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Executive Summary

The goalsof our researchareto understandhe physicalphenomenancompasselly quantum
chromodynamic$QCD), andto make precisioncalculationsof its predictions.To do sorequires
terascalesimulationswithin theframework of latticegaugetheory Suchsimulationsarenecessary
to solve the fundamentaproblemsin high enegy andnuclearphysicsthatareat the heartof the
Departmenbf Enegy’s large experimentalefforts in thesefields. A computationatapability of
tensof Tflopsis neededo achiese our neartermscientificgoals. In this documentve setout our
plansfor developingthis capabilityin partnershipwith the DOE. By taking advantageof special
featuresf lattice QCD calculationsywewill achieretherequiredcomputationapoweratafraction
of thecostthatwould be requiredwith conventionalhigh performanceomputingplatforms.

Major goalsof theDOE’s experimentaprogramin highenegy andnuclearphysicsarei) verifying
thetheStandardModel, ii) determininghepropertieof hadronicmatterunderextremeconditions,
andiii) understandinghe structureof nucleonsandotherhadrons.Lattice QCD calculationsare
essentiato researchn all of theseareas.

A centralfocus of experimentsat U.S. high enegy physicsfacilities is precisiontestingof the

Standardviodel. Theultimateaim of this work is to find deviationsfrom this model—adiscovery

which would requirethe introductionof new physicalprinciplesto describematterat the shortest
distances.Many of thesetestsrequire,in additionto preciseexperimentalmeasurementsccu-
rate evaluationof the effects of the stronginteractionson processesnducedby the electraveak
interactions.Suchevaluationsrequiresmulti—Tflopslattice QCD simulations.We estimatethata

computersustaining0.5 TFlopsfor ayearwould leadto a reductionof errorin the evaluationof

crucial weakmatrix elementsy abouta factorof two, andthata machinesustaininglO TFlops
for a yearwould halve the uncertaintiesagain. Sucha reductionin errorswill be crucialfor the

interpretatiorof experimentakesultsfrom the SLAC B-factory the TevatronB-mesonprogramat

FNAL andtheproposedCLEO-Cprogramat Cornell.

At low temperatureanddensitieqquarksandgluonsareconfinedin elementaryparticles,suchas
neutronsandprotons. At very high temperaturesind densitiesone expectsa phasetransitionor

crosseer from this ordinarystronglyinteractingmatterto a plasmaof quarksandgluons,which

is believedto have beena dominantstateof matterin the early developmentof the universeanda
possiblecentralcomponenobf neutronstarstoday A primaryphysicsggoalof theRelatvistic Heavy

lon Collider (RHIC) at Brookharen National Laboratoryis the discosery and characterizatiorof

thequark-gluomplasma.Theproposedacility would allow theoristso determineghe natureof the
transition,the propertiesof the plasma,jncluding strangequarkcontent,andits equationof state,
subjectswhich arecritical to the RHIC physicsprogram,andwhich canonly be addressedrom

first principlesthroughlattice QCD calculations.

Thethird majorscientificgoalis to achieve aquantitatve, predictve understandingf thestructure
andinteractionof hadrons.Theinternalstructureof the nucleonis a definingproblemfor hadron
physicsjust asthe hydrogenatomis for atomicphysics. Indeed,the DOE Stratgjic Planspecif-
ically highlightsthe goal of developinga quantitatve understandingf how quarksand gluons
provide the binding andspin of the nucleonbasedon QCD. Major experimentalefforts in recent
yearsat Bates,JLab,SLAC, FNAL, the HERMESexperimentat DESY, andthe EMC, SMC, and
NMC experimentsat CERN have providedrich andprecisemeasurementsf the quarkandgluon

structureof the nucleon,and proposedexperiments suchasthe RHIC spin program,promiseto



reveal even greaterdetail. The proposednulti-terascaldacility, togetherwith recentadvancesn
latticefield theory will malke it possibleto calculatethis nucleonstructuredirectly from QCD, and
thusrealizethefull physicspotentialof majoracceleratoranddetectors.

We proposeto constructa distributedcomputingfacility for lattice QCD with major hardwarelo-
catedat Brookharen National Laboratory Fermi National AcceleratorLaboratory and Thomas
JefersonNational AcceleratorFacility. Two typesof hardwareplatformswill be utilized: (1) the
QCDOC,aspeciallydesigneccomputerthat combinescomputatiorandcommunicatiorcapabil-
ities on a single chip, and(2) large-scalecommaodityclusters which are configuredto maximize
theircost—efectivenesgor lattice QCD calculations Thesoftwareinfrastructureneededo achieve
very high efficiencgy on theseplatformsis underdevelopmentwith supportfrom the DOE SciDAC
program.The constructiorand maintenancef computationalnfrastructurefor lattice QCD will
requirea sustained|ong term effort. We proposeto rampup spendingfor productionhardware
duringthe2003-20035iscalyears reachingaplateawf approximately$9.4Mperyearin FY 2006
andbeyond. By theendof 2006we expectour distributedfacility to sustainmorethan20 Tflops
on lattice QCD calculations.We emphasize¢hat this numberrepresentsustainednot peak,per
formance Beyond2006continuedundingandMoore’slaw will enableusto steadilyincreasehe
capabilitiesof thefacility.

The projectto constructstaf andoperatea distributedcomputingfacility for lattice QCD will be

managedindertheadministratve structurecreatedor our currentSciDAC grant. It consistsof an

Executve Committee which hashave overall responsibilityfor the project;a ScientificProgram
Committee,which monitorsthe scientific progressof the project, providesleadershipn setting
new directions,andwill allocateresource®n all hardwarebuilt in this project;andan Oversight
Committee which reviews progressn implementingthe plansof the collaboration yeviews plans
for the acquisitionof hardware,and makesrecommendationsegardingalternatve approachesr

new directionsfor the project. Our collaborationcomprisesalmostall of the seniorlattice gauge
theoristsworking in the United Statesaswell asseveral computerscientists.The hardware and
software infrastructuredevelopedunderthis projectwill be opento the entire U.S. lattice QCD

community

Timeis critical. Experimentatesultswill beproducedn thenext few yearsata costof hundredof

millions of dollars. Theirinterpretatiorwill requirelargescalelattice QCD calculationsTheorists
in EuropeandJaparpresentlyhave computationatesourcegxceedingthosenow availablein the
U.S., andare moving rapidly to securenew resourcesomparabldo thosewe propose.If U.S.

latticegaugetheoristsareto play a significantrole in themajoradvancesxpectedn thisareaover

thenext decadewe mustactnow.



1 Intr oduction

The over-archinggoal of our researchs to understandhe physicalphenomen@&ncompassely
guantumchromodynamicgQCD), andto make precisioncalculationsof its predictions. To do
sorequiresterascalesimulationswithin the framework of lattice gaugetheory Suchsimulations
are necessaryo solve fundamentalproblemsin high enegy and nuclearphysics,which are at
the heartof the Departmenbf Enegy’s large experimentalefforts in thesefields. Virtually all of
the memberof the U.S. lattice QCD communityareworking togetherto constructthe hardware
andsoftwareinfrastructureneededor this researchWe have recentlybeenawardeda threeyear
grantunderthe Departmentf Enegy’s SciDAC programfor softwaredevelopmentandhardware
prototyping.In this documentve setout our plansfor the constructiorandoperationof terascale
hardwarefacilities.

The twentiethcenturywas an eraof striking progresstowardscomprehendinghe fundamental
structureof matter beginningwith the discovery of quantummechanicandatomicphysics,pro-
gressingto nuclearphysics,and culminatingwith the StandardModel of high enegy physics.
However, traditionalanalyticaltools have proveninadequateo extractmary of the predictionsof
QCD. Ourunderstandingf naturewill remainfundamentallydeficientuntil we know how therich
andcomple structureof stronglyinteractingmatter which comprisesnostof the knowvn massof
theuniverse arisesfrom theinteractionsamongquarksandgluons.

Perturbatiortheoryhasprovento beapowerful tool for studyingthe electro-weaknteractionsand
thoseaspect®f QCD thatarecontrolledby shortdistanceeffects,for which the effective coupling
constanis small. However, mostQCD phenomenanvolved large distanceeffectsfor which the
effective couplingconstants large,andperturbatiortheoryis thereforenotapplicable At present,
the only methodto extract predictionsof QCD in the non-perturbatie regime from first princi-
plesandwith controlledsystematicerrorsis throughlarge scalenumericalsimulationsof lattice
gaugetheory Lattice gaugetheorycalculationshave demonstrate@mportantqualitative features
of QCD, suchasquarkconfinementandchiral symmetrybreaking.They have alsoyieldedquan-
titative resultsof increasingaccuray. Recentrefinementf numericalalgorithmscoupledwith
majorincreasesn the capabilitiesof massvely parallelcomputersave broughtthesesimulations
to a new level. It is now possibleto calculatea few crucial quantitiesto an accurag of a few
percent. The strongcoupling constantand the masse®f the ¢ andb quarksare notableexam-
ples. Furthermorethe experiencewe have gainedallows confidentpredictionsof the computing
resourcesequiredfor accuratedetermination®f a broadrangeof fundamentatjuantities A very
substantialfraction of the DOE’s experimentalprogramsin high enegy and nuclearphysicsis
aimedat carryingout precisiontestsof the StandardModel, understandinghe structureof nucle-
onsandotherhadronsanddetermininghepropertieof hadronicmatterunderextremeconditions.
Lattice gaugetheorycalculationsareessentiato this research The terascaleeomputingfacilities
we proposeto constructarerequiredif thesecalculationsareto reachthe needechccuray in step
with the experimentsthey support.In Section2 of this documentwe setout our scientificgoals,
andidentify projectsthat will receve high priority for early useof the proposedfacilities. We
estimatethe resourceshatwill berequiredto make substantiaprogresson theseprojects.A list
of major achiezementsaswell asnearterm prospectdor future onesis givenin AppendixA.1,
alongwith the computeresourcesieededo achiese them.

The sizeof the computingresourcesve seekto constructis drivenby our scientificobjectves. It
is clearfrom the discussionin Section2 thatin orderto provide supportto the experimentalpro-



gramsin high enegy andnuclearphysicsin atimely fashion,andto keeppacewith theambitious
plansof our colleaguesn EuropeandJapanthe U.S. lattice QCD communityrequirescomputing
resourcegapableof sustainingtensof teraflopswithin the next few years. By taking advantage
of simplifying featuresof lattice QCD, suchasregular grids and the well understoodnfluence
of eachsite on its neighborswhich leadsto uniform, predictablecommunicationsit is possible
to constructcomputerdor lattice QCD that are far more costeffective thangeneralpurposesu-

percomputersywhich mustperformwell for a wide variety of problemsincludingthoserequiring

irregular or adaptve grids, non-uniformcommunicatiorpatternsandmassve input/outputcapa-
bilities. We arethereforecorvincedthatit is possibleto addres®ur scientificgoalsin asignificant
mannerat a costof lessthan$10M peryear

We have identifiedtwo computerarchitectureshatpromiseto meetthe needf lattice QCD. One
is the QCDOC,the latestgeneratiorof highly successfuColumbia/Riken/Brookhasen National
Laboratory(BNL) specialpurposecomputerswhich is beingdevelopedat ColumbiaUniversity
in partnershipwith IBM. The otheris commodityclusters,which are being speciallyoptimized
for lattice QCD at FermiNationalAccelerator_aboratory(FNAL) andThomasJefersonNational
AcceleratorFacility (JLab). This two track approachwill positionusto to exploit future techno-
logical advancesandenableus to retainflexibility . Eacharchitecturehasits own strengthsand
eithermay prove optimal for differentaspectof our work. The QCDOC projectis expectedto
provide very powerful computingplatformswithin the coming yearat a cost of approximately
$1 persustainedViflops. Theseplatformsarelikely to be particularly effective at generatinghe
computationallyexpensve dynamicalquarklatticesthatarecrucialfor our researchThe clusters
will allow usto take advantageof therapidadwancesn the commoditycomputingmarketto build
increasinglycost-efective machineovertime. Thewell developedsoftwarepackagesndflexible
communicationsystemsof clustersmake themparticularly advantageougor the more complex
physicsapplicationsand for the developmentof new algorithmsand computationatechniques
crucialfor theadwancemenof our field. We discussboth architecturesn Section3 The develop-
mentof the softwareinfrastructureneededo obtainvery high efficiency on theseplatformsis in
progressunderour SciDAC grant.lt is briefly describedn Section4.

Theconcepbf atopicalcomputingfacility, assetoutin the Office of Sciences computingplan,is
particularlywell suitedfor lattice QCD. We proposeto constructa distributedfacility with major
hardwarelocatedatBNL, FNAL andJLab Initially BNL will focusonthe QCDOC,while FNAL
andJLabwill concentraten clusters.This approachwill allow usto take advantageof the very
considerablesxpertiseat eachof the participatinglaboratorieswhile building platformsof the
appropriatesizeto meetour researclobjectives. Thefacilities plannedor eachof thelaboratories
aredescribedn Section5.

The constructiorand maintenancef computationalnfrastructurefor lattice QCD will requirea
sustainedlongtermeffort. At presentgdevelopmentvork for the QCDOCis beingfundedthrough
the HEP baseprogram,andthat for the clustersthroughour SciDAC grant. The SciDAC grant
providesfundsto develop software that will enablethe U.S. lattice QCD communityto exploit
bothtypesof computergroductvely. We proposeto rampup spendingor productionhardware
during the 2003—-2005fiscal years,reachinga plateauof approximately$9.4M per yearin FY
2006. During 2003 and 2004 we will focuson the QCDOC, becausat is expectedto provide
the mostcapableand cost-efective hardware during this period. Extrapolationgndicatethat by
2005clusterscansurpasshe QCDOCIin costeffectivenesssowe anticipateswitchingour focus
to themfor 2005and2006. Giventhecomputelindustrys rapidrateof developmentijt is essential



thatwe re-evaluateour planseachyear andwhennecessarye-allocateaesource$o maximizethe
scientificreturnon the investments Beforebuilding ary new, large platform, we will constructa
smallerprototypeto evaluatethe performancef productioncodes.We will selectmachinegand
their configurations)}o maximize physicsproduction,andwill target software developmentsto
areaswith the greatespotentialfor further performancegains. The funding profile we proposes
setoutin Section6.

The projectto constructstaf andoperatea distributedcomputingfacility for lattice QCD will be
managedinderthe administratve structurecreatedor our currentSciDAC grant. The Executive
Committeewill have overallresponsibilityfor the project. The ScientificProgramCommitteewill
monitor the scientificprogressof the project,andprovide leadershign settingnew directions. It
will alsoallocatetheresource®nall hardwarebuilt in this project. The OversightCommitteewill
review progressn implementingthe plansof the collaboration yeview plansfor the acquisitionof
hardware,andmake recommendationgegardingalternatve approachesr new directionsfor the
project. Thememberf thesecommitteesaregivenin AppendixA.2, andthe seniormemberof
the collaborationin AppendixA.3.

2 PhysicsGoalsand Required Computational Resouices

Our goalis to understandhe physicalphenomen@&ncompassedy QCD, andto make precision
calculationof its predictions.We will follow a multifacetedapproachn which we calculateboth
guantitiesthatcanbe comparedvith existing experimentalkesults,soasto calibratethe accurag
of our methodsand usethe samemethodsto predictquantitiesyet to be measured.In particu-
lar, our calculationswill allow increasinglyprecisetestsof the electraveaksectorof the Standard
Model, allow usto determinethe propertiesof hadronicmatterunderextremeconditions,andun-
derstanchucleonstructureandinteractions.We describesachof theseareaselow. Furthermore,
we expectthe calculationatechniquesandcomputationalnfrastructurewe develop for the study
of QCD to be applicableto stronglycouplestheorieswhich go beyond the Standardviodel, such
assupersymmetrigaugetheories chiral gaugetheories,andstringtheory Indeed,work in these
directionsis alreadyin progresdy somemembersof our community

2.1 PrecisionTestingof the Standard Model

A centralfocus of experimentsat U.S. high enegy physicsfacilities is precisiontestingof the
StandardModel. Theultimateaim of thiswork is to find deviationsfrom this model—adiscovery
which would requirethe introductionof new physicalprinciplesto describematterat the shortest
distances.Many of thesetestsrequire,in additionto preciseexperimentalmeasurementsccu-
rate evaluationof the effects of the stronginteractionson processesnducedby the electraveak
interactions.Suchan evaluationrequiredattice QCD, the only known methodwhich cansystem-
aticallyreduceall sourceof error Thesecomputationgreoneof themajorphysicsfocusesof our
researclplan,anda crucialcompaniorto the U.S. experimentalrogramin high enegy physics.

Thetechnicalchallenges to calculatequantitiesknown as“weak matrix elements”(matrix ele-
mentsof electraveak operatordetweenhadronicstates).Eachsuchmatrix elementwhencom-
binedwith a particularexperimentalquantity, givesa directmeasuremerdaf anunderlyingparam-



eterof the StandardModel. If multiple measurementsf theseparameterslisagreenew physical
principlesarerequired.Tablel summarizeshe presensituationfor four key matrix elementsFor
threeof thefour, lattice calculationdag well behindexperiment. Theimpactof the larger lattice
errorsis shovn in Figurel. For the StandardModel to be correct,the parameterp andn are
constrainedo lie in theregion of overlapof thesolidly coloredbands.Thefigureontheleft shavs
theconstraintasthey exist today Thefigureontheright shavstheconstraintasthey would exist
with no improvementin the experimentalerrors,but with lattice gaugetheory errorsreducedto
3%.

Terascalecomputerswill leadto anenormousadwvancein lattice calculationsof suchmatrix ele-

ments thusbringingthetheoreticalprecisionmuchcloserto thatof the experiments We estimate
that a computersustaining0.5 TFlopsfor a yearwould leadto a reductionin the uncertainties
in the quantitieslisted in thefirst threerows of Table1 by abouta factor of two, andthata ma-

chinesustaininglO TFlopsfor a yearwould halve the uncertaintiesagain. Theseareconserative

estimatesrelying on the measuredscaling propertiesof existing algorithms. Sucha reduction
in errors—coupledvith improvementsn experimentalresultsfrom the SLAC B-factoryandthe

Tevatron B-mesonprogram—uwill narrav the correspondingpandsin Figure 1 by four or more,

allowing the possibility of inconsistentieterminationsf p andr).

Measurement CKM Hadronic Expt. Current| Lattice Lattice
Matrix Matrix Error Lattice Error Error
Element Element Error | 0.5TF-Yr | 10 TF-Yr
_ AMg, Vig|? f& Ba, 4% 35% 18% 9%
(BB mixing)
AMg, /MM, | [Ms/Mal? | f5.Bs./f5,Bs, | Notyet | 10% 5% 3%
measured
_ € ImV,3 Bk 2% 20% 10% 5%
(KK mixing)
B— (°)lv Munl?> | (B](V=A)lB) | 25% | Calc.in 15% 5-10%
progress

Tablel: Impactof lattice QCD on thedeterminatiorof CKM matrix elementsin thetableabove,

fx is theleptonicdecayamplitudefor theindicatedmesonandBy is thematrixelemeniof AS= 2

or AB = 2 for four-quarkoperators.The lasttwo columnsshav the improvementsn lattice errors
thatwe estimatewvould be obtainedwith computerssustainingd.5and10 Tflopsfor oneyear

Therearemary othermatrix elementghatcanbeusedin asimilarwayto testthe Standardviodel,
but for which the lattice calculationsarelessadvanced.Examplesnclude semileptonidorm fac-
torsof D mesonge.g. D — v which canbe usedto studyc — d transitions),radiatve form
factorsof B mesonge.g. B — K*y), CP-violatingpartsof K — rut decayamplitudegmeasured
by €' /), andthe electricdipole momentof the neutron(of measurablsizein someextensionsof
thestandardnodel).In thesecasesa Terascaldacility will enablesubstantiaimprovementsand
provide anessentiakteptowardsreachingthe desiredaccurag.
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Figure 1: Constrainton the StandardViodel parameterg andn (onesigmaconfidencdevel).
For the StandardModel to becorrect,they mustberestrictedo theregion of overlapof the solidly
coloredbands.Thefigure on the left shavs the constraintsasthey exist today Thefigure onthe
right shavs the constraintsaasthey would exist with no improvementin the experimentalerrors,
but with lattice gaugetheoryuncertaintieseducedo 3%. R. PattersonCornellUniversity.

Thereare also a large numberof measurechadronicpropertiesthat will be calculableto high

precisionusinga Terascaldacility, andwhich canbe usedto calibrateour methods. Suchtests
will beimportantdemonstrationsf the reliability of lattice calculations.Examplesof properties
that canbe usedfor calibrationinclude the massesanddecayconstantof B andD mesonsand
correspondingdaryons,of charmoniumand bottomoniumstates(bound states,respectrely, of

charmor bottom quarksandtheir antiparticles),and of hadronscomposedf light quarks. An

accurag of a few percents expectedfor someof thesequantitieswith a Terascaldacility. We

notethat this calibrationwill be significantly sharpenedf the proposedCLEO-C programgoes
forwardat Cornell.

An importantfeatureof the lattice methodologyis its flexibility . Particle physicistswill no doubt
discover otherinterestingmatrix elementgo calculate,andit is often the casethat thesecanbe
“piggybacked” on previous calculationswith little overhead.Thusour proposedrerascaldacility
will provide aflexible databasevhich canbereusedepeatedlyasnew ideasappear

Finally, we notethat our calculationswill alsoprovide precisevaluesfor otherfundamentapa-
rametersof the StandardVlodel—the quark massesand the strongcoupling constant,as. Pre-
ciseresultsfor theseareneededo differentiatebetweencompetingmodelsof flavor physicsand
electraveaksymmetrybreaking,andlattice simulationsprovide the only methodfor doing such
calculationsIndeed thelatticeresultsfor thec andb quarkmassesrealreadyvery accuratge.g.
theerroris 2% for mp). Thelight quarkmasses-m,, my andms—aremoredifficult to calculate,
requiringextensve simulationswith light dynamicalquarks.Presenerrors,estimatedo be 25%,
will besubstantiallyeducedoy a Terascaldacility.
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Figure2: Lastseenafew microsecondafterthebig bang,thequarkgluonplasmais the quarryof
theRHIC facility, andcanbeexploredfrom first principlesusinglatticegaugeheory http://www-
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2.2 Simulating the Quark Gluon Plasma

At low temperaturesind densitiesquarksand gluonsare confinedin elementaryparticles,such
asneutronsandprotons. At very high temperaturesr densitiesoneexpectsa phasetransitionor

crossw@er from this ordinarystronglyinteractingmatterto a plasmaof quarksandgluons. Sucha
plasmais believedto have beenadominantstateof matterin theearlydevelopmenbf theuniverse,
andit mayexist todayin the coresneutronstars.A primary physicsgoal of the Relatwvistic Heavy

lon Collider (RHIC) at Brookhaven NationalLaboratoryis the discovery and characterizatiorof

thequark-gluorplasma.Thereareanumberof issueghatarecritical to the RHIC physicsprogram
which canonly beaddresseérom first principlesthroughlattice gaugetheorycalculations.These
includethe natureof thetransition,the propertiesof the plasma,ncluding strangequarkcontent,
andthe equationof state.Their studywill beamajorfocusof ourwork.

Oneof the majoradvancesn lattice QCD in recentyearshasbeenthe developmentof improved
actions thatis improved methodsof placingthe continuumtheoryon thelattice. Theseimproved
actionsvastly increasethe accurag of lattice calculationsfor a given amountof computingre-
sources.Membersof our collaborationhave playedimportantrolesin this work. We proposeto
take advantageof our recentsuccessewith improvedactionsandthe enormougpower of the pro-
posedfacilities to carry out a definitive studyof the quark-gluonplasmaat high temperatureand
zerobaryondensitywith arealisticquarkensemblandvastlyreducedliscretizatiorartifacts. The
resultsareexpectedo give valuableassistancé the RHIC experimentalprogram.Theinitial ob-



jectivesof thiswork will beto mapthe phaseadiagramin temperatur@andquarkmassor up,down,
andstrangequarks,determinethe orderof the phasetransition,andobtainanaccurateletermina-
tion of thetemperatur®f the cross@er. The next stepwill bethe determinatiorof the equationof
stateof the plasmajncluding strangequarkcontent,andthe predictionof real-timeexcitationsof
theplasma.Theseobjectiveshave obviousrelevanceto theanalysisof RHIC experiments We will
alsoseekto understandhe role of instantonsn the phasetransition,andto measurehe strength
of theaxialU (1) anomaly Thisinformationis neededo formulatephenomenologicahodelsthat
extrapolateto regimesinaccessiblé¢o lattice gaugetheory

Thedevelopmenif highly improvedactionsfor lattice QCD have openedhe possibility of carry-
ing out realisticsimulationsof hadronicmatterin thevicinity of the quark-gluontransition.How-
ever, significantenhancemenh computingpower is neededor thiswork. Basedon our extensve
experiencen the study of QCD thermodynamicsvith simpleractions,this will be a multi-year
project,which will requirelong-termuseof the proposednulti-Tflopsfacilities.

The study of QCD at finite baryondensityis a very importantproblem,which will requirethe
developmentbof new algorithms.Work in this directionwill be animportantpartof our effort, and
will requiresignificantcomputingresources.

2.3 Structur e and Interactions of Hadrons

The third major scientificgoal of our collaborationis to achieve a quantitatve, predictve under
standingof the structureandinteractionsof hadrons.

Theinternalstructureof the nucleonis a definingproblemfor hadronphysicsjustasthe hydrogen
atomis for atomic physics. Indeed,the DOE Stratgic Plan specificallyhighlights the goal of

developing a quantitatve understandingf how quarksandgluonsprovide the binding and spin
of the nucleonbasedon QCD. Major experimentalefforts in recentyearsat Bates,JLab,SLAC,

FNAL, theHERMESexperimentat DESY, andthe EMC, SMC, andNMC experimentsat CERN

have providedrich andprecisemeasurementsf the quarkandgluon structureof the nucleon,and
proposedxperimentssuchasthe RHIC spinprogrampromiseto reveal even greaterdetail. With

recentadvancesn latticefield theory it is now possibleto calculatethis nucleonstructuredirectly
from QCD, sothatmulti-Terascaldattice calculationshave becomean essentiatool to obtainthe
full physicspotentialof majoracceleratoranddetectors.

A wealthof experimentalobsenablescanbe calculatedon thelattice. Electromagneti¢orm fac-
torsmeasuredn elasticelectronscatteringcharacterizehe distribution of chage andmagnetiza-
tion arisingfrom all the quarksin the nucleonandparity violating electronscatteringexperiments
further reveal the specificcontributionsto thesequantitiesfrom strangequarks. Deepinelastic
scatteringof electronsmuons,andneutrinosmeasurestructurefunctionscharacterizinghelight
conequarkdensity quark spin density and gluon densityas a function of momentumfraction,
andthe momentsof thesedistributionscanbe calculatedon the lattice. A particularlyimportant
exampleis thelowestmomentof the spindensity which measureghefractionof the nucleonspin
carriedby thespinof quarks.Indeedtheonly wayto fully resolhetheso-called’spin crisis” which
arosewhenexperimentsshoved that only about20% of the spin of the nucleonoriginatesfrom
guarkspinsis to calculatein lattice QCD how the total spinis divided betweenquarkandgluon
spinandorbital angularmomentum.



Calculationswith limited computationaresourceave alreadyestablishedhe methodologyto
calculatethe nucleonform factor the contributionsof strangeguarksin thenucleonandmoments
of the quarkdensity spin, andtrans\ersity distributionsin the nucleon. Thesecalculationshave
highlightedthe fact that the pion cloud plays an essentiarole in all theseobserables,andthat
guantitatve agreemenivith experimentwill only be possiblen thenext generatiorof calculations
which areperformedon suficiently largelatticesat sufficiently low quarkmasseshatthe physics
of the pion cloud s accuratelyincluded. Basedon the known scalingpropertiesof presentalgo-
rithmsandusingthe analyticaltools of chiral perturbatiortheory therelevantcalculationsan full
QCD with dynamicalquarkscould be carriedoutin oneyearof productionwork on a computing
facility sustaininglO Tflops.

0.6

xf(x.Q)

Figure3: High enegy scatteringexperimentshave measuredhe distribution of quarksandgluons
in the proton. The measuredlistributions f(x) for six typesof quarksand antiquarks(denoted
u, d, u, d, s, andc) andfor gluons(denotedg) areshavn in the figure. Multi-teraflopsfacilities
will enablecalculationof the momentsof thesedistributions from first principles, providing a
fundamentalinderstandin@f the structureof the proton.

Spectroscopistheclassidool for discoveringtherelevantdegreesof freedomof aphysicalsystem
andtheforcesbetweerthem.Oneof thefascinatingeaturef QCD is thatit offersthe possibility
of aricherrangeof hadronicstategshanhasyetbeenobseredexperimentallysothatprecisdattice
calculationscan play a pivotal role in helpingguide experimentalsearches Lattice calculations
will studythenumberandstructureof hadronicexcitedstatesaswell their transitionform factors.
The presenceor absenceof hadronswith exotic quantumnumbers the natureof glueballs,and
theoverlapbetweermodeltrial functionsandexacthadronstateswill provide insightinto therole
of flux tubes,dibaryons,andthe inner workingsof QCD. Again, exploratory calculationsof the
lowestnegative parity N* state,a comprehensi calculationof the glueballspectrumgcalculation
of hybridmesonsandastudyof theexistenceof theH particleshav thattherequisitemethodology
is ready Precisiormulti-Terascalealculationswill provide crucialinsightinto currentandfuture
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hadronspectroscop

Currently thereis no fundamentalunderstandingf the very foundationof nuclearphysics,the

nucleon-nucleomteraction.Significantinsightinto the role of gluonexchangeguarkexchange,
mesonexchangeandthe origin of shortrangerepulsionwill be obtainedby lattice calculationsof

theadiabatigpotentialbetweerheavy-light systemsthatis, meson®or baryonscontaininga single
heary quarkin additionto otherlight quarksor antiquarks.

In additionto calculatingobsenablesto comparewith experiment lattice calculationsareinvalu-
ableto obtaininsightinto fundamentabspectof QCD. Currentlattice techniquesanstudythe
role of instantonsandtheir associategderomodesin chiral symmetrybreaking therole of center
vorticesandmagnetianonopolesn confinementandcalculationof the parametergnteringchiral
perturbationtheory The lattice also allows theoriststo answerinterestingtheoreticalquestions
inaccessibleéo experiment,suchashow the propertiesof QCD changewith the numberof colors,
guarkflavors,or guarkmassesRecentlydevelopedechniquesnayalsoenablestudyof thephases
of densehadronicmatterandthe transitionsbetweerthem.

A moredetaileddescriptionof researcltopportunitiesn hadronstructureandinteractionamay be
foundonthewebatft p: // ww« ct p. m t. edu/ pub/ negel e/ Lat Prop/

3 HardwarePlans

3.1 DeploymentStrategy

As detailedin theprevioussectionacomputationatapabilityof tensof Tflopsis neededo achiere
ourscientificgoals.To meetthisneedwe plananaggressie hardwaredevelopmenprojectin part-
nershipwith the Departmenbf Enegy. By takingadvantageof the specialfeaturef lattice QCD
calculationswe will achieve the requiredcomputationapower at a fraction of the costof typical
high performancecomputingplatforms. We plan to follow two independenapproacheswhich
both promiseto lead,in a complementarynanney to low-cost, massve computationatcapabili-
ties. Specifically we intendto develop (1) the QCDOC,a speciallydesignednachinethat com-
binescomputatiorandcommunicatiorcapabilitieson asinglechip,and(2) large-scaleommaodity
clusterswhich areconfiguredto maximizetheir cost-eficiency for lattice QCD calculations.By
differentiatingour hardwaredeploymentstratey in this way, we will be ableto follow technical
developmentsandredirectour efforts, if necessarysoasto achieze themaximumreturnonthein-
vestmenin the project. The diversificationentailsanothemajoradvantage With thebroadrange
of investigationsve plan,differentcalculationswill bebettersupportedn differentarchitectures,
andwe will beableto tailor our computationattratgiesaccordingly

3.2 QCDOC Overview

As hasbeendiscussedibove, the regular characteiof lattice QCD calculationscanbe exploited
to achieve very significantcost/performancadwantages While the mostdemandingcalculations
easilyrequirethousand®f closely-couplegrocessorsthe underlyingnearest-neighbarommu-
nication patternallows the useof a mesh-stylenetwork architecture. Suchmeshnetworks can



provide both low lateng andhigh bandwidthat very reasonable&ost. By exploiting the present
capabilitiesof commercialchip design,it is possibleto fabricatean individual computingnode
which includesthis network electronicsandis containedn a singlechip. It is this combinationof
processgmetwork andmemoryon a singlechip which lies at the heartof the QCDOC (Quantum
Chromodynamicen a Chip) architecture.

Tamgetinga costper sustainegerformanceof $1/Mflops,the QCDOCdesignplansa single pro-
cessingnodewhich occupiedessthan6 in® (including up to 2 Gbytesof off-chip memory)and
consumesoughly 3 watts. This combinationof price, power andpackagingpermitsthe econom-
ical constructionof the very large, 10K processar5 Teraflopsmachinesrequiredfor significant
advanceson mary of thecritical physicstopicsaddressedh this plan.

Thegroupcenteredat Columbiahaspioneeredhe designandconstructiorof specialpurposema-
chinesfor the study of QCD. The presentQCDSPmachinesat Columbiaand Brookhaven have
provided a sustained300 Gflops for lattice QCD calculationsfor the pastfour yearsand even
now represenbne of the two largestfacilities for lattice QCD simulationsinternationally (The
QCDSPmachineat BNL wonthe GordonBell prizefor price performancetthe Novemberl998
Supercomputingconference SC98.) With substantiafunding from the U.S. DOE, the RIKEN
Laboratoryof Japamandthe UKQCD collaborationthe designof this next QCDOCmachine pe-
gunin thefall of 1999,is now nearingcompletionwith first prototypechipsexpecteahis summer
This designwork representa very fruitful collaborationbetweenColumbia, RIKEN, UKQCD
andthelBM corporationwhich is exploiting this architecturdor its own futureresearchmachines
(http://www. research.ibm cont bl uegene/ i ndex. htm).

The QCDOC architectures a naturalevolution of that usedin the QCDSPmachines. Individ-
ual processinghodesare PoverPC-base@nd interconnectedn a 6-dimensionaimeshwith the
topologyof atorus.A secondEthernet-basedetwork providesbootinganddiagnosticcapability
aswell asmoregenerall/O. The entirecomputerwill be packagedn a style that providesgood
temperatureontrol,a smallfootprint andeasyaccessibility Centralto this designis IBM’ s tech-
nology which makes possiblethe high-density low-power combinationof an industry-standard
RISC processowith 64-bit floating point, embeddedRAM, 500 MHz communicationandthe
wide arrayof pre-designedunctionsneededo assembléhe complete functioningunit.

This carefully balancedarchitecturgpermitsdemandingfull QCD calculationsto be distributed
overmary processorgproviding the network bandwidthrequiredfor theresulting,large surfaceto

volumeratios. Sincethe designis now nearingcompletion,the performanceof real codecanbe
demonstratedith gate-lerel simulation. The500MHz floating pointunit achieves84%efficiency

for theWilson Dirac operatoiwhenoperatingrom cachefor double-precisiomrithmetic,i.e. 0.84
Gflops.Usingthelarge 8 Gbyte/sedandwidthbetweemprocessoandon-chipmemory this same
Wilson Dirac operatorcanbe evaluatedwith 78% efficiengy. Finally with latenciesin the range
of a few hundrednsecsand an aggreateoff-node bandwidthof 12 Gbits/seccurrentgate-level

simulationsachiere a 49%efficiengy for the Wilson Dirac operatolin the mostdemandingaseof

2% sites/node.

Critical to the effectivenessof this QCDOC architectureis the SciDAC software development
effort. The creationof standardcommunity-endorsedommunicationinterfacesaswell asboth
high- andlow-level arithmeticroutinesis supportingan evolution of the very large andvaluable
U.S. QCD codebasewhich will permitits efficient executionon QCDOC machinesaswell as
specificallyoptimizedclusternetwork architectures.The resultingefficient interoperabilitywill
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provide very importantadvancesn scientificproductvity for the entireU.S. lattice QCD effort.

We expecttheseQCDOC machinego play a critical role in U.S. physicsfor the first 3-4 years
coveredby this strateyic plan. Towardthe endof thatperiod,we expecttechnologicahdvancedo
offer evengreateropportunitiedor this system-on-a-chippproachto massvely parallelcomput-
ing. In particular we expectto seriouslyconsiderafollow-on machineconstructedisingthe IBM
Bluegene/Ltechnologywhich mayachiese $0.25/Mflopsfor QCD, andpermitthe constructiorof
a 50 Teraflopsscalemachinewithin the budgetprofile outlinedin this plan.

3.3 Clusters Overview

Over the last several years,the intensecompetitionfor high performancedesktopcomputershas
leadto enormouggainsin processoperformance.At the sametime, the market for specialized
interconnectso supportparallelcomputinghasmadeit possibleto assembleosteffective clusters
from commoditycomponentsvith the performanceequiredfor QCD calculations An additional
strongbenefitto the lattice communityflowing from the exploitation of clustersis the easewith
which universityclusterscanbe usedin softwaredevelopmentproductionrunning,anddataanal-
ysis,exploiting theidenticalsoftwareusedat the nationalfacilities. For thesereasonscommaodity
clustersform anessentiapartof thelong rangeplanfor lattice computing.

Eachyear marketleadingcomponentsvill beusedto build aleading-edgelusteroptimizedto the
requirement®f lattice QCD (leanmemory leandisk, low latengy semi—commaodityclusterinter-
connect).Theensembl®f clusterswill bepresentedo theusersasacoherentomputingresource,
independenof systemversionandclusterlocation,throughthe combinationof platform specific
librariesandsophisticatedyrid software. As processoperformancedwancesthe performancef
the latestclusterswill increasegextendingthe physicsproblemsaccessibldo the lattice theorists
eachyear

Single chip processoperformancancreasess Moore’s Law (60% per year),with currentintel

Pentium4 chipssustainingmorethan2 Gflopssingleprecisionon CPU—intensie lattice kernels,
and 1.6 Gflopsfor the full Wilson inverter Intel hasalreadydemonstrateadhipsrunningat 2.5
timestoday’sclock speedsleadingusto expectsinglechip performancexceedings Gflopswithin

two to threeyears.

Chip performances limited by memorybandwidth which tendsto increasewith time lessrapidly
thanCPUspeedbut thislimiting effectis softenedoy a growing useof, andsizeof, full speecn—
chiplevel 2 (L2) cache.Theimpactof thememorybottleneckodayis thatin adualprocessobox
andfor problemswhich mostlyfit into theL2 cache the secondprocessoaddsonly 25%— 40%
in performance However, a secondprocessoaddsonly 15%— 20%to the cost,soit canstill be
worthwhile. Quad—processarchitecturefiave evenhighermemorybandwidthsallowing theuse
of four processorsandareexpectedo be costcompetitve with dualsin 20040r 2005(the choice
betweerdualsandquadswill bemadebaseduponmarket conditions). Todaythemarketis making
thetransitionto doubledatarate SDRAM (interleavedto achieve 3.2 GB/s peakbandwidth),and
Ramhlus memorieswill soondoublein bandwidthto over 6 GB/s, so healthymemorybandwidth
gainscanbeexpectedoverthenext severalyears.In this proposal sustaineanulti—-processonode
performances conseratively predictedto grow at approximately40% (insteadof 60%) peryear
for the next two years,andsomevhat moreslowvly thereafterto accountfor memorybandwidth
limitations.
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Clusterinterconnect#ntroduceadditionalbandwidthandlateng relatedinefficiencies. Theband-
width limitations presentlycomefrom the external bus architecturesgcurrently PCI-64/66(512
Mbytes/s),with PCI-X (1 GB/sec)emepging this yearanddoublingin performancewithin two
years. By 2005, Infiniband 12X is expectedto be the market leadey providing 6 Gbytes/se®f
bandwidthpernode therebykeepingpacewith processogains.Thesehighbandwidthbusescou-
pled with high performanceanterconnectshouldallow us to reducethe inefficiengy introduced
by clusteringto roughly 10optimizationon designwill be the overall price performanceof the
entirecluster(CPU, memory interconnect) Network optimizationwill requirehigh efficiency in
overlappingcommunicationgnd computationwhich will be facilitatedby the communications
librariesbeingconstructedinderour SciDAC grant.

As alreadystated,the proposednationalfacility consistsof threesites, leveragingthe existing
computinginfrastructureat BNL, FNAL, andJLah For thetwo clusterbasedentersthe stratgy
will be a continualdeploymentof new capacity addingoneclusterat eachsite peryear With a
constantfunding profile, this will yield ever increasingcapacity(following Moore’s Law), with
oldersystemseingreplacedoy newver onesin a 3—4 yeartimescale.This stratgy is the sameas
thatbeingfollowedat a numberof sciencecomputingcentersacrosdDOE andotheragencies.

In agivenyear if market conditionsarestable thesystemsat FNAL andJLabmaybeidentical;if
multiple viable technologiesare availablewith differentstrengthsandweaknessesyr if procure-
mentsdiffer in time by morethan3 months,they may be different. For at leastthe next several
yearsthesizesof thelatticesthatwill beused andtheincreasedlexibility of multipleindependent
systemssupportthis multi—cluster(multi—site) strateyy.

A clusterwill consistof multiple racksof computenodesinterconnectedia a high speeccluster
interconnecsuchasMyricom’s Myrinet (the currentmarlket leader). Eachnodewill have alean

memoryconfigurationwith the FNAL andJLabclusterspossiblychoosingdifferentparameterso

optimally cover a rangeof applicationrequirementsandwill have only a smalldisk of minimal

performanceagainbaseduponapplicationrequirementsin addition,eachnodewill have a stan-
dardnetwork connection(today100Mbit ethernetwithin 2—3yearsl Gbit ethernet) Thestandard
network will link the clusterto a setof corventionalfile seners,someof whichwill seneasadisk

cachefor inputandoutputdatafiles backedup by the hostlaboratorys tertiary storagesystem.

Thetablebelow givesthe mostsignificantclusterparametersandthe expectedsizeandcostof the
hardware at eachof the two clustersites. Actual procurementsnay differ, usinga build-to-cost
stratgy 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 2x(400+400) 2x(500+500)
Link Lateng psec 6 5 4
PerformancégTflops) 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—performanceatio in $/Mflops andthe overall performanceassumes full-cluster job
with Wilson quarks.

Anotherimportanttrendin clusterss increasedcalability Whereagoday(2002)clustersbecome
noticeablylessefficientabove 128 nodesadvancesn interconnectsireexpectedo raisethis size
eachyear In 2007,16-way processorsnay bring anotherstep-functionimprovementn thesingle
box lattice surface:wlumeratio, further enhancingscalability mary ten’s of teraflops. As part
of the SciDAC project, FNAL and JLab will be working togetherto selector develop various
softwaretools to managedarge clusters(bios upgradesgisk replication,booting, monitoringand
diagnosticsetc.). This sharingwill continueinto the operationaphaseof thelargefacilities.

3.4 Distributed Facility Integration

The multiple machine§QCDOCsat BNL and Columbia,andvariousgeneration®f clustersat
FNAL andJLab)will bepresentedo theuserasacoherentomputingresourceUserswill beable
to submitjobsto aparticularresourcédbaseduponknowledgeof applicationdependenadvantages,
or to a virtual batchqueuewhich will deploy the job to the platform which can executeit the
soonestconstrainedy allocationsandotherpolicy.

Inputandoutputfiles will bemanagedisingdatagrid software,particularlyleveragingthe experi-
encesanddevelopmentsf the Particle PhysicsDataGrid CollaboratorySciDAC projectin which
JLabis anactve participantaswell asdevelopmentsomingfrom othergroupswithin the Global
Grid Forum. In particular therewill bealocationindependenglobalnamespacdor files, sothat
files canbereferencedndretrievedfrom ary site.

Batchjobs requiring large input files will tendto executewherethe sourcedatais located,but
thesystemwill be capableof automaticallymigratingdataasappropriatetrackingall replicasfor
futureuse.

Generateddatawill be catalogedin a global, searchabledatabasewhich can be queriedboth
througha web portal or throughprogrammingnterfaces.Toolswill be availableto automatically
importthe meta-datassociateavith a particulardataset,suchasa lattice configurationensuring
thatvaluabledatais accessiblé¢o alarge community

4 SciDAC Software Infrastructur e Project

The goal of the SciDAC software infrastructureprojectis to createa unified programmingervi-
ronmentthatwill enablethe U.S. lattice communityto achieve very high efficiency on the multi-
terascaleomputerarchitecturesargetedin our plan. To accomplisithis a nationaleffort is under
way to develop uniform standardsothatthe time andenegy of thelattice QCD communitywill
not be consumedy portingandoptimizingapplicationcodeasthearchitecturegvolve overtime.
Moreover, with our two architectureapproach,t is essentiakto have in placethe capability to
quickly move applicationshetweerplatformsto optimizeutilization of resourcesandbalancethe
load. The ability to easilysharedataandrapidly implementnew algorithmswill substantiallyre-
ducecosts,andincreasethe speedwith which we can carry out the ambitiousphysicsprogram
describedabore.
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The SoftwareCoordinatingCommitteeprovidesoverallleadershipf thesoftwareeffort. Its mem-
bersarelistedin AppendixA.2. Theinitial focusof the Committeehasbeento definea QCD Ap-
plication Programmingnterface (API) so thata uniform, highly optimized,communicatiorand
linearalgebraayeris provide to the entireQCD community As this API is adoptedthework to
develop optimizedimplementationgndto port the major applicationcodeshasacceleratedThe
entirepurview of the Committeeincludesthe following tasks:1. QCD API andCodeLibrary; IlI.

Optimize Network Communicationsjll. OptimizedLattice QCD Kernels;IV Application Port-
ing andOptimization;V. DataManagemenandDocumentationandVI ExecutionsErnvironment.
Detailedinformationon the projectand accesgo publishedstandardsind codecanbe found at
the URL www.lgcd.og. The goalis to have the infrastructurein placeby the endof 2003, with
essentiapartsof it deployedasearlyasthis summer

4.1 QCD Application Interface

The QCD API hasbeenthe centralfocusof the Software Co-ordinatingCommittee asit provides
theoverall softwarematrix within which much,but notall, of the othertaskarefound.

QCD-API Level Structure

Level 3

Dirac OperatorsCG Routinesetc.
(Critical sectionsof applicationcodes)

QDP_xxx Level 2
DataParallel QCD Lattice Operations
(overlappingAlgebraandMessaging)
e.g.A = SHIFT(B,mu)* C; Globalsums etc
Lattice Wide LinearAlgebra Lattice Wide DataMovement
(No Communication) (PureCommunication)
egA=B*C e.g.Atemp= SHIFT(A, mu-dir)
| QLA _Xxx Level 1 QMP_xxx
SingleSite & VectorLin Alg API MessagédlassingAPI
e.g.SU(3),Diracalgebragtc. (Lattice Geometryinto Network)

Asindicatedin thetable,thedesignfor the QCD APl is asfollows. Theapplicationcodesitsabove
Level 2 of the API. Level 3 representpluginsto the applicationcodeof speciallyoptimizedsub-
routinesfor computationallyintensve segmentsof the calculation,suchasthe conjugategradient
solvers,which maycall Level 1 codedirectly. Themiddlelayer, Level 2, is the fundamentatata-
parallelinterfacepresentedo the applicationprogrammeifunction namesQDP_xxx). To shield
theapplicationprogrammefrom architecturalependencieshis Level 2 API is built onlow level,
Level 1, Linear AlgebraandMessagéPassingAPI’s (functionnameQLA xxx andQMP _xxx re-
spectvely). In generalassemblylevel routinesarerestrictedto a small kernelin Level 1 sothat
theremainingC or C++ codecanbe quickly portedto new platforms. The codeis opensoftware
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sothatwhenoptimizationor flexibility requiresit, the applicationprogrammeiis allowedto call
Level 1 routinesdirectly.

Somehighlightsof the presenprojectsunderway in the SciDAC softwareinfrastructuregor QCD
arethe following. The messagegassingAP| designhasbeencompletedand both C and C++
interfaceshave beenimplementedon top of MPI for testing. Implementation®ptimizedfor the
QCDOCandfor Myrinet (ontop of GM) arenearingcompletion sothiscritical layerwill beready
for usein the developmentof applicationcodefor botharchitecturesn the summerof 2002. The
Level 1 linear algebraroutinesare being generatedn pureC at first, andthe basicdataparallel
designdocumentfor Level 2 hasbeenlargely written and agreedon. Plansare being put into
placeto fully port the Light HadronPhysicsCollaborations codebase(SZIN et. al.) to sit on
top of Level 2. The developmentof quarkinvertershighly optimizedfor the QCDOCis nearing
completion,andtheinitial benchmark®n the simulatoralreadyarewithin the designrangeof the
machine.Thus,in ashorttime goodprogressonthe QCD-API hasbeenmade.

4.2 BroaderInfrastructur e Project

Therearea hostof othertaskspertinentto the full rangeof SciDAC softwareinfrastructurecom-
ponentdistedabove, which arein variousstagesFor exampleJLabandFNAL, with collaborators
in anumberof universities,areoptimizing codefor the Pentium4 usingits SSEinstructionsand
softwaretoolsarebeingassembledndadaptedor improving the executionervironmentfor large
clusters.Computescientistsaredevelopingtoolsthatcaninstrumenscientificapplication.For in-
stanceaparticulartool, SvRablo,hasbeenusedto instrumenthe MILC codeto assessheimpact
of new architecture®n performance Recently work hasbegunin the areasof datamanagement
anddocumentationThe Software CoordinatingCommitteeis studyingtheuseof XML, bothasa
tool to controldatafile I/0 andto locaterelevantdatausingwebbasedsearchmethodsemploying
SQL. Thisis thebeginning of a generalexplorationof webbasedcomputingwhichis expectedto
involve advancedataGrid softwareto, for example,allow batchqueuego directjobstargetedto
multiple installationat the differentparticipatinglaboratories.However, the Committeeis taking
apragmaticapproachlt seekdo avoid “reinventingthe wheel” andto alwaysmaintaina smooth
transitionfrom existing practices sothatuserscanfocuson the physics,andthe valuablelegacy
of 25 yearsof softwaredevelopmenin the USA lattice QCD communityis leveraged Our testof
successfusoftwareinfrastructurefor QCD is thatit increasephysicsproductvity andpromotes
thevoluntaryadoptionof moreuniform standard$®y the community

5 Physical Facilities

5.1 QCDOC Facilities
An importantpartof our stratgjic planis the stageddeploymentof the QCDOCcomputers.This
will beaccomplishedhn threesteps:

Prototype: In this first stagea prototypemachineof a few hundrednodesand performanceof
~ 100 Gflopswill be constructedand usedto run benchmarkcodeto verify both the QCDOC
designandits utility to supportthe physicsgoalsof the collaboration. This prototypestageis
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alsoanimportantpartof the hardwaredevelopmenteffort andis alreadyfundedby the DOE. This
machineshouldbe availablein the late summetror earlyfall of 2002.

Development: This1.5Teraflopanachinewill beconstructe@tColumbiaassoonasthehardware
designhasbeenverifiedandthe benchmarksbove have beensuccessfullypassedA combination
of ColumbiaandBNL personnebswell asthe SciDAC teamat BNL will provide usersupport,
allowing this very significantresourcdo be usedby membersof the U.S. communityfor physics
projectsselectedy the collaborations ScientificProgramCommittee. This machinewill provide
internationallycompetitve resourceso the U.S. lattice communityanda very effective testof the
ability of the QCDOC hardware and softwareto advancethe physicsgoalsof the collaboration.
We anticipatethat constructiornof this machinewill begin latein 2002andthatthe computerwill
beavailablefor generalusein the Springof 2003. The costof themachineis $1.5M.1t canbe built
throughColumbiawithout overheacchages.

Production: By constructinga machineof atleast5 Teraflopssustainedapacity this production
stagewill provide the U.S.communitywith a resourcehatis comparablego the 5 Teraflopsma-
chinesthatarenow fundedfor the UKQCD collaborationthe RIKEN BNL ResearclCenter(both
alsoQCDOCmachines)the5 Teraflopsmachinebeingplannedn Germaly andthe~ 5 Teraflops
APE NEXT computersanticipatedn Italy. We would go forward with this major steponly after
the developmentmachinehasshovn substantiakuccess.The constructionof this $5M machine
would bestartedatein 2003andshouldbe availablefor full-scalephysicsuseearlyin 2004. Crit-

ical to realizingthe full physicspotentialof this resourcds the provision of adequatestafing to

maintainandevolve flexible andefficient applicationsoftware,appropriategun-timesupportanda
corvenientbatchandinteractve userervironment.
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ltem | Cost|

FY 2003
1.5 Teraflopsdevelopmentmachine $1500
BNL constructiorcosts
Site preparation $250
Technicians/Bcility Management $150
Total $400
Componentsor 5.0 TeraflopsBNL machine $600
Total $2500
FY 2004
5 TeraflopsQCDOCconstruction $4400
Operatingcosts
Personne{includingfringe, supportandburden):
0.25FTE FacilitiesManager $52
1.5FTE Technician $234
1 FTE SystemAdministrator $186
1 FTE Software Development $186
1 FTE SoftwareSupport/Taining/Librarian $163
Total personnel $821
Electricity $100
Disk andsener upgradessupplies $79
Total operating $1000
Total $5400
FY 2005
Total | $1000
FY 2006
Total | $1000

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

Finally we discussthe stafing andfunding profile requiredfor this portion of our strategic plan.
The requiredfunding profile, for the period beginningin FY 2003 is presentedn Table3. In
additionto fundsfor the developmentmachinethe FY 2003 budgetincludesBNL site prepara-
tion costsanda 1.0 FTE technicianand0.25 FTE facilities managemwho will participatein the
assemblyof the developmentmachineand overseethe site preparatiorandinitial installationat
BNL. Significantsavings arerealizedin site preparatiorat BNL sincethe Lab hasalreadybud-
geted$l.7Mfor renovationandplantimprovementdo supporttheinstallationof boththe5 Tflops
machinedescribechereandthe 5 Tflops RIKEN machinethatis plannedduringthe sameperiod.
(Furthersavingsresultin thelater operatingcostssincetherequired0.5 FTE facility manageand
two dedicatedechnicianhave beendivided betweerthesetwo projects.)

The FY 2004 budgetincludesthe remainingconstructionfunds for the 5 Tflops machine. This
procuremenwill be carriedout throughColumbiaandwill not incur overhead. The remaining
operatingcostsof $1M in 2004will providethepersonneheededo supportarge-scaleommunity
useof this substantialresource. This level of systemmanagementuser supportand software
maintenanceind developmentare essentiafunctions,requiredfor this facility to realizeits full
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physicspotential. Theseoperatingcostscontinuefor the remainderof the periodcoveredby this
plan.

5.2 Cluster Facilities

The clusterswill be installedwithin computingervironmentsat nationallabswith the necessary
network connectionstertiarystoragesystemsandstaf expertise.Therequiredhetwork bandwidth
andstoragecapacity(silo) will be muchsmallerthanthe laboratories’experimentalprogramsso
thereareno largerelatedup-frontcostsassociateavith a new site. Further both JLabandFNAL
have considerablexperiencan runningclustersof commoditynodesaspartof their experimental
physicsprograms.

The FNAL facility is locatedin the New Muon Laboratory in the fixed target area. Computer
readyspacgwith raisedfloors, electricalsupply andair conditioning)hasbeensetasidefor lattice
QCD clustersin the electronicsareasof completedexperiments.An 80 nodeclusterhasbeenin
operationin this areasincethe end of 2000. It usesdual Pentiumlll nodesconnectedwith a
Myrinet 2000high performanceaetwork. It is in usefor physicsby memberof the FNAL, MILC,
andCornelllattice collaborationsTertiary storageof 20 terabytess currentlyavailablefor lattice
userson FNAL’s Enstoretiaperobots.Longtermtapestorageof 2.4 petabytegor experimentswill
beinstalledin 2002,onwhich futurelattice needswill beasmallperturbation.

Underthe SciDAC grant,this clusterwill beupgradedo around512nodeswhichwill beadmin-
isteredunderSciDAC. This year it will be upgradedo around256 nodesusinga Myrinet 2000
network, andalmostcertainlydual Pentium4 nodes.In 2003,thefacility will be augmentedvith
anadditional256 nodecluster(asfunding permits). A likely candidatefor the network will bea
256 port Myrinet switch, if it appear®nthe marketasannounced.

Spacefor 2,800narrav (2U) nodesis currently setasidefor lattice QCD clusters. More space
may beobtainedn the New Muon building asrequired.The presentlusterwasconstructedising
aroundtwo FTEs provided by FNAL (pre-SciDAC). The staf is beingincreasedo threeFTEs
underSciDAC andwouldriseto four or five in thelong term,asoutlinedbelow.
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| Item | Cost]
FY 2004
ClusterHardware $700
OperatingCosts
Personne(includingfringe, supportandburden):
0.25FTE FacilitiesManager $50
1.0FTE SystemsAdministrator $140
1.0FTE Software Staf/User Support 160
Site preparation $40
Electricity $40
Disk cachetapessparessupplies $20
Total $1,150
FY 2005
ClusterHardware $2,600
OperatingCosts
Personne{includingfringe, supportandburden):
0.5FTE FacilitiesManager $100
1.0FTE SystemsAdministrator $140
1.0FTE HardwareTechnician/Sysadmihelp $120
2.0FTE Software Staf/User Support 320
Site preparation $400
Electricity $170
Disk cachetapessparessupplies $100
Total $3,950
FY 2006
ClusterHardware $3,100
OperatingCosts
Personne(includingfringe, supportandburden):
0.5FTE FacilitiesManager $100
1.0FTE SystemsAdministrator $140
1.0 FTE HardwareTechnician/Sysadmihelp $120
2.0FTE Software Staf/User Support 320
Site preparation $50
Electricity $250
Disk cachetapessparessupplies $100
Total $4,180
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Table4: Costperyearfor eachclustersite. (All numbersaregivenin thousand®f dollars).

TheJLabfacility will behousedwithin thelab’scomputercenter Like FNAL, JLabwill deploy as
partof the SciDAC latticecomputingproject512nodesduring2002and2003in existingcomputer
room space(raisedfloors, amply power, A/C). The first half of this systemwill likely be dual
Pentium4 nodeswith Myrinet 2000,andbe operationaby summer2002. The clustersproposed
for 2004 will alsobeinstalledin this sameroom. The larger clustersin 2005and2006areto be
installedin a plannedexpansionof CEBAF Center which will housea muchenlagedcomputer
room (againwith raisedfloors,amplepower andair conditioning).



Thelong—-termexpensedor futurefacilitiesbeyondthe computergshemseleswill consistof disk
space(cache),storagemedia,additionaltapedrive(s), power, site preparationand staf. These
costsaredetailedin the following table.

By FY 2005,thestafs consistof 1 systemadministratorl technician(who canassistwith system
administration),2 systemprogrammergwho will develop and maintainlow level, high perfor

mance applicationlibrariesandclusteroperationsoftware),anda one-halftime facility manager
Overlappingadministrationand systemprogrammingtaskswill be sharedbetweenFNAL and
JLab This leanstafing is possibleonly becausenetwork security accountmanagementanda
numberof othersystemadministratiorfunctionswill leveragethe existing staf ateachsite.

6 Funding Profile

Our immediateobjectve is to constructthe hardware and software infrastructurethat the U.S.
latticegaugetheorycommunityneeddgo carryoutterascalsimulationsof QCD. Work on software
developmentis in progressunderour currentSciDAC grant. The SciDAC grantalso provides
fundsto build prototypeclusters,andthe HEP Division is supportingdevelopmentwork for the
QCDOC.Thepurposeof thisdocuments to describeour plansfor theconstructiorof theterascale
computergequiredto reachour scientificgoals,andto setout thefunding profile neededo reach
thesegoalsin time to supportthe experimentalprogramsn high enegy andnuclearphysics,and
to maintainthe U.S. leadershigositionin lattice QCD.

We know the computingresourcesieededo carryouttheresearclprogramoutlinedin Section2
from extensve experience.lt is imperatve thatwe actexpeditiouslyto constructheseresources
becausanary of the experimentsat which our work aimsarein progresor plannedfor the near
future. Furthermoreopur colleaguesn Europearein the procesof acquiringcomputingresources
very similar in scopeto thosewe propose.The APE projectexpectsto constructterascaleclass
machinesin 2003 for laboratoriesand universitiesin a numberof Europeancountries,DESY
hasannouncedlansto obtaina 20 Tflops (peak) APEnet in 2004. In addition, the UKQCD
collaborationexpectsto installa5 Tflops QCDOCin 2003.0Our Japaneseolleagueslreadyhave
computerswith a throughputof closeto 1 Tflops, and have ambitiousplansfor upgradingtheir
facilities. Thus,if U.S. lattice gaugetheoristsareto play a significantrole in the major adwances
expectedn this areaover the next decadeye mustactnow.

The constructionrandoperationof a distributedcomputationatomputingfacility for lattice QCD

will be along term project. We proposeto ramp up funding during the 2003-2005iscal years,
leveragingfundsthat have alreadybeencommittedby the SciDAC ProgramHEP andthe partic-

ipating laboratories.We proposethat funding plateauin fiscal year2006 andbeyond. The table
below shavs the proposedundingprofile, andthe computingpower it is expectedo yield. These
figuresshav thetotal costof the projectwithout distinguishingbetweemew fundsandcontinua-
tion of currentinvestments.

We expectto receve approximately$2.0M in 2003 throughthe SciDAC Programto complete
our currentsoftware and clusterdevelopmentprojects. We requestan additional$2.5M during
this year of which $1.5M will be usedto constructa QCDOC at Columbia University with a
throughputn excessof 1 Tflops. This machinewill allow U.S. lattice gaugetheoriststo make the
earliestpossiblestarton terascaleeomputations.The remaining$1.0M we requestfor 2003 will
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be usedfor site preparatiorandthe purchaseof componentgor a5 Tflops QCDOCwhich s to
be built at BNL in 2004. In 2004we request$7.7M, $5.4M for the constructionand operationof
the BNL QCDOC,andatotal of $2.3Mfor the clusterprojectsat FNAL andJLab Theemphasis
onthe QCDOCduring2003and2004is motivatedby our expectationthatit will bethemostcost
effective large scaleplatform during this time period. At the sametime, it is necessaryo invest
enoughin clustergo maintainthevitality of thatpartof theprogram especiallysincethey maybe
the preferredmachinedor the developmentof new algorithmsandfor someof our mostcomplex
calculations.

By 2005we assumehatthe costeffectivenessf clusterswill surpasshatof the QCDOC,soour
emphasisvill switchtothem.We proposeatotalbudgetof $9.0Min thatyear of which$1.0Mwill
pay for the operationof the BNL QCDOC,andthe remainderfor the constructionandoperation
of large clustersat FNAL andJLab Thefundingfor 2006is proposedo rise to the steadystate
level of $9.4M.In 2007andbeyondwe planto continueour two track approachusingadwances
in technologyto steadilyincreaseour computingcapabilitieswith stablebudgets.

We areconfidentthatthe broadoutline of our planandthe accompaying funding profile will en-
ableusto meetour scientificobjectivesin atimely fashion. However, the commoditycomputer
market is changingvery rapidly, so it will be necessaryo review our planson a yearly basis.
Before building ary large platform, we will constructa smallerprototype,which will be tested
with productioncodes.In consultationwith the OversightCommittee we will formulateperfor

mancecriteria for eachprototype,which mustbe achieved beforea large machineis built. This

processnayleadto redistrikution of fundsamongarchitecturesindlaboratories The over-riding

consideratiowill beto maximizethe scientificoutputof the usercommunity

In the tablebelonv we shawv the proposedunding profile for the fiscal years2003through2006.
Thefirst threecolumnsindicatethe requestedunding for eachyearin millions of dollarsfor the
SciDAC project,the QCDOCandthe clusters.We include both hardware and operatingcostsin
thesefigures. The fourth columnis thetotal fundingfor the year againin millions of dollars,and
thefifth columnshaws the expectediotal computingpowerin Tflopsarisingfrom this projectand
our currentSciDAC grant. As above, the performancesstimatesarebasedn Wilson quarks.

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 217

Table5: FundingProfile
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A Appendices

A.1 Somelattices QCD Successes

In this appendixwe list someof the major achievementsof lattice gaugetheory aswell asnear
termprospectgor futureones.

Key Results Date(s) Computer Resources
“Proof” of quarkconfinement 1974 None—-Strongoupling
expansionof thelattice

QCDaction

Firstsimulation—demonstration 1979 CDC-7600

thatMonte Carlosimulationof
field theoryis feasible

Temperaturef thechiral Late 1980s A few Gflops-years
symmetryrestoratiorphase

transitionto aquark—gluon

plasma(T. = 150MeV)

Accuratelight—hadron Early 1990s 10’s of Gflops-years
spectrum(quenched)

Accuratelight—hadron Ongoing 100's of Gflops-yeargsofar)
spectrum(unquenched)

Glueballspectrum—surprising Mid 1990s Many calculationsgach
answemwasthatspectrum of whichusedafew Gflops-
startsnear2 GeV, much years

abovethecanonicall GeV

Determinatiorof as(Mz) from 1995 10's of Gflops-years
theY spectrunto a precisionof

4-5%: m, andm to aboutthe

sameprecision.Thisis agood

asthebestresultsobtainedirom

jetanalyses

Determinatiorof as(Mz), etc., Nearfuture 100's of Gflops-years
to 1-2%, beyondthe capability (atleast)

of ary jet analysis
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B andD mesondecayconstants
andBB andKK mixing matrix
elementsto a precisionof about
10-20%the fg and fp leptonic
decayconstantcameout much
higherthanexpected( fp, is now
confirmed).Theseresultsare
regularly usedin B physicsanalyses

B andD mesommatrix elements
to aprecisionof about5%;
exclusive semi—leptonid decay
form factors.Thesearekey inputs
in thedeterminatiorof CKM
matrix elementsrom B—factory
measurements

¢’ /e hadronicmatrix elements
measuringCP violation

Nucleonform factorsandmoments
of quarkdistributionsto a precision
of 20-30%

Nucleonform factors momentsof
quark,gluon,andgeneralizegarton
distributionsto a precisionof 5%.
Thesearekey quantitiesmeasured
atSLAC, FermilabJLab,Bates,
andRHIC-spin

Quark—gluorplasmaequation
of state

Late 1990s

Nearfuture

Nearfuture

Early 2000s

Fairly nearfuture

Fairly nearfuture
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A.2 SciDAC Committees

RichardBrower
NormanChrist
Michael Creutz

Paul Mackenzie
JohnNegele
ClaudioRebbi
StepherSharpe
RobertSugar(Chair)
William Watson,|lI

In thisappendixve list themember®of thecommitteeshatareproviding leadershigor theproject.

Executive Committee

BostonUniversity

ColumbiaUniversity
BrookharenNationalLaboratory
FermiNationalAccceleratolaboratory
Massachusettsistituteof Technology
BostonUniversity

University of Washington

Universityof California, SantaBarbara
ThomasJefersonNationalAcceleratorFacility

Scientific Program Committee

PeterLepage
RobertMahwinney
Colin Morningstar
JohnNegele
ClaudioRebbi(Chair)
StepherSharpe
DougToussaint
FrankWilczek

Steve Gottlieb (Chair)
AnnaHasenfratz
Gregory Kilcup
JuliusKuti
RobertPennington
RalphRoskies

Terry Schalk

CornellUniversity
ColumbiaUniversity

Carngyie Mellon University
Massachusettsistituteof Technology
BostonUniversity

University of Washington
Universityof Arizona
Massachusettsistituteof Technology

Oversight Committee

IndianaUniversity

University of Colorado

Ohio StateUniversity

University of California, SanDiego
NationalCenterfor Supercomputefpplications
Director, Pittskurgh Supercompute€enter
University of California, SantaCruz
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Software Co-ordinating Committee

RichardBrower (Chair)
CarletonDeTar
RobertEdwards
DonaldHolmgren
RobertMawhinney
CelsoMendes

William Watson|ll

BostonUniversity

Universityof Utah
ThomasJefersonNationalAcceleratorFacility
FermiNationalAcceleratorlLaboratory
ColumbiaUniversity

Universityof Illinois
ThomasJefersonNationalAcceleratorFacility
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A.3 SeniorPersonnel

In this appendixwe list the seniorpersonneivho are participatingin this project. They comprise
nearly all of the seniorlattice gaugetheoristsin the United States,as well as seniorcomputer
scientistandengineersvho have agreedo join in the effort.

ClaudeBernard
Tanmgq Bhattacharya

WashingtorUniversity
Los AlamosNationalLaboratory

RichardBrower
ThomasBlum
MatthiasBurkardt

BostonUniversity
BrookhavenNationalLaboraoty
New Mexico StateUniversity

ShailesnChandrasekharanDuke University

DongChen
JieChen
NormanChrist
Michael Creutz
ThomasDeGrand
CarletonDeTar
Shao-Jingdong
ZhihuaDong
TerrenceDraper
Patrick Dreher
Anthony Duncan
RobertEdwards
EstiaEichten
Aida El-Khadra
Rudolf Fiebig
Alan Gara
Steven Gottlieb
RajanGupta
AnnaHasenfratz
Urs Heller
JamedHetrick
DonaldHolmgren
XiangdongJi
Gregory Kilcup
JosepltKiskis
JohnKogut
JuliusKuti
AndreasKronfeld
FrankLee
PeterLepage
Keh-FeiLiu

Paul Mackenzie
RobertMawhinney

T.J.WatsonLaboratories|BM
ThomasJefersonNationalAcceleratorFacility
ColumbiaUniversity
BrookhavenNationalLaboratory
University of Colorado

University of Utah

University of Kentucky
ColumbiaUniversity

University of Kentuclky
Massachusettsistituteof Technology
University of Pittshurgh
ThomaslefersonNationalAcceleratorFacility
FermiNationalAccelerator_aboratory
Universityof lllinois, Urbana
FloridaInternationalJniversity
T.J.WatsonLaboratories|BM
IndianaUniversity

Los AlamosNationalLaboratory
University of Colorado

Florida StateUniversity

University of Pacific
FermiNationalAcceleratolaboratory
University of Maryland

Ohio StateUniversity

University of California, Davis
Universityof lllinois, Urbana
University of Californa,SanDiego
FermiNationalAcceleratolaboratory
GeogeWashingtorlJniversity
CornellUniversity

University of Kentucky
FermiNationalAcceleratolaboratory
ColumbiaUniversity
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CelsoMendes
Colin Morningstar
JohnNegele
ShigemiOhta
RobertPennington
DonaldPetraick
Andrew Pochinsly
ClaudioRebbi

Universityof Illinois, Urbana
Carngyie Mellon University
Massachusettsistituteof Technology
KEK andRikenBNL ResearciCenter
NationalCenterfor Supercomputefpplications
FermiNationalAcceleratoi_aboratory
Massachusettsistituteof Technology
BostonUniversity

RonaldRechenmacher FermiNationalAcceleratoi_aboratory

DanielReed
David Richards
StepherSharpe
Junto Shigemitsu
JamesSimone
DonaldSinclair
Amarjit Soni
RobertSugar
Eric Swanson
Harry Thacler
DougToussaint
StevenWallace
William Watson|[lI
Tilo Wettig
Uwe-JendViese
WalterWilcox

Universityof lllinois, Urbana
ThomasJefersonNationalAcceleratorFacility
University of Washington

Ohio StateUniversity
FermiNationalAcceleratoi_aboratory
ArgonneNationalLaboratory
BrookhavenNationalLaboratory
University of California, SantaBarbara
Universityof Pittskurgh

Universityof Virginia

Universityof Arizona

Universityof Maryland
ThomasJefersonNational AcceleratorFacility
Yale University

Massachusettsistituteof Technology

Baylor University
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