT(B,mu) * C; Globalsums,etc
LatticeWide LinearAlgebra LatticeWideDataMovement
(No Communication) (PureCommunication)
e.g.A = B * C e.g.Atemp= SHIFT(A, mu-dir)

QLA xxx Level 1 QMP xxx

SingleSite& VectorLin Alg API MessagePassingAPI
e.g.SU(3),Diracalgebra,etc. (LatticeGeometryinto Network)

As indicatedin thetable,thedesignfor theQCDAPI is asfollows. Theapplicationcodesitsabove
Level 2 of theAPI. Level 3 representspluginsto theapplicationcodeof speciallyoptimizedsub-
routinesfor computationallyintensivesegmentsof thecalculation,suchastheconjugategradient
solvers,which maycall Level 1 codedirectly. Themiddlelayer, Level 2, is thefundamentaldata-
parallelinterfacepresentedto theapplicationprogrammer(functionnamesQDP xxx). To shield
theapplicationprogrammerfrom architecturaldependencies,thisLevel 2 API is built onlow level,
Level 1, LinearAlgebraandMessagePassingAPI’s (functionnamesQLA xxx andQMP xxx re-
spectively). In generalassemblylevel routinesarerestrictedto a small kernelin Level 1 so that
theremainingC or C++ codecanbequickly portedto new platforms.Thecodeis opensoftware
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so thatwhenoptimizationor flexibility requiresit, theapplicationprogrammeris allowedto call
Level 1 routinesdirectly.

Somehighlightsof thepresentprojectsunderway in theSciDAC softwareinfrastructurefor QCD
are the following. The messagepassingAPI designhasbeencompletedand both C and C++
interfaceshave beenimplementedon top of MPI for testing. Implementationsoptimizedfor the
QCDOCandfor Myrinet (ontopof GM) arenearingcompletion,sothiscritical layerwill beready
for usein thedevelopmentof applicationcodefor botharchitecturesin thesummerof 2002.The
Level 1 linear algebraroutinesarebeinggeneratedin pureC at first, andthe basicdataparallel
designdocumentfor Level 2 hasbeenlargely written andagreedon. Plansarebeing put into
placeto fully port the Light HadronPhysicsCollaboration’s codebase(SZIN et. al.) to sit on
top of Level 2. The developmentof quarkinvertershighly optimizedfor theQCDOCis nearing
completion,andtheinitial benchmarkson thesimulatoralreadyarewithin thedesignrangeof the
machine.Thus,in a shorttime goodprogresson theQCD-APIhasbeenmade.

4.2 Broader Infrastructur e Project

Therearea hostof othertaskspertinentto thefull rangeof SciDAC softwareinfrastructurecom-
ponentslistedabove,whicharein variousstages.For exampleJLabandFNAL, with collaborators
in a numberof universities,areoptimizingcodefor thePentium4 usingits SSEinstructions,and
softwaretoolsarebeingassembledandadaptedfor improving theexecutionenvironmentfor large
clusters.Computerscientistsaredevelopingtoolsthatcaninstrumentscientificapplication.For in-
stance,aparticulartool, SvPablo,hasbeenusedto instrumenttheMILC codeto assesstheimpact
of new architectureson performance.Recently, work hasbegunin theareasof datamanagement
anddocumentation.TheSoftwareCoordinatingCommitteeis studyingtheuseof XML, bothasa
tool to controldatafile I/0 andto locaterelevantdatausingwebbasedsearchmethodsemploying
SQL.This is thebeginningof a generalexplorationof webbasedcomputingwhich is expectedto
involveadvancedDataGrid softwareto, for example,allow batchqueuesto directjobstargetedto
multiple installationat thedifferentparticipatinglaboratories.However, theCommitteeis taking
a pragmaticapproach.It seeksto avoid “reinventingthewheel” andto alwaysmaintaina smooth
transitionfrom existing practices,so thatuserscanfocuson thephysics,andthevaluablelegacy
of 25 yearsof softwaredevelopmentin theUSA latticeQCDcommunityis leveraged.Our testof
successfulsoftwareinfrastructurefor QCD is that it increasesphysicsproductivity andpromotes
thevoluntaryadoptionof moreuniformstandardsby thecommunity.

5 PhysicalFacilities

5.1 QCDOC Facilities

An importantpartof our strategic plan is thestageddeploymentof theQCDOCcomputers.This
will beaccomplishedin threesteps:

Prototype: In this first stagea prototypemachineof a few hundrednodesandperformanceof� 100 Gflopswill be constructedand usedto run benchmarkcodeto verify both the QCDOC
designand its utility to supportthe physicsgoalsof the collaboration. This prototypestageis
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alsoanimportantpartof thehardwaredevelopmenteffort andis alreadyfundedby theDOE.This
machineshouldbeavailablein thelatesummeror earlyfall of 2002.

Development: This1.5Teraflopsmachinewill beconstructedatColumbiaassoonasthehardware
designhasbeenverifiedandthebenchmarksabovehavebeensuccessfullypassed.A combination
of ColumbiaandBNL personnelaswell astheSciDAC teamat BNL will provide usersupport,
allowing this very significantresourceto beusedby membersof theU.S.communityfor physics
projectsselectedby thecollaboration’sScientificProgramCommittee.This machinewill provide
internationallycompetitive resourcesto theU.S.latticecommunityanda veryeffective testof the
ability of the QCDOChardwareandsoftwareto advancethe physicsgoalsof the collaboration.
We anticipatethatconstructionof this machinewill begin latein 2002andthatthecomputerwill
beavailablefor generalusein theSpringof 2003.Thecostof themachineis $1.5M.It canbebuilt
throughColumbiawithout overheadcharges.

Production: By constructinga machineof at least5 Teraflopssustainedcapacity, this production
stagewill provide theU.S.communitywith a resourcethat is comparableto the5 Teraflopsma-
chinesthatarenow fundedfor theUKQCD collaboration,theRIKEN BNL ResearchCenter(both
alsoQCDOCmachines),the5 Teraflopsmachinebeingplannedin Germany andthe � 5 Teraflops
APE NEXT computersanticipatedin Italy. We would go forwardwith this majorsteponly after
thedevelopmentmachinehasshown substantialsuccess.The constructionof this $5M machine
wouldbestartedlatein 2003andshouldbeavailablefor full-scalephysicsuseearlyin 2004.Crit-
ical to realizingthe full physicspotentialof this resourceis theprovision of adequatestaffing to
maintainandevolveflexible andefficient applicationsoftware,appropriaterun-timesupportanda
convenientbatchandinteractiveuserenvironment.
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Item Cost
FY 2003
1.5Teraflopsdevelopmentmachine $1500
BNL constructioncosts

Sitepreparation $250
Technicians/Facility Management $150

Total $400
Componentsfor 5.0TeraflopsBNL machine $600
Total $2500
FY 2004
5 TeraflopsQCDOCconstruction $4400
Operatingcosts

Personnel(includingfringe,supportandburden):
0.25FTEFacilitiesManager $52
1.5FTE Technician $234
1 FTE SystemAdministrator $186
1 FTE SoftwareDevelopment $186
1 FTE SoftwareSupport/Training/Librarian $163

Total personnel $821
Electricity $100
Disk andserverupgrades,supplies $79

Total operating $1000
Total $5400
FY 2005
Total $1000
FY 2006
Total $1000

Table3: Budgetrequiredfor QCDOCconstructionandsupport(all numbersaregivenin thousands
of dollars).

Finally we discussthestaffing andfunding profile requiredfor this portionof our strategic plan.
The requiredfunding profile, for the period beginning in FY 2003 is presentedin Table 3. In
additionto fundsfor the developmentmachine,the FY 2003budgetincludesBNL site prepara-
tion costsanda 1.0 FTE technicianand0.25FTE facilities managerwho will participatein the
assemblyof the developmentmachineandoverseethe site preparationandinitial installationat
BNL. Significantsavings arerealizedin site preparationat BNL sincethe Lab hasalreadybud-
geted$1.7Mfor renovationandplantimprovementsto supporttheinstallationof boththe5 Tflops
machinedescribedhereandthe5 TflopsRIKEN machinethat is plannedduringthesameperiod.
(Furthersavingsresultin thelateroperatingcostssincetherequired0.5FTEfacility managerand
two dedicatedtechnicianshavebeendividedbetweenthesetwo projects.)

The FY 2004budgetincludesthe remainingconstructionfunds for the 5 Tflops machine. This
procurementwill be carriedout throughColumbiaandwill not incur overhead.The remaining
operatingcostsof $1M in 2004will providethepersonnelneededtosupportlarge-scalecommunity
useof this substantialresource. This level of systemmanagement,usersupportand software
maintenanceanddevelopmentareessentialfunctions,requiredfor this facility to realizeits full
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physicspotential.Theseoperatingcostscontinuefor theremainderof theperiodcoveredby this
plan.

5.2 Cluster Facilities

Theclusterswill be installedwithin computingenvironmentsat nationallabswith thenecessary
networkconnections,tertiarystoragesystems,andstaff expertise.Therequirednetworkbandwidth
andstoragecapacity(silo) will bemuchsmallerthanthe laboratories’experimentalprogramsso
thereareno largerelatedup-frontcostsassociatedwith a new site. Further, bothJLabandFNAL
haveconsiderableexperiencein runningclustersof commoditynodesaspartof theirexperimental
physicsprograms.

The FNAL facility is locatedin the New Muon Laboratory, in the fixed target area. Computer
readyspace(with raisedfloors,electricalsupply, andair conditioning)hasbeensetasidefor lattice
QCD clustersin theelectronicsareasof completedexperiments.An 80 nodeclusterhasbeenin
operationin this areasincethe end of 2000. It usesdual PentiumIII nodesconnectedwith a
Myrinet 2000highperformancenetwork. It is in usefor physicsby membersof theFNAL, MILC,
andCornell latticecollaborations.Tertiarystorageof 20 terabytesis currentlyavailablefor lattice
usersonFNAL’sEnstoretaperobots.Longtermtapestorageof 2.4petabytesfor experimentswill
beinstalledin 2002,onwhich futurelatticeneedswill beasmallperturbation.

UndertheSciDAC grant,thisclusterwill beupgradedto around512nodes,which will beadmin-
isteredunderSciDAC. This year, it will beupgradedto around256 nodesusinga Myrinet 2000
network, andalmostcertainlydualPentium4 nodes.In 2003,thefacility will beaugmentedwith
anadditional256nodecluster(asfundingpermits).A likely candidatefor thenetwork will bea
256portMyrinet switch,if it appearson themarket asannounced.

Spacefor 2,800narrow (2U) nodesis currentlysetasidefor lattice QCD clusters. More space
maybeobtainedin theNew Muonbuilding asrequired.Thepresentclusterwasconstructedusing
aroundtwo FTEsprovided by FNAL (pre-SciDAC). The staff is being increasedto threeFTEs
underSciDAC andwould riseto four or five in thelong term,asoutlinedbelow.
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Item Cost
FY 2004
ClusterHardware $700
OperatingCosts

Personnel(includingfringe,supportandburden):
0.25FTE FacilitiesManager $50
1.0FTE SystemsAdministrator $140
1.0FTE SoftwareStaff/UserSupport 160

Sitepreparation $40
Electricity $40
Disk cache,tapes,spares,supplies $20

Total $1,150
FY 2005
ClusterHardware $2,600
OperatingCosts

Personnel(includingfringe,supportandburden):
0.5FTE FacilitiesManager $100
1.0FTE SystemsAdministrator $140
1.0FTE HardwareTechnician/Sysadminhelp $120
2.0FTE SoftwareStaff/UserSupport 320

Sitepreparation $400
Electricity $170
Disk cache,tapes,spares,supplies $100

Total $3,950
FY 2006
ClusterHardware $3,100
OperatingCosts

Personnel(includingfringe,supportandburden):
0.5FTE FacilitiesManager $100
1.0FTE SystemsAdministrator $140
1.0FTE HardwareTechnician/Sysadminhelp $120
2.0FTE SoftwareStaff/UserSupport 320

Sitepreparation $50
Electricity $250
Disk cache,tapes,spares,supplies $100

Total $4,180

Table4: Costperyearfor eachclustersite. (All numbersaregivenin thousandsof dollars).

TheJLabfacility will behousedwithin thelab’scomputercenter. LikeFNAL, JLabwill deploy as
partof theSciDAC latticecomputingproject512nodesduring2002and2003in existingcomputer
room space(raisedfloors, amply power, A/C). The first half of this systemwill likely be dual
Pentium4 nodeswith Myrinet 2000,andbeoperationalby summer2002. Theclustersproposed
for 2004will alsobe installedin this sameroom. The largerclustersin 2005and2006areto be
installedin a plannedexpansionof CEBAF Center, which will housea muchenlargedcomputer
room(againwith raisedfloors,amplepowerandair conditioning).
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Thelong–termexpensesfor futurefacilitiesbeyondthecomputersthemselveswill consistof disk
space(cache),storagemedia,additionaltapedrive(s),power, site preparation,andstaff. These
costsaredetailedin thefollowing table.

By FY 2005,thestaffs consistof 1 systemadministrator, 1 technician(whocanassistwith system
administration),2 systemprogrammers(who will develop and maintainlow level, high perfor-
mance,applicationlibrariesandclusteroperationssoftware),andaone-halftime facility manager.
Overlappingadministrationand systemprogrammingtaskswill be sharedbetweenFNAL and
JLab. This leanstaffing is possibleonly becausenetwork security, accountmanagement,anda
numberof othersystemadministrationfunctionswill leveragetheexistingstaff at eachsite.

6 Funding Profile

Our immediateobjective is to constructthe hardware and software infrastructurethat the U.S.
latticegaugetheorycommunityneedsto carryoutterascalesimulationsof QCD.Workonsoftware
developmentis in progressunderour currentSciDAC grant. The SciDAC grant also provides
fundsto build prototypeclusters,andtheHEP Division is supportingdevelopmentwork for the
QCDOC.Thepurposeof thisdocumentis to describeourplansfor theconstructionof theterascale
computersrequiredto reachour scientificgoals,andto setout thefundingprofile neededto reach
thesegoalsin time to supporttheexperimentalprogramsin high energy andnuclearphysics,and
to maintaintheU.S.leadershippositionin latticeQCD.

We know thecomputingresourcesneededto carryout theresearchprogramoutlinedin Section2
from extensive experience.It is imperative thatwe actexpeditiouslyto constructtheseresources
becausemany of theexperimentsat which our work aimsarein progressor plannedfor thenear
future.Furthermore,ourcolleaguesin Europearein theprocessof acquiringcomputingresources
very similar in scopeto thosewe propose.The APE projectexpectsto constructterascaleclass
machinesin 2003 for laboratoriesand universitiesin a numberof Europeancountries,DESY
hasannouncedplansto obtaina 20 Tflops (peak)APEnext in 2004. In addition, the UKQCD
collaborationexpectsto install a5 TflopsQCDOCin 2003.Our Japanesecolleaguesalreadyhave
computerswith a throughputof closeto 1 Tflops, andhave ambitiousplansfor upgradingtheir
facilities. Thus,if U.S. latticegaugetheoristsareto play a significantrole in themajoradvances
expectedin thisareaover thenext decade,wemustactnow.

Theconstructionandoperationof a distributedcomputationalcomputingfacility for latticeQCD
will be a long term project. We proposeto rampup funding during the 2003–2005fiscal years,
leveragingfundsthathave alreadybeencommittedby theSciDAC Program,HEPandthepartic-
ipating laboratories.We proposethat fundingplateauin fiscal year2006andbeyond. The table
below shows theproposedfundingprofile,andthecomputingpower it is expectedto yield. These
figuresshow thetotal costof theprojectwithout distinguishingbetweennew fundsandcontinua-
tion of currentinvestments.

We expect to receive approximately$2.0M in 2003 throughthe SciDAC Programto complete
our currentsoftware andclusterdevelopmentprojects. We requestan additional$2.5M during
this year of which $1.5M will be usedto constructa QCDOC at ColumbiaUniversity with a
throughputin excessof 1 Tflops.This machinewill allow U.S. latticegaugetheoriststo make the
earliestpossiblestarton terascalecomputations.Theremaining$1.0M we requestfor 2003will
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be usedfor site preparationandthe purchaseof componentsfor a 5 Tflops QCDOCwhich is to
bebuilt at BNL in 2004. In 2004we request$7.7M,$5.4M for theconstructionandoperationof
theBNL QCDOC,anda total of $2.3Mfor theclusterprojectsat FNAL andJLab. Theemphasis
on theQCDOCduring2003and2004is motivatedby ourexpectationthatit will bethemostcost
effective large scaleplatform during this time period. At thesametime, it is necessaryto invest
enoughin clustersto maintainthevitality of thatpartof theprogram,especiallysincethey maybe
thepreferredmachinesfor thedevelopmentof new algorithmsandfor someof our mostcomplex
calculations.

By 2005we assumethatthecosteffectivenessof clusterswill surpassthatof theQCDOC,soour
emphasiswill switchto them.Weproposeatotalbudgetof $9.0Min thatyear, of which$1.0Mwill
pay for theoperationof theBNL QCDOC,andtheremainderfor theconstructionandoperation
of largeclustersat FNAL andJLab. The funding for 2006is proposedto rise to thesteadystate
level of $9.4M. In 2007andbeyondwe plan to continueour two trackapproach,usingadvances
in technologyto steadilyincreaseour computingcapabilitieswith stablebudgets.

We areconfidentthatthebroadoutlineof our planandtheaccompanying fundingprofile will en-
ableus to meetour scientificobjectivesin a timely fashion. However, thecommoditycomputer
market is changingvery rapidly, so it will be necessaryto review our planson a yearly basis.
Beforebuilding any large platform, we will constructa smallerprototype,which will be tested
with productioncodes.In consultationwith theOversightCommittee,we will formulateperfor-
mancecriteria for eachprototype,which mustbe achievedbeforea large machineis built. This
processmayleadto redistribution of fundsamongarchitecturesandlaboratories.Theover-riding
considerationwill beto maximizethescientificoutputof theusercommunity.

In the tablebelow we show theproposedfunding profile for thefiscal years2003through2006.
Thefirst threecolumnsindicatetherequestedfundingfor eachyearin millions of dollarsfor the
SciDAC project,theQCDOCandtheclusters.We includebothhardwareandoperatingcostsin
thesefigures.Thefourth columnis thetotal fundingfor theyear, againin millions of dollars,and
thefifth columnshows theexpectedtotal computingpower in Tflopsarisingfrom thisprojectand
our currentSciDAC grant.As above,theperformanceestimatesarebasedonWilsonquarks.

Year SciDAC QCDOC lusters Total Tflops

2003 $2.0M $2.5M $4.5M 2.1
2004 $5.4M $2.3M $7.7M 8.3
2005 $1.0M $8.0M $9.0M 13.7
2006 $1.0M $8.4M $9.4M 21.7

Table5: FundingProfile
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A Appendices

A.1 SomeLattices QCD Successes

In this appendixwe list someof themajor achievementsof lattice gaugetheory, aswell asnear
termprospectsfor futureones.

Key Results Date(s) Computer Resources

“Proof” of quarkconfinement 1974 None–Strongcoupling
expansionof thelattice
QCDaction

First simulation–demonstration
thatMonteCarlosimulationof
field theoryis feasible

1979 CDC-7600

Temperatureof thechiral
symmetryrestorationphase
transitionto aquark–gluon
plasma(Tc � 150MeV)

Late1980s A few Gflops-years

Accuratelight–hadron
spectrum(quenched)

Early 1990s 10’sof Gflops-years

Accuratelight–hadron
spectrum(unquenched)

Ongoing 100’sof Gflops-years(sofar)

Glueballspectrum–surprising
answerwasthatspectrum
startsnear2 GeV, much
above thecanonical1 GeV

Mid 1990s Many calculations,each
of whichuseda few Gflops-
years

Determinationof αs
�
MZ 
 from

theϒ spectrumto a precisionof
4-5%;mb andmc to aboutthe
sameprecision.This is agood
asthebestresultsobtainedfrom
jet analyses

1995 10’sof Gflops-years

Determinationof αs
�
MZ 
 , etc.,

to 1-2%,beyondthecapability
of any jet analysis

Nearfuture 100’sof Gflops-years
(at least)
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B andD mesondecayconstants
andB̄BandK̄K mixing matrix
elements,to a precisionof about
10-20%the fB and fD leptonic
decayconstantscameoutmuch
higherthanexpected( fDs is now
confirmed).Theseresultsare
regularly usedin B physicsanalyses

Late1990s 100’sof Gflops-years

B andD mesonmatrix elements
to a precisionof about5%;
exclusivesemi–leptonicB decay
form factors.Thesearekey inputs
in thedeterminationof CKM
matrix elementsfrom B–factory
measurements

Nearfuture Teraflops-year(s)

ε � � ε hadronicmatrix elements
measuringCPviolation

Nearfuture Teraflops-year(s)

Nucleonform factorsandmoments
of quarkdistributionsto a precision
of 20-30%

Early 2000’s 100’sof Gflops-years

Nucleonform factors,momentsof
quark,gluon,andgeneralizedparton
distributionsto aprecisionof 5%.
Thesearekey quantitiesmeasured
atSLAC, FermilabJLab,Bates,
andRHIC-spin

Fairly nearfuture Teraflops-years

Quark–gluonplasmaequation
of state

Fairly nearfuture Teraflops-years
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A.2 SciDAC Committees

In thisappendixwelist themembersof thecommitteesthatareproviding leadershipfor theproject.

Executive Committee

RichardBrower BostonUniversity
NormanChrist ColumbiaUniversity
MichaelCreutz BrookhavenNationalLaboratory
PaulMackenzie FermiNationalAccceleratorLaboratory
JohnNegele MassachusettsInstituteof Technology
ClaudioRebbi BostonUniversity
StephenSharpe Universityof Washington
RobertSugar(Chair) Universityof California,SantaBarbara
William Watson,III ThomasJeffersonNationalAcceleratorFacility

ScientificProgram Committee

PeterLepage CornellUniversity
RobertMahwinney ColumbiaUniversity
Colin Morningstar CarnegieMellon University
JohnNegele MassachusettsInstituteof Technology
ClaudioRebbi(Chair) BostonUniversity
StephenSharpe Universityof Washington
DougToussaint Universityof Arizona
FrankWilczek MassachusettsInstituteof Technology

Oversight Committee

Steve Gottlieb(Chair) IndianaUniversity
AnnaHasenfratz Universityof Colorado
GregoryKilcup Ohio StateUniversity
JuliusKuti Universityof California,SanDiego
RobertPennington NationalCenterfor SupercomputerApplications
RalphRoskies Director, PittsburghSupercomputerCenter
Terry Schalk Universityof California,SantaCruz
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Software Co-ordinating Committee

RichardBrower (Chair) BostonUniversity
CarletonDeTar Universityof Utah
RobertEdwards ThomasJeffersonNationalAcceleratorFacility
DonaldHolmgren FermiNationalAcceleratorLaboratory
RobertMawhinney ColumbiaUniversity
CelsoMendes Universityof Illinois
William Watson,III ThomasJeffersonNationalAcceleratorFacility
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A.3 SeniorPersonnel

In this appendixwe list theseniorpersonnelwho areparticipatingin this project. They comprise
nearly all of the senior lattice gaugetheoristsin the United States,as well as seniorcomputer
scientistsandengineerswhohaveagreedto join in theeffort.

ClaudeBernard WashingtonUniversity
Tanmoy Bhattacharya LosAlamosNationalLaboratory
RichardBrower BostonUniversity
ThomasBlum BrookhavenNationalLaboraoty
MatthiasBurkardt New Mexico StateUniversity
ShaileshChandrasekharanDukeUniversity
DongChen T.J.WatsonLaboratories,IBM
JieChen ThomasJeffersonNationalAcceleratorFacility
NormanChrist ColumbiaUniversity
MichaelCreutz BrookhavenNationalLaboratory
ThomasDeGrand Universityof Colorado
CarletonDeTar Universityof Utah
Shao-JingDong Universityof Kentucky
ZhihuaDong ColumbiaUniversity
TerrenceDraper Universityof Kentucky
Patrick Dreher MassachusettsInstituteof Technology
Anthony Duncan Universityof Pittsburgh
RobertEdwards ThomasJeffersonNationalAcceleratorFacility
EstiaEichten FermiNationalAcceleratorLaboratory
Aida El-Khadra Universityof Illinois, Urbana
RudolfFiebig FloridaInternationalUniversity
Alan Gara T.J.WatsonLaboratories,IBM
StevenGottlieb IndianaUniversity
RajanGupta LosAlamosNationalLaboratory
AnnaHasenfratz Universityof Colorado
Urs Heller FloridaStateUniversity
JamesHetrick Universityof Pacific
DonaldHolmgren FermiNationalAcceleratorLaboratory
XiangdongJi Universityof Maryland
Gregory Kilcup Ohio StateUniversity
JosephKiskis Universityof California,Davis
JohnKogut Universityof Illinois, Urbana
JuliusKuti Universityof Californa,SanDiego
AndreasKronfeld FermiNationalAcceleratorLaboratory
FrankLee GeorgeWashingtonUniversity
PeterLepage CornellUniversity
Keh-FeiLiu Universityof Kentucky
Paul Mackenzie FermiNationalAcceleratorLaboratory
RobertMawhinney ColumbiaUniversity
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CelsoMendes Universityof Illinois, Urbana
Colin Morningstar CarnegieMellon University
JohnNegele MassachusettsInstituteof Technology
ShigemiOhta KEK andRikenBNL ResearchCenter
RobertPennington NationalCenterfor SupercomputerApplications
DonaldPetravick FermiNationalAcceleratorLaboratory
Andrew Pochinsky MassachusettsInstituteof Technology
ClaudioRebbi BostonUniversity
RonaldRechenmacher FermiNationalAcceleratorLaboratory
DanielReed Universityof Illinois, Urbana
David Richards ThomasJeffersonNationalAcceleratorFacility
StephenSharpe Universityof Washington
Junko Shigemitsu Ohio StateUniversity
JamesSimone FermiNationalAcceleratorLaboratory
DonaldSinclair ArgonneNationalLaboratory
Amarjit Soni BrookhavenNationalLaboratory
RobertSugar Universityof California,SantaBarbara
Eric Swanson Universityof Pittsburgh
HarryThacker Universityof Virginia
DougToussaint Universityof Arizona
StevenWallace Universityof Maryland
William Watson,III ThomasJeffersonNationalAcceleratorFacility
Tilo Wettig YaleUniversity
Uwe-JensWiese MassachusettsInstituteof Technology
WalterWilcox BaylorUniversity
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